ABSTRACT
LASER CAPTURE MICRODISSECTION AND MASS
SPECTROMETRY: A NOVEL METHOD TO
STUDY THE PROTEOME OF TUNNELING
NANOTUBES (TNTS)
Mammalian cells produce different types of cell protrusions (CPs)—like
filopodia, lamellipodia, invadopdia, and tunneling nanotubes—that have been
implicated in numerous important biological functions, such as cell migration,
cell-cell communication, cancer-cell invasion, and the intercellular spread of
pathogens. Yet, the proteomes of such structures are not well characterized due to
the inability to specifically isolate individual types of protrusions for downstream
proteomic analysis. In this study we present a novel method using laser capture
microdissection (LCM) in conjunction with microproteomics to specifically isolate
such structures and define their proteomes. We successfully isolated TNTs and
other cellular projections by LCM using glutaraldehyde (GLU) and
dithiobispropionimidate (DTBP) fixation. Although we found the TNTs to be
more stable with GLU fixation than the DTBP fixation, the number of protein hits
from the lysates of cells fixed with DTBP fixation was found to be significantly
higher than GLU fixation. Mass spectrometry (MS) analysis of cells fixed with
GLU showed that, using LCM, we were able to isolate 113 proteins specific to
TNTs. We found several proteins from cytoskeleton, filopodia, vesicles and
mitochondria that have implications in TNT functionality. Thus we demonstrate
that LCM/MS system is an innovative combination to isolate proteins specific to
such small structures.
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INTRODUCTION
Cell-to-Cell Communication
Cellular interactions in multicellular organisms are vital to regulate cell
division, survival and death. Biological organisms are complex and require
communication between nearby and distant cells in order to maintain homeostasis
(Bazzoni and Dejana, 2004). Distant cells usually use a paracrine or an endocrine
system to establish communication (Sudhof, 2004). Recently, direct cell-to-cell
contact-based communication systems have been identified for short and long
distance communication (Rustom et al., 2004). These structures that establish
direct cellular contacts are of two types: non-cytoplasmic connections and
cytoplasmic connections (Rustom et al., 2004).
Cytoplasmic Connections
Connections that bring together the cytoplasm of both cells involved are
known as cytoplasmic connections (Rustom et al., 2004). Plasmodesmata (PD)
found in plants is one such type of connection. Green Algae (Chara corallina) was
initially found to have PD-like structures on their membranes that link the
cytoplasm of neighboring cells (Franceschi et al., 1994). Transmission Electron
Microscopic analysis of the ultra-structure of the PD in algae (Chara zeylanica)
and several bryophytes showed that PD of plants evolved from algae (Cook et al.,
1997). PDs are plasma membrane extensions that connect almost all the cells to
one another. They pass through pores in the cell walls of two connecting cells that
have the endoplasmic reticulum (ER) appressed through the center. F-actin bound
along the ER facilitates the transfer of cellular components across these plant cells
(Lucas and Lee, 2004). These structures are analogous to the gap junctions found
in the mammalian system (Nicholson, 2003).
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In animal cells, gap junctions made of connexin proteins are found across
the plasma membrane of two adjacent cells, allowing cytosolic exchange between
the cells, primarily calcium ions (Paul et al., 1991). This calcium flux across the
gap junction is shown to be regulated by intracellular signaling (Warn-Cramer and
Lau, 2004).
Recently, two types of unique tubular cellular channels connecting human
bronchial epithelial cells (EPs) with other cell types have been identified. These
connections are called EP membrane bridges that link the cytoplasm of two cells
(Zani et al., 2010). The Type I EP bridge connects two nearby cells and helps in
the exchange of cellular components, whereas the Type II EP bridge connects two
long-distant islands of cells and facilitates transport of an entire cell between these
islands (Zani et al., 2010). The key factor to note here is that the Type II EP bridge
will be longer and larger in diameter than most of the cellular connections known
so far. These membrane bridges have been found only in selective cell types like
bronchial cells and mammary EPs. These structures do not attach to the
substratum and are made of both F-actin and microtubules (Zani et al., 2010).
Non-cytoplasmic Connections
Non-cytoplasmic connections are established as contacts that act as a bridge
between two cells without establishing a direct cytoplasmic link. Imaginal disc
cells in Drosophila were shown to transfer signals across each other through an
actin-based membrane extension called cytonemes. In this mode, one or both of
the cells involved in the communication extend their cytonemes until they reach
the nearby cell and anchor these extensions on or near the surface of the cell
without directly linking the cytoplasm (Sherer and Mothes, 2008). Cytonemes
have also been observed in mouse limb cell culture system and chick embryo
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system (Salas-Vidal and Lomeli, 2004). This shows that these systems have
evolved from invertebrate to vertebrates.
Tight junctions are another type of intercellular connection found in animal
cells that are selectively permeable to cations/anions, water and some
macromolecules (Krug et al., 2014). Desmosomes are a third type of intercellular
connections that anchor intermediate filaments of adjacent cells and possibly
facilitate the regulation of cell growth and cell differentiation signals across tissues
(Green and Gaudry, 2000). These connections show the diversity of
communication modes that have evolved in the cell.
Tunneling Nanotubes
Structure and Composition
Cell surface protrusions like filopodia, microvilli, lamellipodia and ruffles
are actin-tubulin based projections that aid in sensing the micro-environment and
cell adhesion (Chhabra and Higgs, 2007). Recently, a new type of cell projection
that establishes cell-to-cell communication called tunneling nanotubes (TNTs)
have been identified. These TNTs were initially described as long, thin, actincontaining bridges connecting PC12 cells in 2D cultures (Rustom et al., 2004).
These tubular connections did not contact the substratum and extended up to 100
µm in length. Live cell imaging has shown that TNTs are transient structures
lasting only for a few minutes to an hour (Rustom et al., 2004). Subsequently,
several in vitro studies found TNTs to be present in different cell types like
macrophages (Onfelt et al., 2006), T cells (Sowinski et al., 2008), neuronal cells
(Rustom et al., 2004; Gousset et al., 2009), fibroblasts (He et al., 2011) and
epithelial cells (Domhan et al., 2011). The diameter of TNTs in the neuronal PC12
cell line is 50-200nm (Rustom et al., 2004), 300-700nm in macrophages (Onfelt et
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al., 2006), and 180-380nm in T-cells (Sowinski et al., 2008). In CAD (Cath.-adifferentiated) cells, the neuronal cell line that I used in this study, the length of
TNTs ranges between 10-80µm, and the majority of TNTs (~80%) in CADs cells
are thin with a diameter below 248nm +/- 48 nm (Gousset et al., 2009) (Fig. 1.1.a,
b). The larger TNT diameters were thought to be “bundles” of TNTs.
Cell projections like filopodia and lamellipodia are made up of both F-actin
and microtubules (Chhabra and Higgs, 2007), whereas TNTs are made up of only
F-actin, with the exception of TNTs of macrophages and prostate cancer cell lines.
In macrophages, TNTs that are thick (~700nm diameter) have both actin and
microtubules, while thin TNTs (~300nm diameter) have only F-actin (Onfelt et al.,
2006). Prostate cancer cells have both F-actin and microtubules in their TNTs
(Vidulescu et al., 2004). Overall, these studies clearly show the heterogeneous
nature of TNTs when it comes to size and composition within (see Fig. 1.1.c) and
between cell types.

Figure 1.1: Characterization of TNTs in CAD cells.
Modified from Gousset et al., 2009 (Figure 1) with the author’s permission. a) Average length of
TNTs. b) Average diameter of TNTs. c) 3D reconstruction of a network of TNTs in CAD cells.
Scale bar, 10 µm.
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Formation of TNTs
Time-lapse video microscopic studies revealed that TNTs are formed by
two different mechanisms (Rustom et al., 2004). In the first mechanism, cells
extend their filopodial projections towards nearby cells, and once the contact is
established, that filopodia becomes a TNT (Fig.1.2.a, b). A specific type of
filopodia called dorsal filopodia is shown to be the precursor of a subset of TNTs
in CAD cells (Gousset et al., 2013). In the second mechanism, cells come in
contact with one another and produce membrane continuation that extends as
TNTs as they diverge from each other (Fig.1.2.c). Cells in general have abundant
membrane available on their surface that would enable them to expand two-fold in
size when subjected to hypertonic conditions (Dustin et al., 1997). This membrane
abundance is possibly responsible for the assembly and flexibility of these
structures. The two methods described above are not mutually exclusive. In CAD
cells for example, both mechanisms of formation were observed (Gousset et al.,
2013).
The point of contact of these TNTs with the cell is an interesting junction
because they can form both cytoplasmic and non-cytoplasmic connections. TNTs
initially establish closed-end nanotubes that are close enough to the cells to
establish cellular communication (Fig.1.2.a, b). However, the fusion of the
membranes is essential to form open-ended TNTs (Fig.1.2.c). The blending-in of
the cytoplasm, once the membrane continuity is established, is depicted with the
color gradient in the figure (Fig.1.2). This type of open-ended tube formation has
yet to be demonstrated and the gated mechanism involved, if any, during this
process remains to be elucidated.
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Figure 1.2: Mechanism of TNT formation.
a) Filopodia (Fp) from a single cell extend to establish contact. b) Fp from two cells come
together to form TNTs. c) Membranes fuse and the cells diverge from each other to form the
TNTs.

