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Abstract

Caveolin-1 (Cavl) is a small scaffolding protein implicated in a variety of cellular functions,
including cell signaling, lipid transport and membrane traffic. The objective of this study was to
use comparative proteomics to identify differentially expressed proteins in Cavl knockout (KO)
mouse embryonic fibroblasts. These deregulated proteins were then analyzed using systems
biology tools to gain insight into the local network properties and to identify the interaction
partners of Cavl. We identified five proteins that were up-regulated and ten proteins that were
down-regulated in Cavl KO cells, suggesting that the local network behaves as a complex system.
Protein interaction network analysis revealed two proteins, Sh2b3 and Clec12b, as novel
interaction partners of Cavl. Functional annotation showed apoptosis signaling as the most
significant pathway. To validate this functional annotation, Cavl KO cells showed more than 1.5-
fold increase in caspase-3 activity over wild type cells upon apoptotic stimulation. We also found
that calpain small subunit 1 is up-regulated in Cavl KO cells and directly influences cell response
to apoptotic stimuli. Moreover, Capns1 was reduced in Cavl KO cells following re-expression of
Cav1 and suppression of Capnsl activity in Cavl KO cells significantly inhibited the sensitivity to
apoptotic stimuli, as measured by caspase 3 activity. In conclusion, our results suggest that Sh2b3
and Clec12b functionally interact with Cav1l and that calpain small subunit 1 may mediate Cav1-
induced apoptosis.
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INTRODUCTION

Caveolin-1 is the major structural protein of caveolae, a form of plasma membrane
microdomain,, that are involved in a variety of cellular functions, including lipid transport,
membrane trafficking, and cell signaling 1-4. Mammalian caveolin-1 (Cav1) is one of three
isoforms that exhibit differential expression. Cavl and Cav2 are abundantly expressed in
many kinds of cells, such as endothelial cells and fibroblasts, whereas Cav3 expression is
restricted to muscle tissue 8. In the context of cell signaling, Cav1 has a 20 aa motif (aa
82-101), /8 that interacts with many signaling proteins including Src family kinases, Ga
subunits, H-Ras, protein kinase C, endothelial Nitric Oxide Synthase, P13-kinase, integrins,
EGF-receptor and VEGF-receptor®12 thereby leading to target protein inactivation®. This
implies that Cav1 functions as an endogenous negative regulator of many signaling
molecules. Consistent with the notion that Cavl plays important roles in cellular transport
and signal transduction, Cavl knockout mice showed several pathological phenotypes,
including lung fibrosis, concentric left ventricular hypertrophy and right ventricular dilation,
resistance to diet-induced obesity, increased ischemic injury, and enhancement of tumor
formation and metastasis, suggesting that Cav1l has pleiotropic functions in various
organs!3. Identifying the specific roles that Cav1 plays in these different membrane
transport and signal transduction processes remains a challenge.

A classical approach to identify a function of an element is to remove the element and
observe its functional consequences on the system. In biological context, this simply
translates to knocking out a gene from a cell and using the resulting phenotype to identify its
exact role in the cellular context 14. This technique has been used in its simplest form by
knocking out a single gene to decipher its function or used in large scale efforts to knock-out
genes systematically, using shRNA libraries or genetic engineering, to decipher the function
of all genes encoded by the mammalian genome to aid in drug discovery and

validation 15-17_ 1dentifying gene function by knockout is based upon the assumption that
observed result or difference is a causal effect of the removal of gene alone and nothing else.
This classical reductionist approach of removing one gene at a time to study its role in the
cellular context is predicated on the assumption that a cell is a simple or a complicated
system. A simple system has a small number of components with well defined roles, such as
a pendulum that is governed by Newton’s laws of mation. In comparison, a complicated
system has a large number of components that each have well defined roles and interact
through a set of well defined rules 18. Engineered systems, such as an electronic circuit, are
examples of a complicated system. A common view has been to think of cell signaling
pathways as electronic circuits that transduce signals along pathways depicted using wiring
diagrams 1920, Gene knockout in the context of a circuit perspective implies that when a
node is removed, the remaining network is unaltered.
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A biological cell on the other hand may be considered a complex system, which is defined
by 18Amaral and Ottino (2004) as having a large number of components interacting
according to rules that may change over time and that may not be well understood. In the
context of a cell, these components include proteins that interact and, through post-
translational modifications, transmit information. In a complex system, the flow of
information among the components can be plastic and the roles that proteins play in
regulating this flow may be fluid. As a cell dynamically adapts to changes in its
environment, an alternative view of cellular signaling networks is that they are also complex
systems, as proteins dynamically assemble into multi-protein complexes. The molecular
composition of such complexes provides specificity in directing the flow of information;
alterations in the composition of the complex may redirect the flow down competing
pathways 21, Gene knockout in the context of a circuit perspective implies that a node is
removed but the remaining network is unaltered. In the context of a complex signaling
network, deleting a node from a network will perturb the neighboring interconnected nodes
and will cause a ripple effect throughout the network. The effect of the node removal will
depend on the connectivity of the node within the network and the collective response of the
network to perturbations 22, 20,

Given the expected behaviors for knocking out a gene in simple, complicated, and complex
systems, the objective of the study was to gain insight on the molecular pathways affected
by the depletion of Cavl. Towards this aim, we compared the proteome of Cavl KO mouse
embryonic fibroblasts (MEFs) with the proteome of wild type MEFs using two-dimensional
electrophoresis (2-DE) and MALDI-TOF MS based workflow. We analyzed the
differentially expressed proteins using systems biology tools to obtain a system-level
understanding of the molecular pathways affected by Cavl depletion and to identify the
potential interaction partners for Cav1l. In short, our data suggest that the observed system
behaves as a complex system, as suggested by a number of identified proteins that exhibited
altered abundance in cells lacking Cav1.

EXPERIMENTAL

Cell culture

Primary cultured fibroblasts were obtained from Day 13.5 mouse embryos of wild-type and
Cav1 knockout mice as previously described 33 according to the WVU ACUC approved
protocol. Mouse embryonic fibroblasts (MEFs) were cultured in DMEM (Dulbecco’s
modified Eagle’s medium, Life Technologies, Inc.) supplemented with 10% fetal bovine
serum (FBS), 2 mM glutamine, 100 units/ml penicillin and 100 pg/ml streptomycin in a
humidified incubator at 37 °C and 5% (v/v) COs.

Sample preparation for 2-D electrophoresis

Sample preparation for 2DE was done as we have previously described 46. Briefly, cells
were incubated in lysis buffer (7M Urea, 2M thiourea, 2 % (w/v) CHAPS) for 30 min on ice
and sonicated for five cycles in an ultrasonic water bath, where each sonication was
performed for 30 s followed by 30 s cooling interval on ice. Cell debris were pelleted by
centrifugation at 14,000 rpm for 40 min at 4 °C. The supernatant was aliquoted in fresh

Analyst. Author manuscript; available in PMC 2014 September 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kulkarni et al. Page 4

tubes and stored at —80 °C. The protein concentration was determined using CB-X™ protein
assay (G Biosciences).

2-D Electrophoresis

For each cell line, 120 pg of cell lysate was mixed with rehydration buffer (7M urea, 2M
thiourea, 2% CHAPS, 1% DTT, 2% IPG buffer, 0.002% bromophenol blue) and incubated
for 1 h at room temperature prior to rehydration on Immobilized pH Gradient (IPG) strips
pH 4-7, 7 cm, (GE Healthcare, Uppsala, Sweden) for 12 h at 25 °C. Isoelectric focusing was
done using Ettan IPGphor apparatus (Amersham Biosciences) for a total of 17 kVh at 50 pA
per strip. Focused IPG strips were equilibrated in 1% (w/v) DTT followed by 2.5% (w/v)
iodoacetamide before transferring onto 12% SDS-polyacrylamide gel. The coomassie
stained gels were scanned using Typhoon 9400 scanner (Amersham Biosciences) at 100 um
resolution at normal sensitivity. Data were saved in .gel format using ImageQuant software
(Amersham Biosciences). Three technical replicates were acquired for each primary cell

type.

Image analysis

The images corresponding to all three 2DE replicates for both the WT and Cav1 K.O. cell
types were collectively analyzed using REDFIN Solo software from Ludesi. Gel images
were cropped to remove the boundary region without proteins. The warping was done by
choosing a reference image and spot matching was facilitated by placing approximately 10
manual vectors in each quadrant of the gel to align cognate spots at corresponding locations
across different gels. Normalized spot volumes were generated from the optical densities for
each individual spot to the ratio of the total spot volume in each gel. Spots considered for
subsequent analysis had to be present in at least three of the six gels. In addition, protein
spots were considered to be differentially expressed if the difference between the averages
of spot densities from the Cavl KO and WT MEFs was 1.5-fold or greater with p<0.05, as
assessed using an ANOVA test.

In-gel digestion

The manually excised gel spots of interest were destained in 50-50% acetonitrile/50mM
NH4HCO3 solution, reduced in DTT (100mM, 57 °C, 45 min) and alkylated with
iodoacetamide (500mM, room temperature, 45 min) in a dark room. The gel pieces were
dehydrated in acetonitrile for 10 min, were vacuum dried and rehydrated with 10 uL of
digestion buffer (10ng/uL of trypsin (Promega; Madison, WI) in 50mM NH4HCO3) and
covered with 10 uL of NH4HCO3. The samples were incubated for 16 h at 37 °C to allow
for complete digestion. 5% formic acid was added to stop the enzymatic digestion and the
peptides were extracted in sequential steps by sonication using acetonitrile and 50%
acetonitrile/0.1% TFA.