Signals Promoting TNT Production
Hydrogen peroxide (H2O2) is shown to increase TNT formation in primary
astrocytes. H2O2 is known to be produced in the cells during stress and was found
to facilitate actin polymerization by triggering p38 MAPK pathway (Zhu et al.,
2005). In addition, various proteins have been associated with TNT induction. MSec is a cytosolic protein found in the myeloid and mucosa associated enterocytic
cells (M cells) that localizes to TNT-like structures connecting M cells. M-sec was
found to be highly expressed in dendritic cells and macrophages, which are well
known for their abundant TNT production. Knocking down M-sec gene using
RNA interference (RNAi) reduced the number of TNTs by three-fold in
comparison with the control cells. Stable expression of M-sec is shown to enhance
calcium flux propagation across TNTs and disrupting the physical connection
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terminated this propagation. Co-localization and co-fractionation studies showed
that M-Sec strongly interacts with Ral GTPase that is a regulator of actin
cytoskeleton. Limiting the interaction of M-sec with the exocyst, which is a
downstream regulator of Ral, is also shown to reduce TNT formation (Hase et al.,
2009).
Immune cells were identified with MHC class III Leukocyte Specific
Transcript 1 (LST1) protein that facilitates the interaction of M-Sec-RalA-exocyst
complex and thus enhances TNT formation. Although knock down of LST1 did
not abrogate TNT production, it reduced the number of TNTs, establishing its
importance alongside other regulators like M-sec and Ral (Schiller et al., 2013).
Finally, an unconventional motor protein Myosin X (Myo10) was found to
be a key regulator for TNT formation from dorsal filopodial extensions in CAD
cells. Overexpression of Myo10 was found to increase the number of functional
TNTs. Although expression of full length Myo10 is important, the F2 domain
located at the C-term (tail) of Myo10 was found to be critical for TNT induction
(Gousset et al., 2013).
The TNT inducers identified in the above studies show that designated
signaling pathways exist for TNT formation. Since TNTs are very heterogeneous,
it is not clear whether these TNT inducers control the formation of different
subtypes of TNTs in the same cell types or whether they are restricted within
different cell types. Interestingly, our lab has recently determined that Myo10dependent TNTs are not restricted to CAD cells. Indeed, Myo10 induces TNT
formation in the macrophage cell lines RAW 264.7, suggesting that Myo10 might
be a general TNT inducer (Unpublished data). The relationship (if any) of the
various TNT inducers identified so far remains to be elucidated.
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Given the complexity in structure and function of these TNTs and their
functional disparities in different cell types, a better protein characterization is
necessary. Though we know a few players involved in the formation of TNTs like
M-sec, Myo10, and LST1, a comprehensive list of proteins specific to each cell
type is essential to elucidate the mechanism of TNT formation. Also, this will lead
to the identification of TNT specific markers, which will help distinguish TNTs
from other cell projections and will open up a new field of study of TNTs in vivo.
Function of TNTs
The main function of TNTs is to transfer signals and transport materials
from one cell to another. The composition of the TNTs influences the mode of
cargo transport across the TNTs. In macrophages, thin TNTs made of F-actin
transport bacteria along their outer surface, while thick TNTs made of F-actin and
microtubules transport mitochondria and vesicles from within the TNTs.
Treatment of the cells with actin depolymerizing drugs halted the transport of both
bacteria and organelles, whereas treatment with tubulin destabilizing agents halted
only the organelles but not the bacteria (Onfelt et al., 2006). This shows that TNTs
are capable of transporting cargoes internally and/or externally.
Internal Cargo Transfer
TNTs use different modes of internal cargo transfer. The transfer of
vesicles across these TNTs was shown to be unidirectional in neuronal cells
(Rustom et al., 2004; Gousset et al., 2013), whereas in macrophages, vesicular
transport across TNTs was found to be bi-directional (Onfelt et al., 2006). TNTs
have been shown to transport large organelles like mitochondria, squeezing
through these structures, making them bulge in ovarian and breast cancer cell lines
(Spees et al., 2006; Pasquier et al., 2013). On the contrary, in PC12 cells, TNTs
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restrict the transfer of small proteins such as GFP and calcein (Rustom et al.,
2004). TNTs are also known to transfer misfolded proteins, such as prion particles
(Gousset et al., 2009) and to restrict the transfer of large molecules such as
cytoplasmic dextran (Watkins and Salter, 2005). These studies indicate that TNTs
have a specific gating mechanism to restrict the transfer of large and small
molecules in different cell types. Unfortunately, this gated mechanism will remain
elusive unless a better characterization of the composition of TNTs is obtained.
A similar gating mechanism has been observed in PD of plants. Any cargo
transported across PD activates the PD receptor at the entry orifice that facilitates
the transport of the cargo through the PD and transfer it to the PD receptor at the
exit orifice that eventually disseminates the cargo into the other cell (Haywood et
al., 2002). This process is shown to be influenced by calcium level between the
plant cells separated by the PD (Holdaway-Clarke et al., 2000). Cytonemes and
membrane bridges are also shown to transfer calcium signals and proteins across
the cells through receptors at the ends of their bridges (Gurke et al., 2008). As
these structures are evolutionary precursors for TNTs, calcium signaling could be
regulating the gating mechanism across TNTs as well.
TNTs are shown to favor the transport of calcium signals in macrophages
(Hase et al., 2009), and caspase-3 signals in T-cells (Arkwright et al., 2010).
Several organelles like mitochondria (Koyanagi et al., 2005), lysosomes (Gousset
et al., 2009), endosomes (He et al., 2011), Golgi and ER (Kadiu and Gendelman,
2011), are shown to be transported across TNTs in different cell types. The
transport of cargoes across TNTs are ATP-facilitated and actin-dependent. ATP
depletion in macrophages and PC12 cells have shown to strongly impede the
intercellular transfer of vesicles (Rustom et al., 2004; Gurke et al., 2008).
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External Cargo Transfer
TNTs are also known to transport cargo along their outer surface. Bacterial
and some viral pathogens spread across the cells by surfing mediated retrograde
transfer through the surface of the TNTs (Lehmann et al., 2005; Onfelt et al.,
2006). The cells extend their TNTs and transfer the cell surface proteins rapidly to
their neighbors without the establishment of cytoplasmic contact by a process
generally known as Trogocytosis (Joly and Hudrisier, 2003; Davis, 2007).
Extensive use of this mode of transfer is found in the immune regulatory cells
(Davis, 2007). The MHC Class I-related Chain A (MICA) surface protein is
shown to be transferred from antigen presenting cells (APCs) to Natural Killer
(NK) cells only on the establishment of membrane contact (Carlin et al., 2001).
NK cells and target cells, when co-cultured, exchange MHC class I protein and
killer-cell immunoglobulin like receptor (KIR) very rapidly, whereas separating
the cells using a trans-well membrane restricts this transaction (Carlin et al., 2001;
Vanherberghen et al., 2004). Transfer of lipophilic fluorophores along with the
membrane proteins from target cells to NK cells (Tabiasco et al., 2002) and APCs
to T-cells (Stinchcombe et al., 2001) shows that the contact of membrane lipids
between the two cells is more important than cytoplasmic contact for intercellular
transfer. Thus TNTs exhibit diverse array of cargo transfer mechanisms among
different cell types.
Role of Nanotubes in Pathogen Spread
The non-exposure of the cargo transported between cells to the extracellular
matrix makes this mode of transport a safe route for pathogen spreading. For
example, Tobacco Mosaic Virus can hijack the ER of infected plant cells to form
viral replication complexes and transmit the infection to nearby cells through PDs
(Asurmendi et al., 2004). The potato X virus and cucumber mosaic virus have also
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been shown to spread between cells via PDs (Morozov and Solovyev, 2003;
Sasaki et al., 2006). Cytonemes of retrovirus-infected cells are able to transport the
viral glycoprotein env in an actin-dependent manner along the filopodial extension
and transmit to uninfected cells (Sherer et al., 2007). The murine leukemia virus
has been shown to hijack the myosin II-actin dependent surfing mechanism to
transfer the viral particles in a retrograde manner along the outer membrane
surface into the uninfected cell (Lehmann et al., 2005).
TNTs are also implicated in pathogens spread among different cell types.
Mycobacterium bovis has been shown to spread its infection in human monocytederived macrophages (Onfelt et al., 2006). HIV env- and gag- proteins have been
shown to be spread across macrophage T-Cell systems (Sowinski et al., 2008;
Kadiu and Gendelman, 2011). Exogenous and endogenous prion particles have
been shown to be transmitted from infected mouse neuronal cells to naïve cells via
TNTs (Gousset et al., 2009). Amyloid β-fusion protein aggregates, which are
known to form hallmark brain lesions in patients with Alzheimer’s disease, were
found to be transported via TNTs across astrocytes and led to spread of neuronal
toxicity (Wang et al., 2010; Wang et al., 2011). Micro-RNA (miRNA) from
osteosarcoma and ovarian cancer cell models were shown to be transferred into
stromal cells via TNTs (Thayanithy et al., 2014). TNTs were also shown to be the
prime route of intercellular communication in malignant mesothelioma (Ady et al.,
2014).
Clearly, all of these studies highlight the importance of TNTs as a transport
mechanism for pathogen spreading (such as HIV), neurodegeneration (such as
Alzheimer’s disease) and cancer. The American Cancer Society estimates that
more than 1.5 million new cancer cases will be diagnosed with almost 600,000
cancer deaths in the US in 2016. In fact, according to the Centers for Disease

12
Control and Prevention (CDC), cancer is the 2nd and Alzheimer’s disease is the 6th
leading cause of mortality in the US. While the incidence of HIV/AIDS has
drastically decreased with the use of antiretroviral therapy, in 2014 the World
Health Organization estimated that 1.2 million people were still dying from the
disease worldwide. Since TNTs appear to play a role in the spreading of these
diseases, it is becoming critical to better characterize these structures, identify
important molecular components, and understand their mechanism of formation.
Only then will we be able to control and possibly hinder their mechanism of
transport by designing small molecules and/or therapeutics to stop these
devastating diseases.
Laser Capture Microdissection (LCM)
LCM was developed two decades ago to isolate and enrich groups of cells
from tissues for the study of DNA, RNA, and protein (EmmertBuck et al., 1996).
LCM uses a finely focused laser to cut around cells from tissue sections. These
lasers cut with a precision of ~0.5µm. LCM has been used to isolate live cells
from tissue culture for direct molecular analysis and to re-cultivate single colonies
(von Eggeling et al., 2007). This method does not affect the morphology and the
macromolecular makeup of the cell. In fact, it has been shown that the LCM
method per se does not significantly affect the downstream protein analysis
(Banks et al., 1999; Xu and Caprioli, 2002).
LCM that was initially used to study large tissue sections has recently been
shown to be capable of isolating the nucleus from tissue sections of breast
epithelial cells (DiFrancesco et al., 2000). Here, we propose to push the limits of
LCM by dissecting subcellular projections from individual cells and other cellular
projections. We will be using the Laser Microdissection – CellCut equipment from
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Molecular Machines and Industries (MMI) set up in the Department of Biology,
CSU Fresno. The advantage of this method is that it allows for the direct
visualization, identification and selection of specific sub-cellular structures. Thus,
for the first time, we should be able to specifically target and isolate TNTs from
other cellular projections and cellular bodies.
As stated above, unlike all other cellular protrusions, TNTs are thin cell-tocell connections that are not attached to the substratum. This unique cell-to-cell
contact and non-attachment property of TNTs allows us to distinguish them from
all other attached cell projections under the microscope, by visualizing them at
different focal planes (Fig.1.3). Therefore, individual TNTs can be visually
identified and selected using the LCM. One of the challenges that we will face is
determining the number of TNTs that we will need to cut to get enough proteins
for further downstream proteomic analysis.