MALDI-TOF MS analysis

MALDI-TOF-MS system model Micromass MALDI-R (Waters®) was used to obtain the
peptide mass fragment spectra as recommended by the manufacturer. Protein digest
solutions were mixed at a 1:1 ratio with the MALDI matrix a-cyano-4-hydroxycinnamic
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acid (CHCA) (Sigma-Aldrich Fluka; St. Louis, MO). 2 uL of tryptic digest was applied to
the MALDI plate and allowed to dry. The MALDI-TOF MS was operated in the positive ion
delayed extraction reflector mode for highest resolution and mass accuracy. Peptides were
ionized/desorbed with a 337-nm laser and spectra were acquired at 15 kV accelerating
potential with optimized parameters. The external calibration performed using ProteoMass
Peptide MALDI-MS Calibration Kit (Sigma) provided mass accuracy of 25-50 ppm.
Internal calibration was performed with the monoisotopic peaks of Angiotensin Il (m/z:
1046.5423), P14R (synthetic peptide) (m/z 1533.8582) and adrenocorticotropic hormone
(ACTH) (18-39) peptide (m/z 2465.1989). Mass spectral analysis for each sample was
based on the average of 800-1000 laser shots. Peptide masses were measured from nm/z: 800
to 3,000. The raw spectra was background subtracted, smoothed and deisotoped using
ProteinLynxGlobalServer (PLGS) v2.1. The peak lists containing the m/z ratio and
corresponding intensity values were exported to Microsoft Excel for further processing.

Protein identification using peptide mass fingerprinting (PMF)

Peptide mass fingerprint’s (PMF) obtained from MALDI-TOF MS were used to query
public protein primary sequence databases for protein identification. Monoisotopic peaks
resulting from internal calibrants were removed before submitting the peak lists to the
databases. Mascot database search engine v2.3.02 (www.matrixscience.com, Matrix Science
Ltd., UK) and Expasy Aldente (version 19/03/2010) were used to query the UniProtKB/
Swiss-Prot human database (Release 2010_12, 523151 sequences, 184678199 amino acids)
with the following settings: peptide mass tolerance of 50 ppm, one missed cleavage site, one
fixed modification of carboxymethyl cysteine, one variable modification of methionine
oxidation, minimum of four peptide matches and no restrictions on protein molecular mass
(MW) or isoelectric point (pl). A protein was considered to be positively identified only
when it was a hit using both algorithms.

Ingenuity pathway Analysis

Differentially regulated proteins identified by 2DE and PMF were further analyzed using
Ingenuity Pathway Analysis (IPA; Ingenuity Systems, Mountain View, CA,
www.ingenuity.com). IPA was used to interpret the differentially expressed proteins in
terms of an interaction network and predominant canonical pathways as described in detail
earlier 46, Briefly, a dataset containing the differentially regulated proteins, called the focus
proteins, for a particular cell line was uploaded into the IPA. These focus proteins were
overlaid onto a global molecular network developed from the information in the IKB.
Networks of these focus proteins were then algorithmically generated by including as many
focus proteins as possible and other non-focus proteins from the IKB that are needed to
generate the network based on connectivity. Enriched canonical pathways were identified
from the IPA library using a Fisher’s exact test adjusted for multiple hypothesis testing
using the Benjamini-Hochberg correction 47. A low p-value suggests that the pathways
associated with the differentially expressed proteins were not observed by random chance
alone.
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Immunoblot analysis

Using an independent samples from the proteomic analysis, the expression levels of proteins
were determined by Western blot analysis. Wild-type and Cavl KO MEFs were seeded in 6-
cm dishes, lysed in ice-cold lysis buffer containing 1.0% Triton X-100, 60mM
Octylglucoside, and 1mM PMSF supplemented with protease inhibitors. Protein
concentration was determined using BCA™ protein assay kit (Thermo Scientific). 20ug
proteins were separated by SDS-PAGE on a 15% gel, electro-transferred to a nitrocellulose
membrane, and immunoblotted against either Cav1 (Santa Cruz Biotech) or calpain small
subunit 1 (Capnsl, Aviva Systems Biology). The membranes were reprobed with antibody
against GAPDH.