Figure 1.3: Fluorescence microscopic Z-stack images of TNTs in CADs at focal
planes starting from top to bottom [(a) to (f)].
This non-attachment property of TNT makes it distinct from other projections as we view along
the Z-axis (Arrows point out the TNTs visible in that plane of the z-stack).
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Cell Fixation
Proteomics allows for the identification of the proteins expressed in a given
sample (proteome). It is one of the important technologies that has been used for
many years to gain insight into the role of proteins in the regulation of diverse
cellular functions. The cells must be fixed to bolster them to the membrane ring
while cutting through the LCM. Fixation methods can drastically affect the
downstream protein analysis by Mass Spectrometry (MS) (Malm et al., 2009).
Thus, to determine the quality of the protein yield obtained by LCM, we will
compare different cellular fixation protocols. The fixative used will need to be
stable enough to maintain the TNT structure for LCM but be also compatible for
MS analysis to characterize proteins in the samples.
The cells need to be fixed before cutting the TNTs by LCM to preserve
their structure. A glutaraldehyde (GLU) based fixation protocol has already been
shown to be best to preserve TNTs (Gousset et al., 2013). Traditional
glutaraldehyde fixation crosslinks proteins irreversibly, so we will also test a
reversible crosslinking fixation using dimethyl 3,3’-dithiobispropionimidate
(DTBP) (Charulatha and Rajaram, 2001) (Fig. 1.4). We will test if such a fixative
can be used for both TNT preservation and if it improves the quality of the protein
samples isolated and recovered by LCM during MS analysis.
Mass Spectrometry (MS)
Recent advances in MS ionization methods increased its sensitivity and
resolution. This now allows small samples to be analyzed with high accuracy and
precision. Xu and Caprioli combined MALDI-MS and LCM in a preliminary
study in 2002. They identified 40 differentially expressed protein peaks from cell
populations as small as 10 mouse colon crypt cells (Xu and Caprioli, 2002). In
another study LCM microdissected mammalian breast cancer tissue sections were
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Figure 1.4: Mechanism of cross-linking and de-crosslinking established by DTBP
(Left panel). Mechanism of cross-linking established by GLU (Right panel).
analyzed by nano-LC-ESI-MS/MS for cancer specific biomarkers (Zang et al.,
2004). From approximately 1µg of total protein, Zang et al. were able to identify
around 60 potential protein targets of which 24 proteins were with 2-12 peptide
hits. Though the rest were all single peptide hits, some were identified later to be
cancer-specific biomarkers.
In this study, we use the Thermo Orbitrap fusion Tribid Mass Spectrometer
at the Stanford University Mass Spectrometry Facility. This new mass
spectrophotometer is capable of analyzing multiple fragmentation types in a very
small sample size. This Orbitrap mass analyzer has a very high scan speed of
15Hz and a resolution of 450,000 FWHM. With all these traits the equipment
possesses a very high sensitivity for in-depth proteomic analyses. Therefore, LCM
coupled with Orbitrap LC-MS/MS would be an innovative tool to study the
proteome of cell projections in general and TNTs specifically.
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Rationale and Key Objectives
In this project, we propose to determine whether TNTs can be isolated from
whole cells and other cellular projections using Laser Capture Microdissection
(LCM) and whether their proteome can be identified by Mass Spectrometry (MS).
As described above, TNTs are transient structures that are constantly
assembled and disassembled. Thus, at a given time, all the cells will not be
connected through TNTs. To date, isolation of TNTs has never been achieved.
Indeed, no methods have been developed for separating TNTs from other cellular
projections such as filopodia and lamellipodia. The use of LCM to isolate and
enrich TNTs in samples is novel and has never been attempted. If successful, we
need to identify the best protocol to preserve the isolated proteins for MS analysis.
Keeping intact the composition of the TNTs as well as any cargo that is being
transported across prior to enrichment is vital. The following objectives were
achieved in this study:
 Demonstrated that LCM-MS system can isolate TNTs and identify
TNT-specific proteins.
 DTBP fixation improved the recovery of total cell protein compared to
GLU fixation as determined by gel electrophoresis.
 LCM cut of cell projections after DTBP fixing was shown to
significantly improve the protein hits by MS analysis than GLU fixing.

METHODOLOGY
Cell Culture and Cell Fixation to Cut TNTs
Using LCM
Cath.A differentiated (CAD) cells—catecholaminergic neuronal tumor cells
obtained from mouse (B6/D2 F1 hybrid)—(Sigma-Aldrich) were cultured with
Opti-MEM® Reduced Serum Medium, GlutaMAX™ Supplement (Gibco Life
Technologies) and 10% fetal bovine serum (Biowest). To culture the cells in the
LCM Livecell Chamber dish, the MMI membrane ring was first attached to the
MMI microdissection chamber and filtered phosphate buffer saline (PBS) was
added. The membrane was then visually checked for any leak of PBS into the dish
for 5 min. The PBS was then removed and the membrane was treated with 6mM
fibronectin from bovine plasma (Sigma-Aldrich) for 20 min. This extracellular
matrix protein facilitates the attachment of the cells onto the membrane surface.
The solution was then removed and the membrane was washed twice with filtered
PBS. Next, 180,000 CAD cells were cultured in the dish and incubated at 37ºC for
3 h to allow the cells to attach to the surface and make projections. This was
followed by fixation.
The cells cultured in the LCM live cell chamber were fixed using
Glutaraldehyde (GLU) fixing protocol (Gousset et al., 2013). In GLU-based
fixing, CAD cells were first fixed with a fixative containing 0.05% GLU (SigmaAldrich), 2% Paraformaldehyde (PFA) and 0.2 M HEPES in PBS for 15 min,
followed by a second fixative containing 4% PFA and 0.2 M HEPES in PBS for
another 15 min.
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Laser Capture Microdissection
An LCM chamber dish with the cells was mounted onto the stage of the
LCM microscope. The MMI Cell Tools software that was provided with the LCM
equipment was used to mark the region on the membrane that needs to be cut.
Thus TNTs were visually identified with the help of the microscope as previously
described in the introduction section (structures connecting two cells without
contacting the substratum), and marked for laser cut. The CellCut mode of the
software allows for the calibration of the slide geometry of the dish that keeps the
plane of focus steady as the laser cuts around TNTs. The slide geometry was set
for 4X magnification and the whole area of the dish was scanned with the help of
the camera. This was done to ensure that all possible TNTs were cut from each
individual dish. The laser calibration and the cutting process was always carried
out at 40X magnification, as TNTs can only be visualized at that magnification.
Laser Calibration
The MMI cell tools software allows the manipulation of the following
parameters to get a precise cut of the desired projection.
Laser cut speed. The laser cut speed was slowed down to avoid detaching
of the cell projections during the process of cutting. As TNTs are structures nonattached to the substratum, the portion of the cell where they make contact was
also cut to anchor them to the membrane after the laser cut. The speed used in this
study was in the range of 30 to 45µm/s.
Laser focus. The laser focus parameter adjusts the position of the laser
beam in the Z-direction within the sample. The cutting performance is highly
sensitive to this parameter. It was made sure that the cut was neither too low to
detach the membrane as it is cutting, nor too high to not cut the TNTs/projections
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at all. This was ensured by calibrating the laser focus according to the plane tilt of
the dish. The focus used in this study was in the range of 2400 µm to 2800 µm.
Laser power. The power needed to cut the sample normally will be
proportional to the sample thickness. It is represented in percentage of UV light
transmitted as laser. The laser power was always set to get a clean laser cut
through the membrane. This is very critical because only a properly cut membrane
stays with the dish and gets isolated. The power used in this study was in the range
of 70% to 75%
Isolation and Extraction
Laser calibration was followed by the process of selecting TNTs/
projections for isolation. This was achieved by manually drawing a line with a
pen, directly on the computer screen, around TNTs. The process always started
from one end of the dish and was scanned throughout to not miss any spot. While
cutting through TNTs, their non-attachment to the substrate was always verified
by changing the focus.
After cutting through the TNTs of cells cultured on the membrane, the
membrane ring was gently lifted from the microdissection chamber dish, leaving
the cut TNTs on the stuck membrane. This step was carried out under the
microscope at 4X magnification to check for any loss of cut TNTs into the
membrane while separating it from the microdissection chamber. This step isolates
the TNTs from the rest of the cellular body.
Cell Lysis and Gel Electrophoresis of TNT Lysates
A total of approximately 12,000 TNT cuts were isolated from cells in 15
MMI Livecell Chamber dishes. The TNTs cut from the membrane using LCM
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were lysed with RIPA buffer: 10mM Tris HCl (pH 8.0), 1mM EDTA, 0.5 mM
EGTA, 1% Triton X-100, 0.1% Sodium dodecyl sulfate (SDS), 0.1% Sodium
deoxycholate, and 140mM Sodium chloride, along with Halt™ protease inhibitor
cocktail (ThermoFisher), on ice for 20 min and stored at -20ºC. This lysis protocol
was repeated for all 15 dishes and the protein from all the lysates were combined
together. Biorad protein assay kit II (Biorad), was used to determine the protein
yield.
The TNT lysates were run on an 8% bis-tris gel, made with care inside a
biosafety cabinet to avoid keratin contamination and stained with ProteoSilver™
Plus Silver staining Kit (Sigma-Aldrich) according to the protocol provided by the
manufacturer. The gel was fixed for 20 min using the fixing solution, followed by
10 min each of 30% ethanol wash and water wash. The gel was then sensitized
using sensitizer solution for 10 min, followed by two times of 10 min water
washes. The gel was treated with silver solution for 10 min, followed by 1 min
water wash. The gel was then developed using the developer solution for 10 min,
until the low concentration protein bands started to develop. The development was
then stopped immediately using the stop solution and washed for 15 min with
water. The gel was then visualized under white light. The bands from the gel were
then excised carefully inside the biosafety cabinet and stored with 1% acetic acid
water solution. This sample was then sent for analysis by turbid fusion Orbitrap
MS analysis at Stanford University.
Mass Spectrometry
Sample Preparation for LC-MS
1D PAGE Gel was run, bands were diced into 1x1mm squares, rinsed
multiple times with 50mM ammonium bicarbonate and reduced with 5mM DTT,
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50mM ammonium bicarbonate at 55˚C for 30 min. Residual solvent was removed
and alkylation was performed using 10mM propionamide in 50mM ammonium
bicarbonate for 30 min at room temperature. The gel pieces were rinsed with 50%
acetonitrile, 50mM ammonium bicarbonate and placed in a speed vacuum for 5
min. Digestion was performed with trypsin/LysC (Promega) overnight digest at
37˚C. Tubes were spun and the solvent with the peptides were collected, further
peptide extraction was performed by the addition of 60% acetonitrile, 39.9%
water, 0.1% formic acid and incubated for 10-15 min. The peptide pools were
dried in a speed vacuum.
LC-MS and Data Analysis
Digested peptide pools were reconstituted and injected onto a 100 micron
I.D. C18 reversed phase analytical column (Dr. Maisch, 2.4uM Reprosil-Pur) of
25-50 cm in length. The UPLC was a Waters M class, operated at 300 nL/min
using a linear gradient from 4% mobile phase B to 35% B. Mobile phase A
consisted of 0.2% formic acid, 5% DMSO and water; mobile phase B was 0.2%
formic acid, 5% DMSO, acetonitrile. All data were collected using an Orbitrap
Fusion mass spectrometer set to acquire data in a data-dependent fashion selecting
and fragmenting by CID the most intense precursor ions optimized to maximize
duty cycle. An exclusion window of 60 s was used to improve proteomic depth
and multiple charge states of the same ion were not sampled. All MS/MS data
were analyzed using Preview and Byonic v2.6.49 (ProteinMetrics) as well as
custom in-house tools for data analysis developed in MatLab. Using Byonic, the
proteome was searched with a reverse-decoy strategy and all data were filtered and
presented at a 1% false discovery rate.
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Protein Yield Analysis
In order to compare the protein yield from cells fixed with GLU fixation
(Gousset et al., 2013) and Dimethyl 3,3’-dithiobispropionimidate (DTBP) fixation
(Charulatha and Rajaram, 2001), 180,000 CADs/dish were cultured in five 35mm
petri dishes to test each fixing method. Cells in one of the five plates in both the
assays were unfixed and fixed with 4% PFA, serving as the control. 0.05% v/v,
0.01% v/v and 0.005% v/v GLU, and 10mM, 5mM and 3mM DTBP were used to
fix the cells in the other three dishes.
One set of the cells cultured in the 35mm petri dishes that were fixed with
GLU was lysed with the RIPA buffer containing 0.1% Sodium dodecyl sulfate
(SDS) on ice for 20 min. One set of the cells cultured in the 35mm petri dishes that
were fixed with GLU was lysed with the RIPA buffer containing 2% SDS on ice
for 20 min, followed by 100ºC dry bath for 20 min, followed by 60ºC dry bath for
2 h (Shi et al., 2006). The cells in the 35mm petri dishes that were fixed with
DTBP were lysed with the RIPA buffer containing 2% SDS and 100mM
Dithiothreitol (DTT) on ice for 20 min, followed by treatment at 37ºC water bath
for 30 min, followed by 100ºC dry bath for 20 min, followed by 60ºC dry bath for
2 h (modified from Shi et al., 2006).
The protein isolated from GLU fixed samples were assayed using Bradford
assay, while the one isolated from DTBP fixed samples were assayed using RCDC
protein assay reagent kit, a “reducing agent and detergent compatible”
colorimetric protein assay from Biorad. The GLU fixed protein lysate was
denatured using laemmli buffer containing β-mercaptoethanol (BME) and boiled
for 5 min. The DTBP fixed protein lysate was denatured using laemmli buffer
containing 100mM DTT and boiled for 5 min.
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The samples from whole cell lysates of all three assays were loaded on an
8% bis-tris polyacrylamide gel containing 10%v/v 2,2,2-trichloroethanol (TCE)
and visualized under UV using Chemidoc (Biorad). These protein yield assay
experiments were all performed in triplicate.
TNT Stability Analysis Using Fluorescence
Microscopy
In this study, 180,000 CAD cells were cultured overnight on Ibidi µ-dishes
(Ibidi) at 37ºC. The cells were then fixed using the same protocol as described
above with GLU concentrations of 0.05% v/v, 0.01% v/v and 0.005% v/v, and
DTBP concentrations of 10mM, 5mM and 3mM. Cells fixed with 4% PFA served
as the control. The cells were washed twice with PBS after fixing and were
labelled for 20 min in the dark at room temperature with Wheat Germ Agglutinin
(WGA)-Rhodamine (1:200 in PBS). WGA is a lectin that binds to glycoconjugates
such as N-acetylglucosamine and N-acetylneuraminic acid residues and is widely
used as a cell membrane marker. The rhodamine dye attached to WGA fluoresces
and can be imaged with a conventional fluorescent microscope, thus facilitating
the process of identifying TNTs. After WGA-Rhodamine labeling, the cells were
then washed thrice with PBS and sealed with Aqua-poly mount. Fifteen
representatives of Image Z-stacks of the 3D cell volume were acquired using a
fluorescence microscope (Leica) for each fixing condition. To evaluate the number
of TNTs connecting the cells with the different fixing conditions, manual analysis
was performed and each experiment was carried out in triplicate. The analyses of
the Z-stacks were obtained using the Image J software (http://rsb.info.nih.gov/ij/).

RESULTS
LCM Can Efficiently Isolate TNTs from Whole Cells
In order to enrich TNTs from the rest of the cell, we used Laser Capture
Microdissection (LCM); 180,000 CAD cells cultured on a MMI live cell chamber
dish were fixed using 0.05% GLU as described previously and the TNTs were cut
under the LCM microscope using the aforementioned laser parameters (Figs. 3.1
and 3.2, respectively).

Figure 3.1: Laser capture microdissection of cell projections from CAD cells
(Blue arrow points at the filpodial projections, while the black arrow points at the cell body). A)
Selected projection B) Laser cut projection C) Cut projections stay with the dish on removing the
membrane ring.

Figure 3.2: Laser capture microdissection of TNTs from CAD cells. (A) Before
cut (B) After cut (Arrows point out the TNTs).
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Once all of the TNTs from a dish were cut, the membrane ring in which the
whole cells were plated was removed leaving the TNTs behind. These small
structures were removed from the dish by resuspending them in regular RIPA lysis
buffer containing 0.1% SDS and protease inhibitors and stored at -20ºC. This
process was repeated with 15 dishes resulting in ~12,000 isolated TNT cuts. These
TNT cuts were thawed and incubated on ice for 20 min to ensure proper lysis.
Using the Biorad protein assay kit II (Biorad), we determined that these cut yield a
total of 5.8µg protein.
Bis-tris PAGE gel (8% ) was used to resolve this protein sample followed
by silver staining (as previously described), which showed several bands of
proteins at the levels of nanograms throughout the gel spectrum (Fig. 3.3).

Figure 3.3: Silver stained protein gel of TNT lysate
(5.8 µg) prepared through LCM. Multiple bands were visible throughout the length of the gel
(Arrows point out the bands).
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MS Analysis of Proteins Isolated from LCM
Enriched Samples
The TNT lysates obtained by LCM from GLU fixed cells that was run on a
bis-tris PAGE gel and stained with silver stain was sent for mass spectrometry
analysis at Stanford University. The bands were excised and shipped in a 1%
acetic acid water solution (Fig. 3.3). The samples were prepared and the data were
acquired using Orbitrap Fusion mass spectrometer at the core MS facility at
Stanford University. The data obtained showed the potential presence of 113
individual proteins, most of these candidates being identified from single peptide
hits (Table 3.1).
We went on to analyze the localization of these proteins in different
organelles of the cell using COMPARTMENTS and human protein atlas databases
(Uhlen et al., 2010; Uhlen et al., 2015). This showed more than 90% of the
proteins identified had a definite localization to the plasma membrane, cell
projections, mitochondria or cytoskeleton (Table 3.1).
To assess the enrichment of proteins specific to TNTs, we used Gene
Ontology Consortium Panther enrichment analysis (Ashburner et al., 2000; Blake
et al., 2015) (Table 3.2). This bioinformatics tool compares the regular distribution
of proteins specific to a domain with the input protein distribution. We found a
striking 62% enrichment of plasma membrane proteins in our TNT samples
compared to 6% expected to be found in a whole cell sample. We also found two
fold enrichment of proteins in domains specific to TNT functions such as
organelles, cytoskeleton and filopodial proteins (Table 3.2). Several interesting
proteins from filopodia, cytoskeleton, mitochondria, calcium channel and
phosphatidylinositol pathway-related proteins were found in the TNT lysates
(Table. 3.3).

Table 3.1: List of all the 113 protein hits identified in the TNT samples and their localization in different organelles
manually compiled from COMPARTMENTS analysis and Human protein atlas.
Protein Hit
P07724
Q6GQT1
P60710
E9Q5W2
Q8BGZ4
Q8BX17
P55850
Q8C0Z1
A6H648
B2RXP4
Q3UGX8
P35969
Q6ZPS6
Q8R2K4
E9Q616
P38647
Q61271
Q8R361
Q80T14
Q9Z0T6
Q8VHN7
E9Q4Y4
Q9WUK7
Q03157
E9PY62
Q80WA3
B1AR51
Q8R3P0
Q9CUS9
Q8K387
Q8VCF1
Q61704
Q8BVR8
Q8BGL1
P08553
A0A0G2
Q80XH2
Q5F201
O88587
Q14DU2
Q9Z0M6
Q8K327
Q70FJ1
P32261
Q8R1R4
Q61180
L7N2D8
Q9WU78
Q8BXX2
Q8C6L5
Q6PDG8
Q8BGF7

Name
Alb
A2m
Actb
Spata31d1d
Cdc23
Gemin5
Dsc3
Itfg3
Ankrd35
Cdh19
Rapgef1
Flt1
Ankib1
Taf6l
Ahnak
Hspa9
Acvr1b
Rab11fip5
Fras1
Pkdrej
Adgrv1
Cep192
Opn3
Aplp1
Cntnap3
Vsig4
Dnah9
Aspa
Sppl3
Usp45
Cant1
Itih3
Adap1
Ppm1n
Nefm
Adh5
Impg2
Cfap52
Comt
Trim42
Adgre5
Champ1
Akap9
Serpinc1
Il34
Scnn1a
Vmn2r71
Pdcd6ip
Zbtb49
Mb21d1
Mon1a
Pan2

Human Human Name
P02768
P01023
P60709
Q6ZQQ2
Q9UJX2
Q8TEQ6
Q14574
Q9H0X4
Q8N283
Q9H159
Q13905
P17948
Q9P2G1
Q9Y6J9
Q09666
P38646
P36896
Q9BXF6
Q86XX4
Q9NTG1
Q8WXG9
Q8TEP8
Q9H1Y3
P51693
Q9BZ76
Q9Y279
Q9NYC9
P45381
Q8TCT6
Q70EL2
Q8WVQ1
Q06033
O75689
Q8N819
P07197
P11766
Q9BZV3
Q8N1V2
P21964
Q8IWZ5
P48960
Q96JM3
Q99996
P01008
Q6ZMJ4
P37088
P41180
Q8WUM4
Q6ZSB9
Q8N884
Q86VX9
Q504Q3