Apoptosis assay

MEFs were treated with 1 UM staurosporine. Caspase 3-like activity was determined using
caspase 3 fluorescent assay kit as previously described 42. Briefly, after treatment with
staurosporine, incubation medium was removed and the cells were lysed for 10 min in ice-
cold lysis buffer containing 20 mM Tris-HCI (pH 7.4), 137 mM NaCl, 1% Nonidet P-40,
10% glycerol, 1 mg/ml aprotinin, 1 mM leupeptin, and 1 mM PMSF. Total cell lysates (10
ug each) were incubated at 37°C for 60 min in enzyme assay buffer containing 20 mM
Hepes (pH 7.5), 10% glycerol, 2 mM DTT, 1 mM PMSF, and 100 uM caspase 3 substrate,
N-acetyl-Asp-Glu-Val-Asp (DEVD)-7-amino-4-methyl coumarin (AMC). The reaction was
terminated by adding 1 ml of deionized H,O. Fluorescence was measured using Fluostar
Optima (BMG Labtechnologies, Inc.) equipped with a 380-nm excitation filter and a 460-
nm emission filter.

Adenovirus production and infection

Adenovirus encoding full-length Cav-1 (AdCav1-GFP) or GFP (AdGFP) were produced and
used to infect cells as we described previously with some modifications 33. Briefly, Cavl
KO MEFs were grown in DMEM supplemented with 10% FBS. When cells became 70%
confluent, a mixture of polybrane and either AdCav1-GFP (50 pfu) or AdGFP (50 pfu) was
added into growth medium, and incubated with the cells for 24 hours. At the end of
incubation, cells were washed once with PBS, lysed in lysis buffer containing 10 mM Tris-
HCI (pH=7.4), 0.15 M NaCl, 1% Triton X-100, 60 mM octylglucoside and protease
inhibitors and used for immunoblot analysis.

Statistical Analysis

Data are presented as mean + S.D. Statistical analysis was performed using Student’s t test.
A p-value of <0.05 was considered statistically significant.

RESULTS

2DE and Image Analysis

Two-dimensional gel electrophoresis (2DE) was used to assess global alterations in protein
abundance between wild type and Cavl KO mouse embryonic fibroblasts (MEFs). The
highly reproducible qualitative pattern of cellular proteome obtained in the pH range 4-7

Analyst. Author manuscript; available in PMC 2014 September 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kulkarni et al.

Page 7

after 2DE of total cellular extracts for three technical replicates of Cavl KO and WT MEFs
is shown in Figure 1A. Each group had more than 1,300+3 unique protein spots resolved
indicating an equal amount of protein load on each replicate (Figure 1B). Coomassie Blue
G-250, dubbed “blue silver”, was used for staining the gels due to its high sensitivity
approaching that of conventional silver staining, as was evident in our study from the
dynamic range of the normalized protein spots spanning four orders of magnitude 21, The
normalized intensities of matching spots for each group were plotted as a scatter plot on a
logarithmic scale indicating a strong correlation between normalized intensities and a
dynamic range of detection spanning four orders of magnitude (Figure 1C). Colloidal
Densitometric quantification of relative spot intensities in the KO and WT fibroblasts
revealed a total of 16 spots that were well-resolved and showed a significant (p< 0.05)
difference in expression by at least 1.5-fold (Figure 2A). An example of a well-resolved
protein spot with its presence in each gel across both groups (Figure 2B) and the normalized
volume of the spot in each gel with the fold-change and significance (Figure 2C) are shown.

Peptide Mass Fingerprinting

The differentially expressed protein spots were excised, in-gel digested by trypsin and
analyzed by MALDI-TOF MS to generate a peptide mass fingerprint. The resulting peptide
mass fingerprints were queried against the Swiss-Prot human database using Mascot as a
primary database search algorithm. Expasy Aldente was used as a complementary algorithm
for additional confirmation to reduce the possibility of false positive identification. Two
independent algorithms were used for identification to consolidate the identification through
complementary features of these packages, where Aldente has a distinct advantage over
Mascot by its ability to identify modified protein isoforms. Agreement between the apparent
M, and pl observed on the 2-D gel and the theoretical values of the identified proteins,
number of peptide matches and sequence coverage provided additional support for positive
identification. Peptide mass fingerprint with the tryptic peptide mass values that contributed
towards identification of calpain small subunit 1 (Capnsl) is exemplified in Figure 2D.
From 16 picked spots, 15 differentially expressed proteins were identified, from which 10
proteins were down-regulated and 5 proteins were up-regulated in KO MEFs (Table 1;
Supplemental File 1). One spot could not be identified unambiguously and was therefore
excluded from any further analysis. More than 85% of the spots had sequence coverage
exceeding 25%. These differentially expressed proteins (Table 1; Supplemental File 1)
formed the dataset for pathway analysis and network generation. Protein spots with shifts in
their pl but identical MW may correspond to the isoforms of the same protein, which might
be a result of post translational modifications, but is more common in 2-DE due to the
inherent artifacts in 2-DE protocol. Urea in the lysis buffer causes carbamylation of proteins
causing a significant shift in the pl of the protein. This was evident in the case of a protein
spot identified as cytoplasmic actin, where the observed pl of the protein was found to be
6.8 as compared to the theoretical pl of 5.3.