ALB
A2M
ACTB
SPATA31D1
CDC23 (APC8)
GEMIN5
DSC3
ITFG3
ANKRD35
CDH19
RAPGEF1
FLT1
ANKIB1
TAF6L
AHNAK
HSPA9 (GRP75)
ACVR1B
RAB11FIP5
FRAS1
PKDREJ
ADGRV1 (GPR98)
CEP192
OPN3
APLP1
CNTNAP3
VSIG4
DNAH9
ASPA
SPPL3
USP45
CANT1
ITIH3
ADAP1
PPM1N
NEFM
ADH5
IMPG2
CFAP52 (WDR16)
COMT
TRIM42
CD97 (ADGRE5)
CHAMP1
AKAP9
SERPINC1
IL34
SCNN1A
CASR
PDCD6IP (ALIX)
ZBTB49
MB21D1
MON1A
PAN2

Full Name
Albumin
Alpha-2-Macroglobulin
Beta Actin
SPATA31 Subfamily D, Member 1
Cell Division Cycle 23 (Anaphase Promoting Complex Subunit 8)
Gem (Nuclear Organelle) Associated Protein 5
Desmocollin 3
Integrin Alpha FG-GAP Repeat Containing 3
Ankyrin Repeat Domain 35
Cadherin 19, Type 2
Rap Guanine Nucleotide Exchange Factor (GEF) 1
Fms-Related Tyrosine Kinase 1
Ankyrin Repeat And IBR Domain Containing 1
TAF6-Like RNA Polymerase II, P300/CBP-Associated Factor (PCAF)-Associated Factor, 65kDa
AHNAK Nucleoprotein
Heat Shock 70kDa Protein 9 (Mortalin) (Stress-70 Protein, Mitochondrial)
Activin A Receptor, Type IB
RAB11 Family Interacting Protein 5 (Class I)
Fraser Extracellular Matrix Complex Subunit 1
Polycystin (PKD) Family Receptor For Egg Jelly
Adhesion G Protein-Coupled Receptor V1 (G Protein-Coupled Receptor 98)
Centrosomal Protein 192kDa
Opsin 3
Amyloid Beta (A4) Precursor-Like Protein 1
Contactin Associated Protein-Like 3
V-Set And Immunoglobulin Domain Containing 4
Dynein, Axonemal, Heavy Chain 9
Aspartoacylase
Signal Peptide Peptidase Like 3
Ubiquitin Specific Peptidase 45
Calcium Activated Nucleotidase 1
Inter-Alpha-Trypsin Inhibitor Heavy Chain 3
ArfGAP With Dual PH Domains 1
Protein Phosphatase, Mg2+/Mn2+ Dependent, 1N (Putative)
Neurofilament, Medium Polypeptide
Alcohol Dehydrogenase 5 (Class III), Chi Polypeptide
Interphotoreceptor Matrix Proteoglycan 2
Cilia And Flagella Associated Protein 52 (WD Repeat-Containing Protein 16)
Catechol-O-Methyltransferase
Tripartite Motif Containing 42
CD97 Antigen (Adhesion G Protein-Coupled Receptor E5)
Chromosome Alignment Maintaining Phosphoprotein 1
A Kinase (PRKA) Anchor Protein 9
Serpin Peptidase Inhibitor, Clade C (Antithrombin), Member 1
Interleukin 34
Sodium Channel, Non Voltage Gated 1 Alpha Subunit
Calcium-Sensing Receptor
Programmed Cell Death 6 Interacting Protein (Apoptosis-Linked Gene 2-Interacting Protein X)
Zinc Finger And BTB Domain Containing 49
Mab-21 Domain Containing 1
MON1 Secretory Trafficking Family Member A
PAN2 Poly(A) Specific Ribonuclease Subunit

Localization (COMPARTMENTS & HUMAN PROTEIN ATLAS)
Extracellular space
Plasma membrane, Mitochondria, Extracellular space
Cytoskeleton, Focal Adhesions, mRNP
Plasma membrane
Anaphase-promoting complex
Cytoplasm, Nucleus, Plasma membrane, mRNP
Plasma membrane, Desmosome
Plasma membrane, Vesicles, Extracellular space
Cytoplasm, Plasma membrane
Plasma membrane, Cytoplasm
Vesicles, Cytoplasm, Plasma membrane, Nucleus
Extracellular space, Plasma membrane, Cytoskeleton, Focal Adhesion
Cytoplasm, Plasma membrane
Extracellular space, Nucleus
Plasma membrane, Cell projection, Cytoskeleton, Vesicles, Focal Adhesions, mRNP
Extracellular space, Plasma membrane, Mitochondria, Focal adhesion
Plasma membrane, Extracellular space
Mitochondria, Golgi, Endoplasmic reticulum, Cytoskeleton, Plasma membrane
Plasma membrane
Plasma membrane
Plasma membrane, Extracellular space, Cell projection
Cytoskeleton, Cytoplasm
Plasma membrane, Cell Projection, Nucleus, Endoplasmic reticulum, Cyttoplasm
Plasma membrane, Cell projection
Plasma membrane, Extracellular space
Plasma membrane, Extracellular space, Vesicles
Cytoskeleton, Cell projection, Cytoplasm
Extracellular space, Nucleus, Cytoplasm
Plasma membrane, Golgi, Endoplasmic reticulum, Vesicles, Cytoplasm
Cytoplasm, Nucleus
Extracellular space, Endoplasmic reticulum, Nucleus, Cytoplasm, Golgi, Cytoskeleton
Extracellular space
Plasma membrane, Cytoplasm, Nucleus
No Data (PPM1A: Nucleus, Cytoplasm, Plasma membrane, Cell projection)
Cytoskeleton, Cell projection, Neurofilament
Extracellular space, Mitochondria, Cytoplasm
Plasma membrane, Extracellular space
Plasma membrane, Cell projection
Plasma membrane, Mitochondria, Vesicles
Mitochondria, Nucleus, Cell projection
Plasma membrane, Extracellular space, Cytoplasm
Cytoskeleton, Nucleus
Plasma membrane, Cytoskeleton, Cell projection, Cytoplasm, Golgi, Vesicles
Extracellular space, Plasma membrane
Extracellular space
Plasma membrane, Cell projection, Extracellular space
Plasma membrane, Mitochondria, Cytoskeleton, Cytoplasm, Endoplasmic reticulum
Cytoplasm, Cell Projections, Cytoskeleton, Plasma membrane, Extracellular space, Vesicles
Nucleus, Cytoplasm, Cytoskeleton
Cytoplasm, Cytoskeleton
Cytoplasm, Plasma membrane
Nucleus, Cytoplasm, mRNP
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Table 3.1 (Continued): List of all the 113 protein hits identified in the TNT samples and their localization in different
organelles manually compiled from COMPARTMENTS analysis and Human protein atlas.
Protein Hit
B1ART1
Q5DTU0
Q3TN34
Q8BHN1
D3YYQ8
A0JLN1
Q80TF3
Q6DFZ1
P50283
Q8R0C3
P35378
Q91XX4
P83093
J3QNR6
Q9Z0K8
Q9CXH7
P46735
Q8VD04
Q8BHS8
Q8K268
Q8K119
Q6IR34
Q9Z0V1
Q91ZN5
Q3TR22
Q9CR56
Q9CXF7
Q8R4N0
P07356
Q61703
Q60949
Q8CG48
Q80WP8
P52431
Q8BR76
Q9ES52
Q8BRF7
Q3UZP2
P23818
Q80WM4
Q9EQF6
Q9R0R1
Q6PEV3
P22437
D3Z4I0
Q7TSG5
D3Z338
Q922F6
Q9ET26
O35643
Q6DI86

Name
Vps13d
Afap1l2
Micall2
Txlng
Dnah10
Srp72
Pcdh19
Gbf1
Cd7
Slc26a8
Fshr
Pcdhgb6
Stim2
Mapk8ip3
Vnn1
Sgol1
Myo1b
Gripap1
Sybu
Abcf3
Pms1
Gpsm1
Kcnd3
Slc35b2
Cyyr1
Nkiras2
Chd1l
Clybl
Anxa2
Itih2
Tbc1d1
Smc2
Gadl1
Pold1
Tmem67
Inpp5d
Scfd1
Chgb
Gria1
Hapln4
Dpysl5
Mfi2
Wipf2
Ptgs1
Pigg
Sh3d21
BC048609
Hsp90aa1
Rnf114
Ap1b1
Fastkd1

Human Human Name
Q5THJ4
Q8N4X5
Q8IY33
Q9NUQ3
Q8IVF4
O76094
Q8TAB3

VPS13D
AFAP1L2 (XB130)
MICALL2
TXLNG
DNAH10
SRP72
PCDH19
GBF1
P09564
CD7
Q96RN1 SLC26A8
P23945
FSHR (LGR1)
Q9UN71 PCDHGB4
Q9P246
STIM2
Q9UPT6
MAPK8IP3 (JIP3)
O95497
VNN1
Q5FBB7
SGOL1
O43795
MYO1B
Q4V328
GRIPAP1
Q9NX95
SYBU
Q9NUQ8 ABCF3
P54277
PMS1
Q86YR5
GPSM1
Q9UK17
KCND3
Q8TB61
SLC35B2
Q96J86
CYYR1
Q9NYR9 NKIRAS2
Q86WJ1 CHD1L
Q8N0X4
CLYBL
P07355
ANXA2
P19823
ITIH2
Q86TI0
TBC1D1
O95347
SMC2
Q6ZQY3
GADL1 (CSADC)
P28340
POLD1
Q5HYA8 TMEM67 (Meckelin)
Q92835
INPP5D
Q8WVM8 SCFD1
P05060
CHGB
P42261
GRIA1
Q86UW8 HAPLN4 (Bral-2)
Q9BPU6 DPYSL5
P08582
MFI2
Q8TF74
WIPF2
P23219
PTGS1 (COX1)
Q5H8A4 PIGG
A4FU49
SH3D21
E9PQX1
TMEM262
P07900
HSP90AA1
Q9Y508
RNF114
P63010
AP2B1
Q53R41
FASTKD1

Full Name

Localization (COMPARTMENTS & HUMAN PROTEIN ATLAS)

Vacuolar Protein Sorting 13 Homolog D (S. Cerevisiae)
Extracellular space, Plasma membrane
Actin Filament Associated Protein 1-Like 2
Plasma membrane, Cell projection, Cytoskeleton
Molecule Interacting With CasL-Like 2
Plasma membrane, Cytoskeleton, Nucleus, Cell projection
Taxilin Gamma
Nuclear Membrane, Cytoplasm, Plasma membrane
Dynein, Axonemal, Heavy Chain 10
Cytoskeleton, Cell projection
Signal Recognition Particle 72kDa
Plasma membrane, Cytoplasm, Endoplasmic reticulum, Nucleus
Protocadherin 19
Plasma membrane, Cytoplasm, Cell projection
Golgi Brefeldin A Resistant Guanine Nucleotide Exchange Factor 1
Golgi, Plasma membrane, Mitochondria, Endoplasmic reticulum, Lipid particles
CD7 Molecule
Plasma membrane, Extracellular space
Solute Carrier Family 26 (Anion Exchanger), Member 8
Plasma membrane, Cytoplasm
Follicle Stimulating Hormone Receptor
Plasma membrane, Cell projection
Protocadherin Gamma Subfamily B, 4
Plasma membrane
Stromal Interaction Molecule 2
Plasma membrane, Cell projection, Endoplasmic reticulum, Vesicles
Mitogen-Activated Protein Kinase 8 Interacting Protein 3 (JNK-Interacting Protein 3)
Plasma membrane, Mitochondria, Cell projection, Golgi, Endoplasmic reticulum, Vesicles
Vanin 1
Extracellular space, Plasma membrane
Shugoshin-Like 1 (S. Pombe)
Cytoskeleton, Nucleus, Cytoplasm
Myosin IB
Plasma membrane, Cell projection, Cytoskeleton, Extracellular space, Vesicles
GRIP1 Associated Protein 1
Extracellular space, Vesicles, Nucleus, Cytoplasm
Syntabulin (Syntaxin-Interacting)
Cytoskeleton, Plasma membrane, Golgi, Mitochondria, Nucleus
ATP-Binding Cassette, Sub-Family F (GCN20), Member 3
Plasma membrane, Cytoplasm
PMS1 Postmeiotic Segregation Increased 1 (S. Cerevisiae)
Nucleus, Cytoskeleton
G-Protein Signaling Modulator 1
Plasma membrane, Endoplasmic reticulum, Golgi
Potassium Channel, Voltage Gated Shal Related Subfamily D, Member 3
Plasma membrane, Cell Projection
Solute Carrier Family 35 (Adenosine 3'-Phospho 5'-Phosphosulfate Transporter), Member B2
Golgi, Vesicles, Plasma membrane, Cytoplasm
Cysteine/Tyrosine-Rich 1
Plasma membrane
NFKB Inhibitor Interacting Ras-Like 2
Cytoplasm, Nucleus, Plasma membrane
Chromodomain Helicase DNA Binding Protein 1-Like
Nucleus, Plasma membrane, Cell projection
Citrate Lyase Beta Like
Mitochondria, Cytoskeleton, Cytosol
Annexin A2
Plasma membrane, Vesicles, Cell projection
Inter-Alpha-Trypsin Inhibitor Heavy Chain 2
Extracellular space
TBC1 (Tre-2/USP6, BUB2, Cdc16) Domain Family, Member 1
Cytoplasm, Cell projection
Structural Maintenance Of Chromosomes 2
Nucleus, Extracellular space, Mitochondria, Cytoskeleton
Glutamate Decarboxylase-Like 1 (Cysteine Sulfinic Acid Decarboxylase)
Plasma membrane, Cytoplasm, Nucleus
Polymerase (DNA Directed), Delta 1, Catalytic Subunit
Plasma membrane, Aggresome, Nucleus
Transmembrane Protein 67
Plasma membrane, Cytoskeleton, Endoplasmic reticulum, Cell projection
Inositol Polyphosphate-5-Phosphatase, 145kDa
Cytoplasm, Plasma membrane
Sec1 Family Domain Containing 1
Plasma membrane, Golgi, Endoplasmic reticulum, Nucleus
Chromogranin B
Extracellular space, Golgi, Plasma membrane, Nucleus, Endoplasmic reticulum
Glutamate Receptor, Ionotropic, AMPA 1
Plasma membrane, Cell projection, Vesicles
Hyaluronan And Proteoglycan Link Protein 4 (Brain Link Protein 2)
Extracellular space, Cytoplasm
Dihydropyrimidinase-Like 5
Cytoplasm, Cytoskeleton, Cell projection, Nucleus
Antigen P97 (Melanoma Associated) Identified By Monoclonal Antibodies 133.2 And 96.5
Plasma membrane, Extracellular space, Vesicles
WAS/WASL Interacting Protein Family, Member 2
Cytoplasm, Cytoskeleton, Plasma membrane, Cell projection
Prostaglandin-Endoperoxide Synthase 1 (Prostaglandin G/H Synthase And Cyclooxygenase) (Cyclooxygenase-1)Extracellular space, Plasma membrane, Vesicles, Mitochondria, Cell projection
Phosphatidylinositol Glycan Anchor Biosynthesis, Class G
Endoplasmic reticulum, Vesicles, Plasma membrane
SH3 Domain Containing 21
Plasma membrane, Nucleus, Extracellular space, Vesicles
Transmembrane Protein 262
Plasma membrane
Heat Shock Protein 90kDa Alpha (Cytosolic), Class A Member 1
Plasma membrane, Cytoplasm, Nucleus, Extracelular space, Mitochondria, Endoplasmic reticulum, Vesicles, Cell projection
E3 Ubiquitin-Protein Ligase RNF114
Plasma membrane, Nucleus, Cytoplasm
Adaptor-Related Protein Complex 2, Beta 1 Subunit
Plasma membrane, Vesicles
FAST Kinase Domains 1
Cytoplasm, Nucleus, Mitochondria
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Table 3.1 (Continued): List of all the 113 protein hits identified in the TNT samples and their localization in different
organelles manually compiled from COMPARTMENTS analysis and Human protein atlas.
Protein Hit
Q9CWP6
Q3USS0
Q3TWF6
Q3V009
Q8C2E4
P11152
Q9QY42
P58871
A2ARV4
Q60992

Name
Mospd2
Gm6899
Wdr70
Tmed1
Ptcd1
Lpl
Gpr37
Tnks1bp1
Lrp2
Vav2

Human Human Name
Q8NHP6
Q96S08
Q9NW82
Q13445
O75127
P06858
O15354
Q9C0C2
P98164
P52735

MOSPD2
CHTF18 (RUVBL)
WDR70
TMED1
PTCD1
LPL
GPR37
TNKS1BP1
LRP2
VAV2

Full Name
Motile Sperm Domain Containing 2
CTF18, Chromosome Transmission Fidelity Factor 18 Homolog (S. Cerevisiae)
WD Repeat Domain 70
Transmembrane Emp24 Protein Transport Domain Containing 1
Pentatricopeptide Repeat Domain 1
Lipoprotein Lipase
G Protein-Coupled Receptor 37 (Endothelin Receptor Type B-Like)
Tankyrase 1 Binding Protein 1, 182kDa
Low Density Lipoprotein Receptor-Related Protein 2
Vav 2 Guanine Nucleotide Exchange Factor

Localization (COMPARTMENTS & HUMAN PROTEIN ATLAS)
Plasma membrane, Endoplasmic reticulum
Plasma membrane, Nucleus, Cytoplasm
Cytoplasm, Mitochondria
Plasma membrane, Endoplasmic reticulum, Golgi
Mitochondria, Nucleus,
Extracellular space, Plasma membrane, Mitochondria, Vesicles
Plasma membrane, Endoplasmic reticulum
Plasma membrane, Cytoskeleton, Nucleus
Plasma membrane, Cell projection, Mitochondria, Vesicles
Plasma membrane, Cytoplasm, Cell projection

Table 3.2: Gene ontology consortium panther enrichment analysis showing two fold enrichment in TNT specific
domains.
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Table 3.3: Selection of proteins identified in the TNT lysates (from Table 3.1).
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DTBP Fixation Yields More TNT Proteins Than
GLU Fixation
Although our first run of LCM/MS analysis of TNT isolated samples
validated the fact that this tandem method can be used to enrich and analyze the
proteome of TNTs, most of the proteins identified were single peptide hits. This
low significance is owed to the low abundance of protein obtained by GLU
fixation. We decided to determine whether a decrosslinking fixative such as DTBP
would increase the yield and quality of protein extracted from our TNT lysates
compared to lysates obtained with our GLU fixation method for MS analysis.
Effect of Regular RIPA Buffer on
GLU Fixation
Next, 180,000 CAD cells/dish, cultured on 35mm petri dishes, were fixed
with decreasing concentrations of GLU fixatives (0.05% v/v, 0.01% v/v and
0.001% v/v), while 4% PFA fixed and unfixed cells served as the control. These
samples were then lysed with the regular RIPA buffer containing 0.1% SDS on ice
for 20 min. The protein from these lysates was then assayed using a Bradfordbased Biorad protein assay Kit II (Biorad); 20µg of lysate per sample was loaded
onto an 8% bis-tris TCE gel and run (Fig. 3.4). The above experiment was
performed in triplicate.
The TCE bis-tris gel image in Fig.3.4 shows that the regular RIPA buffer
with 0.1% SDS was unable to extract protein from all the fixed samples. Lane 1 of
all three replicate gels that carry the unfixed samples expresses enough protein
bands, whereas this lysis was unable to yield protein from all the PFA and GLU
fixed samples in lanes 2 to 5 (Fig. 3.4). The regular RIPA lysis buffer with 0.1%
SDS could not yield enough proteins as the unfixed cells, as the presence of less
detergent (SDS) for such a strong crosslinker (GLU) was not sufficient to extract
the proteins (Fig. 3.4).
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Effect of RIPA Buffer with 2%SDS
on GLU Fixation
We then fixed 180,000 CAD cells/dish, cultured on 35mm petri dishes,
with decreasing concentrations of GLU fixatives (0.05% v/v, 0.01% v/v and
0.001% v/v), while 4% PFA fixed and unfixed cells served as the control. These
samples were then lysed using an alternative lysis method known to be better for
formaldehyde-based fixatives (Shi et al., 2006), using RIPA buffer containing 2%
SDS at 100ºC for 20 min followed by 60ºC for 2 h. The protein from these lysates
was then assayed using a Bradford-based Biorad protein assay Kit II (Biorad);
20µg of lysate per sample was loaded onto an 8% bis-tris TCE gel and run (Fig.
3.5). The above experiment was performed in triplicate.
The TCE bis-tris gel image in Fig.3.5 shows that RIPA buffer with 2% SDS
with heat is capable of extracting proteins from PFA fixed cells and cells fixed
with lower concentrations of GLU. In all the triplicates of the gels found in Fig.
3.5; Lane 1 shows good protein yield as it is unfixed and Lane 2 shows protein
yield similar to that of the unfixed with this new lysis. The protein extraction from
GLU fixed samples needs to be improved further.
Effect of RIPA Buffer with 2% SDS
on DTBP Fixation After
Decrosslinking with DTT
We fixed 180,000 CAD cells/dish, cultured on 35mm petri dishes, with
decreasing concentrations of DTBP fixatives (10mM, 5mM and 3mM), while 4%
PFA fixed and unfixed cells served as the control. These samples were then lysed
using RIPA buffer containing 2% SDS and 100mM DTT as it facilitates decrosslinking (modified from Shi et al., 2006). The protein from these lysates was
then assayed using a modified Lowry-based RC DC™ protein assay Kit (Biorad);
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20µg of lysate per sample was loaded onto an 8% bis-tris TCE gel and run (Fig.
3.6). The above experiment was performed in triplicate.
The TCE bis-tris gel image in Fig. 3.6 shows that RIPA buffer with 2%
SDS is capable of extracting proteins from PFA-fixed cells after decrosslinking by
DTT. All five lanes in each gel showed similar protein distribution between fixed
and unfixed cells (Fig. 3.6). Although DTBP has shown better protein yield than
GLU, this comparison will need to be studied further as there was a difference in
the assay used to analyze the protein concentration in GLU and DTBP fixed cells
(Fig. 3.7). Comparing the results within each experiment suggested that the
extensive crosslinking by the GLU fixation hinders the protein extraction during
lysis (Figs. 3.4, 3.5, and 3.6).