Pathway analysis and protein interaction network generation using IPA

Using the observed patterns of proteins that were differentially expressed, we annotated the
patterns with biological function by quantifying biological pathways that were enriched in
the data set from all the canonical pathways contained within the IPA library. In addition,
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the ratio of observed proteins relative to the total number of proteins in a pathway provided
an additional metric for pathway enrichment. The results from this pathway analysis are
summarized in Figure 3. The proteins that were either up-regulated (Figure 3A) or down-
regulated (Figure 3B) in Cavl KO fibroblasts were analyzed independently to identify
which of these pathways were predominant in which particular group. In the group with up-
regulated proteins, apoptosis signaling was the most significant pathway (p-value < 3x1074)
with two molecules (Capnsl and Lmna) out of a possible 90 molecules associated with the
pathway. This was followed by FAK signaling (p-value < 3.4x1074) and Integrin signaling
(p-value < 1.6x1073), with two molecules (Capnsl and Actb) associated with the pathways
out of a possible 104 and 205 molecules respectively. The proteins involved in KO
phenotype pathways are all up-regulated suggesting an increased flux of these pathways in
the KO phenotype. The group with down-regulated proteins had protein ubiquitination as the
most significant pathway (p-value < 4x10~%) with three down-regulated molecules
(Hsp90b1, Hspal4 and Psmc?2) associated with the pathway out of a possible 274 molecules.
All the proteins involved in these pathways were down-regulated, which could suggest a
decreased flux of these pathways in the KO phenotype.

To overcome the limitation of pathway-based analysis where not all genes have been
assigned to a definitive pathway, we also interpreted the dataset of differentially expressed
proteins in terms of a protein-interaction network. Another advantage of network analysis is
that it offsets the bias that proteomics has against membrane proteins that limits their
detectability. The differentially expressed proteins were uploaded and mapped to
corresponding “gene objects” in the Ingenuity Pathways Knowledge Base (IPKB) in which
the prior information used is a master gene interaction network curated from the scientific
literature. The protein-interaction network significantly enriched in the dataset (p-value <
1072%) containing all differentially expressed proteins is shown in Figure 4A and has a
functional annotation associated with “cellular development,” which includes functions
associated with the development and differentiation of cells. The intensity of the node color
represents the degree of up- (red) or down-(green) regulation in fibroblasts. Validation of
these nodes is an important step as they are major gene regulators and play central roles in
mediating interactions among numerous less connected proteins and deletion of any of these
nodes can perturb the network to a great extent 23,

Genetic depletion of caveolin-1 results in an increased expression of Caspnl and Clec12b

Of all the differentially expressed proteins, actin was found to be the only one with known
interactions with Cav1 (Figure 4A). Beta actin binds Cav1 in human platelets 24 and a
fragment from Cavla in Ht29 cells 25. Notably, we identified two proteins that were
differentially expressed and had no known interactions with Cavl or any of the other
differentially expressed proteins (Figure 4B). Src homology 2-B3 (Sh2b3), a key regulator
of integrin-mediated cell motility in endothelial cells 28, was down-regulated in Cavl KO
cells by 1.8-fold. Similarly, Cav1l has been previously associated with integrin-mediated
adhesion and signaling 1. As a membrane adaptor, it links integrin to tyrosine kinase Fyn,
which plays a role in integrin signaling and anchorage-independent growth0. We also found
that C-type lectin domain family 12 member B protein (Clec12b), a receptor known to play
an inhibitory role in myeloid cell function 27-28 was up-regulated in Cavl KO cells by 1.6-
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fold. To validate the proteomics results, Clec12b protein was observed by immunoblot to be
increased by 1.5 fold following genetic depletion of Cavl in cell lysates derived from MEFs
(Figure 5A). Similarly, the level of Capnsl in Cavl KO cells was increased by 2.8-fold over
wild-type cells, which is consistent with our proteomics analysis result (see Figure 5A). To
assess whether Cav1 causally influences the abundance of these proteins, Cavl KO MEFs
were infected with adenovirus encoding Cav1-GFP, and the cell lysates were subjected to
SDS-PAGE and immunoblot analysis. As shown in Figure 5C, re-expression of Cavl
substantially suppressed Capnsl expression by 60% compared to either non-treated or GFP
expressing cells. However, re-expression of Cavl did not affect the expression of Clec12b
(data not shown).