Figure 3.4: Protein yield comparison between cells fixed with fixatives containing
4% PFA, 0.05% GLU, 0.01% GLU, 0.005% GLU and cells that are unfixed.
The samples fixed were lysed with RIPA lysis buffer containing 0.1% SDS on ice
for 20 min. Bradford based Biorad assay was used to quantify the proteins; 20µg
of each sample was run on an 8% bis-tris gel containing TCE is shown with three
individual experimental repeats.
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Figure 3.5: Protein yield comparison between cells fixed with fixatives containing
4% PFA, 0.05% GLU, 0.01% GLU, 0.005% GLU and cells that are unfixed.
The samples fixed were lysed with RIPA lysis buffer containing 2% SDS at 100ºC for 20 min
followed by 60ºC for 2 h. Bradford based Biorad assay was used to quantify the proteins; 20µg of
each sample was run on an 8% bis-tris gel containing TCE is shown with three individual
experimental repeats.

Figure 3.6: Protein yield comparison between cells fixed with fixatives containing
4% PFA, 3mM DTBP, 5mM DTBP, 10mM DTBP and cells that are unfixed.
The unfixed samples and the 4% PFA fixed cells were lysed with RIPA lysis buffer containing
2%SDS at 100ºC for 20 min followed by 60ºC for 2 h; and, the DTBP fixed cells were lysed with
RIPA lysis buffer containing 2%SDS and 100mM Dithiothreitol (DTT) at 37ºC water bath for 30
min followed by 100ºC for 20 min followed by 60ºC for 2 h. RC DC™ Biorad assay was used to
quantify the proteins; 20µg of each sample was run on an 8% bis-tris gel containing TCE is
shown with three individual experimental repeats.

35

Figure 3.7: Summary of the first trial from all the three experimental conditions.
GLU fixing followed by lysis with RIPA (0.01% SDS) on ice, GLU fixing followed by lysis with
RIPA (2% SDS) on heat (Protein assay using Bradford based Biorad kit) and DTBP fixing
followed by de-crosslinking and lysis with 100mM DTT and RIPA (2% SDS) on heat (Protein
assay using Lowry-based RC DC™ Biorad kit).

Effects of GLU and DTBP Fixation on TNT Stability
Since DTBP fixation is better to extract proteins from cells than GLU
fixation, we set out to compare the stability of TNTs in cells fixed with different
concentrations of DTBP and GLU by microscopy. To achieve this objective, we
fixed CAD cells cultured on IBIDI microscopic dishes with same concentrations of
GLU and DTBP as we did in the previous section and labelled them with WGARhodamine. This fluorescent dye was used to identify TNTs formed between the
cells and they were manually counted for each fixation method. If a single TNT is
observed between two cells and those two cells were not connected with any other
cells, that is counted as single TNT connection. If one cell is connected with two or
more TNTs from a same cell or multiple cells, that is counted as multiple TNT
connection. Z-stack images of 15 random sites on the dish with TNTs were
obtained for each fixing condition and the TNTs were counted from each image.
All dishes were blinded to avoid bias while acquiring the TNT images and for TNT
counting. Each experiment was repeated in triplicate.
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Effect of GLU Fixation on TNT
Stability
The percentage of TNTs found in different concentrations of GLU fixed
cells are represented in the graphs (Fig 3.8, right panel). The representative image
for each fixing condition can be found on the left panel of Fig. 3.8. Comparing the
TNTs (pointed out by yellow arrows) in PFA-fixed cells (Fig. 3.8a) with GLUfixed cells (Figs. 3.8b, 3.8c, and 3.8d) clearly shows that GLU fixation produces
more stable and straight TNTs than PFA fixation. Also, as expected, the stability
offered by 0.05% GLU fixation is strikingly strong compared to other lower
concentrations of GLU.
The percentage of cells connected by TNTs is also higher in GLU-fixed
cells compared to PFA-fixed cells (Fig. 3.8, right panel). While an average of
32.7% cells was connected by TNTs in 4% PFA fixation, 41.0% of cells was
connected by TNTs in 0.05% GLU fixation. Although the total percentage of cells
connected by TNTs is higher for 0.01% GLU (43.6%) than 0.05% GLU (41.0%),
the percentage of multiple TNT connection preserved by both these concentrations
was almost the same (34.8% in 0.01% GLU and 34.0% in 0.05% GLU). Despite
producing more stable TNTs than PFA-fixed cells, 0.005% GLU-fixed cells
(37.8%) were not as good as 0.01% GLU and 0.05% GLU-fixed cells.
Effect of DTBP Fixation on TNT
Stability
The percentage of TNTs found in different concentrations of DTBP-fixed
cells is represented in the graphs (Fig 3.9, right panel). The representative image
for each fixing condition can be observed on the left panel of Fig. 3.9. Comparing
the TNTs (pointed out by yellow arrows) in PFA-fixed cells (Fig. 3.9a) with
DTBP-fixed cells (Figs. 3.9b, 3.9c, and 3.9d) clearly shows that DTBP fixation
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produces more stable and straight TNTs than PFA fixation. The stability offered
by all three concentrations of DTBP fixation looks similar.
The percentage of cells connected by TNTs is also higher in DTBP-fixed
cells compared to PFA-fixed cells (Fig. 3.9, right panel). While an average of 27.5%
cells was connected by TNTs in 4% PFA fixation, 39.4% of cells was connected by
TNTs in 3mM DTBP fixation; 27.6% cells connected by TNTs in 10mM DTBP
fixed cells is similar to that of the 4% PFA-fixed cells. Further, 3mM DTBP and
5mM DTBP-fixed cells showed 39.4% and 38.4% of total TNT connections,
respectively. This is clearly higher than that of the 4% PFA fixed cells.
Comparing the results between GLU-fixed and DTBP-fixed cells shows that
GLU fixation is comparatively better than DTBP in establishing TNT stability. The
maximum percentage of stable TNTs achieved by GLU fixation was 43.6%, while
DTBP fixation had 39.4% cells connected by TNTs. The maximum percentage of
single TNT connections preserved was led by DTBP fixation with 15.5%, while
GLU fixation had 8.8% cells connected by single TNTs, whereas the maximum
percentage of multiple TNT connections preserved was led by GLU fixation with
34.8%, while DTBP fixation had 23.8% cells connected by multiple TNTs.
Although DTBP preserved more single TNTs than GLU fixation, their ability to
preserve multiple TNTs was less than that of GLU fixation. Compared to GLU
fixation, DTBP is a weaker fixative. Therefore, we would expect more multiple
TNTs to break during DTBP fixation, leaving behind single, rather than multiple
TNTs. Though DTBP fixation is inferior to GLU fixation in preserving TNTs, it is
promising in extracting proteins owing to its de-crosslinking ability. As both
parameters are vital in establishing LCM/MS system as an efficient tool for
studying the proteome of cell projections, in our lab, we set out to test the effect of
this new fixation in improving the MS analysis data of LCM cut cell projections.
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Figure 3.8: Quantification of the number of TNTs between cells fixed with
different concentrations of GLU.
Left panel (a, b, c and d) shows a representative fluorescence microscopy image of CAD
cells connected with TNTs at different fixing conditions: 4% PFA(4P) , 0.005% GLU
(0.005%)/ Fix 2, 0.01% GLU (0.01%)/ Fix 2 and 0.05% GLU (0.05%)/ Fix 2
respectively. The number of cells connected with single TNTs and multiple TNTs are
counted for each fixing conditions. Right panel shows the comparison of the percentage
of cells connected with TNTs with respect to each fixing condition. The data are the
average of three independent experiments. (Arrows point at TNTs.)
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Figure 3.9: Quantification of the number of TNTs between cells fixed with
different concentrations of DTBP.
Left panel (a, b, c and d) shows a representative fluorescence microscopy image of CAD
cells connected with TNTs at different fixing conditions: 4% PFA(4P) , Fix2/3mM DTBP
(3mM), Fix2/5mM DTBP (5mM) and Fix2/10mM DTBP (10mM) respectively. The
number of cells connected with single TNTs and multiple TNTs are counted for each
fixing conditions. Right panel shows the comparison of the number of TNTs with respect
to each fixing condition. The data are the average of three independent experiments.
(Arrows point at TNTs.)
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Figure 3.10: Comparison of the graphs showing the percentage of cells connected
by TNTs fixed with GLU fixation and DTBP fixation.
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MS Analysis of Cell Projections Cut Using LCM After
DTBP Fixation
In our lab, Dr. Gousset and Dr. Gordon cultured CADs in the Livecell
Chamber dishes, following the same protocol outlined above for TNTs. They fixed
the cells using 5mM DTBP fixation and cut all kinds of thin projections like TNTs
and filopodia using LCM. LCM cutting parameters were the same as what I was
using while cutting TNTs. They then lysed the proteins from the isolated
projections using RIPA buffer containing 2% SDS and 100mM DTT. The proteins
extracted were run on an 8% bis-tris gel and the bands were excised and shipped
in 1% acetic acid water for MS analysis. Through MS analysis, we found a total of
527 proteins, which is five times more than the proteins found using GLU fixation.
Also, the number of unique peptide hits was increased drastically with DTBP
fixation compared to GLU fixation. Thus, the DTBP fixation method was able to
improve the protein yield and peptide hits, despite having been shown to be less
stable than GLU fixation. Therefore, we were able to show that the combination of
DTBP fixation and LCM/MS analysis is very efficient to study the proteome of
such small cellular projections.