Caveolin-1 deficiency-induced apoptosis is mediated by Capnsl

Our proteomics analysis result reveals that depletion of Cav1 results in up-regulation of
Capnsl (Figure 2). In addition, both Cav1 and Capnsl have been shown to play a role in
apoptosis 122%-31 and cell migration 32-34. Apoptosis plays an important role both in
embryonic development and in maintaining homeostasis in adult tissue. These observations
suggest that the sensitivity of Cavl KO cells to apoptotic stimulation may be altered,
although it has not been reported that calpain plays any role in Cav1 deficiency-induced
apoptosis. A central component of the cell death machinery is a family of cysteine proteases,
termed caspases 3°. Upon the receipt of death signals, caspases become activated, which
subsequently cleave multiple cellular proteins leading to the demise of the cells. To test
whether the sensitivity of Cavl KO cells to apoptotic stimulation is affected, both wild-type
and Cavl KO cells were treated with or without 1 pM staurosporine, a commonly used
apoptotic inducer,2%:36 and caspase 3 activity was measured. Although the basal activity of
caspase 3 in Cavl KO cells is lower than that in wild-type cells (open bars, Figure 5B),
treatment of the cells with staurosporine increases substantially caspase 3 activity by more
than 1.5-fold over that in wild-type cells (filled bars, Figure 5B). These results suggest that
up-regulated expression of Capns1 may cause an increased sensitivity to apoptotic
stimulation in Cavl KO cells. To test this hypothesis, Cavl KO cells were treated with
Capnsl shRNA that knocked down the protein by more than 80% (Figure 6A). Suppression
of Capnsl expression significantly inhibited caspase 3 activity by more than 50% compared
to either non-treated or GFP expressing cells (Figure 6B). By combining proteomic and
system biology analysis, we have identified Capnsl as a novel protein involved in apoptosis
inducted by Cavl.

DISCUSSION

Viewing cell signaling networks as electrical circuits is a common analogy used to help
understand how cells process information. In contrast to the flow of electrons or to the flow
of mass in the case of metabolic networks, cell signaling networks represent the flow of
cellular information by post-translationally modifying proteins and creating multi-protein
complexes. To better understand the topology of a particular cell signaling network, a
common approach is to remove nodes within a network and observe the functional
consequence. Gene knockouts have become an essential tool for exploring the relationship
between gene and phenotype. However, a common assumption is that the overall network
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remains unaltered as nodes are removed from the network, i.e. a network exhibits simple or
complicated characteristics. Here, we first considered the possibility that the signaling
network associated with caveolin-1 - a protein that plays an important role in cell signaling
and membrane trafficking - exhibits simple, complicated, or complex characteristics. To
assess the local network properties associated with caveolin-1, we used a proteomics
workflow to identify differences in protein expression between wild-type and caveolin-1 KO
mouse embryonic fibroblasts. Specifically, we found that the local network associated with
caveolin-1 exhibits complex characteristics in that loss of caveolin-1 altered the abundance
of other proteins across the network. Similarly, various proteomics workflows have been
used to gain insight into gene functions by comparing the KO and WT phenotypes37—49,
Less biased proteomics workflows provide a more global view associated with a genetic
knockout and help clarify the causal link between gene and biological function.

Using an integrated approach that combined genetic engineering, proteomics and
computational systems biology tools to study a gene knockout, we have to a first
approximation, determined the protein interactions and local network properties associated
with caveolin-1. In this study, we have identified a number of proteins with an altered
expression pattern on account of Cavl knockout, which will help us refine our
understanding the role of Cav1 in cell signaling and membrane trafficking. Our findings
suggest that the expression of Capnsl1, Sh2b3 and Clec12b is dependent on Cavl, as Cav1l
depletion up-regulates Capnsl and Clec12b expression and down-regulates Sh2b3
expression. Both Sh2b3 and Cavl have been shown to play a role in integrin-mediated cell
migration10-26, Similarly, Clec12b and Cav1 are both involved in angiogenesis28:41-43,
Sh2b3 and Clec12b have no known interactions with Cavl or any of the other differentially
expressed proteins as evident from the protein interaction map. Thus, our results suggest that
Sh2b3 and Clec12b may mediate Cavl functions and have the potential to interact with
Cavl, although direct validation of these interactions remains. More importantly, we have
shown that the sensitivity of Cavl KO cells to apoptotic stimulation is enhanced and that
calpain small subunit 1 (Capnsl) directly influences the sensitivity of cells to apoptotic
stimuli.

Here we have shown using an unbiased proteomics approach that a knockout phenotype not
only lacks the product of the particular gene, but exhibits a number of phenotypical changes
that are altered to compensate for the mutation, which might not necessarily related to the
function of gene of interest and hence easily overlooked. In other words, the signaling
network containing caveolin-1 behaves as a complex system. On the surface, this
observation may seem to conflict with findings that biological systems have evolved to be
functionally robust to small perturbations in protein activity/abundance around their
homeostatic set points 44:4°. However, knocking out a protein is not a small perturbation.
Collectively, the identified proteins altered in response to caveolin-1 knockout may
comprise the local network that buffers the functional response against slight variation in
protein abundance. Specifically, Cavl KO increases the abundance of Capnsl and the
sensitivity of cells to apoptotic stimuli. In independent experiments, we show that the
sensitivity to apoptotic stimuli is proportional to Capns1 abundance. Assuming that the
dose-response relationships are linear, the increase in Capns1 may buffer a reduction in
Cav1 abundance to help maintain the sensitivity of a cell to apopotic stimuli. Moreover,
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these results suggest that the role that a protein plays within a perturbed network may
change, confounding inferring simple gene-phenotype relationships from gene knock-out
experiments.

CONCLUSION

Gene knockouts result in differential expression of several other proteins, some of which
might be contributing to the resulting phenotype in addition to the target gene. These
contributing proteins, some of which might be possible interaction partners of the target
gene, are often overlooked while conducting targeted studies. Analyzing the differences
between WT and Cavl KO phenotypes using an unbiased proteomics approach, we have
identified Sh2b3 and Clec12b as putative novel interaction partners of Cavl. Our results also
suggest that Capnsl may help buffer changes in caveolin-1 in regulating the cell response to
apoptotic stimuli.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Technical replicates showing 2-D proteomic profiles of Cavl KO and WT MEFs. The
first dimension was resolved on IPG strip 4-7, 7cm. The second dimension is a 12% SDS-
PAGE spanning molecular weight region of 10-200 kDa. 2-D gels were stained with
coomassie blue and scanned using Typhoon 9400 scanner. (B) Quantitative image analysis
using Ludesi REDFIN reveals the gel reproducibility and protein loading with no significant
difference in the number of identified protein spots on the gel replicates across each cell
line. Error bars represent S.E.M. (C) Scatter plots of average normalized intensities are
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plotted on a logarithmic scale for matching protein spots showing the dynamic range of spot
detection and correlation for the WT versus Cavl KO MEFs.

Analyst. Author manuscript; available in PMC 2014 September 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Kulkarni et al. Page 17

C
3.
- p <0.02;
©
g fold-change = 1.8
Y
£ 27
=
o
>
k]
I
®
£
P
o
z
0
WT
D
g £
B3 2 m
5 2 — ©
: < o d
- lo — ~ (<))
E(a - o
) on s K
2 & = N
® © N
@ 3 g o
x 5 S || 8
o {
\ R 8
l o~
) I Dl |
T T T T
900 1400 1900 2400 2900
Molecular weight (m/z)
Figure 2.

(A) Using all of the 2D gel images shown in Figure 1A, a composite image was generated
by Ludesi Redfin image analysis software that shows the locations of all 16 protein spots
that are differentially expressed between WT and Cavl KO MEFs. Spots are numbered
arbitrarily by the software. (B) Montage showing differential expression of Capnsl1 on each
gel across both groups (identified spot border is in red). (C) Densitometric quantitation of
the normalized volume of Capnsl on each gel with the associated fold-change and
corresponding p-value. (D) Mass spectra for each peptide digest was acquired between mass
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values of 800 and 3000, deisotoped using PLGS2.1 and submitted for peptide mass
fingerprinting. The mass spectrum is shown for Capns1 with the peptide mass values that
contributed towards successful identification of the protein indicated in bold and numbered
on the spectrum.
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Figure3.
Significant canonical pathways (p < 0.05) for proteins differentially expressed between

Cavl KO and WT MEFs. The negative of the logqg (p-value) (long dash) and ratio (humber
of focus molecules involved in the pathway/total number of molecules in the pathway; long
dash dot joined by squares) are plotted on the primary and secondary Y-axis respectively.
Panel A, Canonical pathways resulting from proteins up-regulated in Cav1 deficient MEFs.
Panel B, Canonical pathways resulting from proteins down-regulated in Cavl KO MEFs.

Analyst. Author manuscript; available in PMC 2014 September 21.



1duasnuely Joyiny vd-HIN duasnuey Joyiny vVd-HIN

1duasnuely Joyiny vd-HIN

Kulkarni et al.