DISCUSSION
Previous studies have tried to isolate small cell projections from the rest of
the cell. A study trying to identify HIV carriers transported along bridging
conduits (a type of TNT) in macrophages attempted to isolate protrusions using
the Boyden separation chamber method (Kadiu and Gendelman, 2011). They
seeded the cells on filters that were 9mm thick with 3µm pores. The cells on the
filters were then incubated for 3 h to allow for protrusions to extend through the
pores and reach the other side. Then the cell bodies on the filters were wiped off
leaving behind protrusions that had extended across the 9mm-thick filters. This
method was able to separate and collect cellular protrusions that migrated through
the filter from the cell body, but it does not permit one to discriminate between the
distinct subsets of protrusions (like pseudopods, invadopodia, dorsal filopodia, and
lamellipodia). It specifically cannot isolate TNTs, since by definition, TNTs are
tubular structures that connect cells. In this case, there were no cells in the
chambers below the filters. In addition, there were no controls to gauge whether
extracellular components such as exosomes might have moved down the pores of
the filters. Therefore this is a very crude method, which doesn’t allow for the
isolation of TNTs or any specific subset of protrusions.
The data presented in this study show that LCM can be utilized to
specifically cut small cellular projections and the DTBP fixation method can
simultaneously stabilize TNTs to cut with LCM, while increasing the protein yield
and quality for MS analysis. I showed that LCM can isolate small structures like
TNTs from the rest of the cell and the proteins from such isolated TNTs can be
extracted for MS analysis (Figs. 3.1, 3.2, pp. 24-25). This provides a new tool for
studying the proteome of small cellular projections like filopodia, microvilli,
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lamellipodia and ruffles, that was previously not feasible due to the inability to
isolate them from the rest of the cell.
Although GLU fixation is widely used for microscopic sample preparations
owing to their stability, their ability to yield protein during lysis have always been
poor. Extensive review by Migneault et al. has shown that GLU reacts with
proteins using several mechanisms and the presence of GLU in different forms in
an aqueous solution allows several of these mechanism to proceed simultaneously
(Migneault et al., 2004). Consecutively, it has been shown that high concentration
of GLU leads to extensive crosslinking of proteins and thus reduces the
availability of the protein for lysis by enzymes (Cheung and Nimni, 1982). On the
other hand, lower concentrations of GLU establishes comparatively fewer cross
links and makes the protein accessible to the proteases (Cheung and Nimni, 1982).
Cross-linking of proteins in tissues by GLU shows that high concentration fixes
only the surface of these structures, while lower concentration allows it to
penetrate into the structures in a time-dependent manner and facilitate fixation
from within the structures (Cheung et al., 1985). Therefore, all these studies
clearly point that GLU fixation is exceptionally good for establishing structural
stability, but it greatly hinders the availability of protein for extraction. The
difference between DTBP and GLU is that DTBP does not form extensive
polymeric chains like GLU and thus is not capable of providing as much stability
to proteins as GLU, whereas DTBP can break open the crosslink at the imidoester
linkage by treatment with a reducing agent like Dithiothreitol and expose the
protein for lysis and extraction (Charulatha and Rajaram, 2001). Our results
comparing the protein yield (Figs. 3.4, 3.5, and 3.6, pp. 33-34) and TNT stability
(Figs. 3.8 and 3.9, pp. 38-39) while using GLU and DTBP fixation also resonated
with these findings.
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In our lab, we have shown that DTBP fixation can isolate cell projections
(TNTs and filopodia) efficiently through LCM similar to GLU fixation. MS
analysis of the cell projection lysates cut after fixing with DTBP fixation found
527 proteins with 1759 unique forward peptides. The maximum peptide hits found
were of mouse tubulin beta-5 chain with 26 unique peptides hits, mouse heat
shock protein 90 (HSP90) with 24 unique peptide hits, and mouse cytoplasmic
actin with 20 unique peptide hits. Twenty-four of the proteins identified had
greater than or equal to 10 unique peptide hits, and 68 of the proteins identified
had greater than or equal to 5 unique peptide hits. Also, 234 proteins identified had
two to four peptide hits. Stanford University’s MS facility uses a Byonic software
package to identify peptides and proteins. The Byonic score is a raw indicator of
PSM correctness that provides the absolute quality of the peptide spectrum match.
The accuracy of identification improves from good, very good and exceptional as
above 300, above 400, and above 500, respectively. The DTBP fixed LCM cut
lysates were found to have a Byonic score above 500 for more than 80% of the
peptides identified. This shows that in using the DTBP fixation method, we were
able to increase the quantity and quality of the proteins identified by MS compared
to the previous GLU fixation method.
I also showed that this method is very precise in cutting the desired
structure. The MS analysis data of the TNTs cut with LCM showed actin but not
tubulin (Table 3.1, pp. 27-29). Given the abundance of tubulin in a cell, absence of
that protein in our MS data strongly suggests that this method is very precise in
isolating the structures of interest. In addition, by comparing the proteins obtained
from the TNTs that I isolated to other groups of protrusions and/or whole cell
samples isolated in the lab, we observed that ~79% of the proteins identified by
LCM/MS were unique to TNTs (Fig. 3.11). This suggests that the proteome of
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TNTs is strikingly different from the rest of the cells and/or projections and further
validates the specificity of our TNT isolation by LCM. Interestingly, we found
proteins specific to TNTs/filopodia such as β-actin, WIPF2, ITFG3 and
Myosin1B, but we did not find tubulin. Also, the MS analysis of TNTs/filopodial
projections cut with LCM, later using the new fixing method, also showed
Tubulin, while TNT-specific lysate had shown only actin. We consistently found
tubulin in the MS analysis of whole cell lysates and neuronal projection lysates
fixed with new lysis (data not shown), unlike in TNT lysates. Indeed, in CAD
cells, TNTs do not contain tubulin, contrary to other larger cellular projections.
This further validates the accuracy of our TNT isolation. In addition, 90% of the
proteins identified had definite localization to plasma membrane, cell projection,
mitochondria or cytoskeleton (Table 3.1, pp. 27-29). This shows that this method
has reduced contamination from other structures and further substantiates that the
proteins identified have TNT-specific functionalities. Identification of several
vesicular proteins that are membrane-bound, extracellular, organelle-bound, or
exosomes support the idea of vesicular transport as an important function of TNTs
in CAD cells (Gousset et al., 2009).
Mitochondrial transfer across cells through TNTs has been widely studied.
Rescue of mitochondria defective mammalian cells on co-culturing with human
bone marrow stem/progenitor cells was identified by the transfer of GFP tags from
the donor cells to the acceptor cells (Spees et al., 2006). Similarly, a mitotrackerbased assay was used to show the transfer of mitochondria from human
endothelial cells to rat cardiomyocytes (Koyanagi et al., 2005). Since TNTs are a
major transporter of mitochondria, we expected to see enrichment in
mitochondrial proteins. As expected, we found a three-fold increase in
mitochondrial proteins, in comparison to the whole cell lysate (Table 3.2, p. 29)
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Figure 3.11: The distribution of proteins found unique to TNTs from different
LCM cut lysates, analysed by MS analysis.
[CADs-regular CAD cells, DIFFCADs-CADs that were differentiated, H2O2CADs-CAD cells
treated with H2O2, PROJECTIONS-all thin projections, AXONS-only axons cut from the CADs,
TNTs-only TNTs cut by me.]

We found several mitochondrial proteins like HSPA9, MON1a, FAST-KD1,
PTCD1, CLYBL, SYBU and WDR70 (Table 3.3, p. 30).
Finally, the simultaneous distribution of phosphatidyl-related proteins (such
as INPPD5, PIGG, LPL and ADAP1) and calcium channel activity-related
proteins (such as AHNAK, PKDREJ, SPPL3, CASR and STIM2) along with
mitochondrial proteins suggests that they might play a key role in TNT formation
and in establishing the gating mechanism across cells connected by TNTs (Table
3.3, p. 30). This validates the use of LCM/MS in studying the proteome of TNTs
and its potential to expand research into new areas.
Also, like PDs, TNTs are suspected to have a gating mechanism to maintain
calcium flux across cells, specifically in neuronal cells. TNTs are already shown to
be transferring calcium fluxes between dendritic cells and monocytes without the
involvement of gap junctions (Watkins and Salter, 2005). Recently, this transfer
was shown to be through Inositol 1,4,5- triphosphate (IP3) receptor mediated
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signaling (Smith et al., 2011). In this study, I identified simultaneous distribution
of phosphatidylinositol pathway-related proteins and calcium channel activityrelated proteins (Table 3.3, p. 30). The presence of these proteins along with
mitochondrial proteins suggests that they might play a key role in TNT formation
and in establishing the gating mechanism across cells connected by TNTs.
The glutamate receptor protein was also identified in our isolated TNT
sample. Glutamine receptors are known to facilitate massive influx of extracellular
calcium, thus increasing the need for mitochondria to neutralize this influx, and
the presence of neuroprotective melatonin was shown to nullify this by directly
influencing mitochondrial ROS production (Herrera et al., 2007). Glutamate was
also shown to regulate actin-based motility of axonal filopodia and it induces the
elongation of early dendritic protrusion in mouse hippocampal neuronal cells
(Chang and De Camilli, 2001). Finally, increased expression of glutamate receptor
GluR3 has been found in human T-leukemia (Jurkat) and T-lymphoma (Hut-78)
cell lines, and triggered integrin mediated binding to laminin and fibronectin
(Ganor et al., 2003). Thus, the glutamate receptor could be a key signaling
molecule that cancer cells excrete to trigger TNT formation in stromal cells in
order to “steal” mitochondria from nearby normal healthy cells. This is something
that our lab is interested to look into in the future.
Conclusion
In summary, studying the proteome of small cellular projections like TNTs
and filopodia is important as they are all involved in several crucial aspects of cell
function and disease spread. The bottle-neck in studying the proteome of such
small projections is the inability to isolate these small structures from the rest of
the cell and efficiently extract proteins specific to them for further MS analysis.
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We have solved this problem by establishing LCM/MS system as an innovative
tool to isolate TNTs and filopodial projections. We have improved the quality of
protein extracted from these structures using a DTBP fixation that stabilizes these
structures for cutting through LCM, while simultaneously increasing the protein
yield during extraction due to their de-crosslinking ability.
Future Work
This method generates a long list of proteins specific to such small
structures, thus shedding light on the possible mechanism of formation,
maintenance and destruction of these structures. This LCM microscope is also
capable of cutting structures that are labelled with fluorescent probes, thus
allowing us to now isolate only structures expressing specific probes and analyze
the proteins involved in that particular interaction. As discussed earlier, all the
mitochondrial, calcium channel and phosphatidylinositol pathway proteins
identified in the TNT lysates present a large body of knowledge added to the
existing findings in that aspect. We are sure that, in the long run, this tool will
open doors for several cell-to-cell communication research and microenvironment
studies involved with pathogen spread in HIV, neurodegenerative diseases and
cancer.
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