Page 20

A

Extracellular Space

Plasma Membrane

CL@zs
\
\

\
\
\
\

Cytoplasm X

N
\\\ AN
N

—
_ﬁf nknown
1 P
ilamin

!
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

DN
AN
Y

X\

,

Nucleus

(receptor type 1
"

Analyst. Author manuscript; available in PMC 2014 September 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Kulkarni et al. Page 21

Twist2
Musk ~

Hspaib

ENSMUSG00000051396

’.f s,
AT

"i,
il
"

Figure4.
Proteins differentially expressed in Cavl KO and WT MEFs were overlaid onto a global

molecular network developed from information contained in the Ingenuity Knowledge Base
(IKB). Genes or gene products are represented as nodes, and the biological relationship
between two nodes is represented as an edge (line). Solid lines indicate a direct relationship
and dashed lines indicate an indirect relationship between nodes. The intensity of the node
color represents the degree of up-regulation in KO cells- red (up-regulation) and green
(down-regulation). White nodes represent the IKB molecules associated with focus genes.
Network reflects (A) Interaction network for differentially expressed proteins between Cavl
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KO and WT cells (Network function: Cellular development, p < 10726); and (B) GeneMania
network showing physical (blue lines) and predicted (brown lines) interactions between the
differentially expressed proteins and other gene products. Red nodes are proteins up-
regulated in Cavl KO cells, green nodes are proteins down-regulated in KO cells, and the
white nodes are gene products known to interact with the data set. Hanging nodes indicate
no known interaction with other nodes in the network.
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Figure5. Up-regulation of Capns 1 expression and enhancement of apoptosisin caveolin-1 KO
MEFs
(A) WT and Cavl KO MEFs were lysed and immunoblotted with the antibodies against the

proteins as show in the figure. The same membrane was reprobed with the antibody against
GAPDH for equal protein loading. Note that calpain small subunit 1 (Capnsl) and Clec12b
are up-regulated in Cavl KO cells. (B) WT and Cavl KO MEFs were incubated with (filled
bars) or without (open bars) staurosporine (1 uM) in normal growth medium for 3 hours.
Caspase 3-like proteolytic activity was determined using caspase 3 fluorescent assay kit. The
data are the means £ SD. *, P<0.001. (C) Cavl KO MEFs were infected with adenovirus
encoding either Cav1-GFP (Cavl) or GFP alone (GFP) for 24 hours. Cell were lysed and
immunoblotted with the antibodies against the proteins as shown in the figure. The same
membrane was reprobed with the antibody against GAPDH for equal protein loading.
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Figure 6. Knock down of Capnsl inhibits apoptotic activity in caveolin-1 KO MEFs
(A) Cavl KO MEFs were infected with lentivirus encoding either Capns1 shRNA (Capnsl)

or scramble shRNA (S) for 72 hours. Cell were lysed and immunoblotted with the antibodies
against Capnsl. The same membrane was reprobed with the antibody against GAPDH for
equal protein loading. Note that the level of Capnsl protein expression was specifically
knocked down by Capnsl shRNA. (B) Cavl KO MEFs infected with Capnsl shRNA as in
(A) were treated with staurosporine, and caspase 3-like activity was determined as in (B) of
Fig. 5. Note that knock down of Capnsl results in substantial decrease in caspase 3 activity
by more than 50% compared to non-treated or scramble sShRNA treated cells. The data are
the means + SD. *, P<0.001.

Analyst. Author manuscript; available in PMC 2014 September 21.



Page 25

Kulkarni et al.

NIH-PA Author Manuscript

€000
¥-35°L
c00
¥0'0
100
c00
¥0'0
¥0'0
100
[-39°€
100
100
1000
c00
100
100

66T
69T
68’1
0ee
€6'¢C
98’1
S6'T
ST
81
S6'Y
9T
8G'C
65T
¥8'T
05T
18T
abueyo
-piod

1M 8y 6 S 68
1M 79 ¥S 6§ 18
1M 79 T L9 09
1M I'S €9 LS 6v
1M 95 € 9§ G
1M 66 96 V9 6
oM
1M 67 95 S ras
oM AT AN A 8z
oM Sy o S €
oM Sy oF S 7€
oM v9 ¥8  §9 12}
1M 6G 89 LS 65
oM 89 05 €§ ra4
1M 67 85 8¥ 05
1M L'y 16 LY 06
ul d MmN 1d M
porenBoidn  penssqo  [ed1RJoay L

¥B0o
2o
€azus
Zowsd
yTedsH
FALE

agdy
Tsuded
ubos
az19310
euw
s1ve}
Qv
SqqnL
Tq06dsH

aiswo

¥ 1ungns xajdwod 16109 o1awohijo panlasuo)
€13q Jo)qlyul uoneroossip 4ao qed

¢ uisrold Jaydepe gzHS

/ nungns Aloyenbai asesjold S9z

T uter01d eQ@¥ 0/ %00ys ¥eaH

2 10108} uonehuolg

uoIedIyuspI ON

[eLIPUOYI0NW ‘e1aq HUNGNS 3SeUIUAS d 1Y
T 1ungns [fews uredjed

uibobelaloas

g Jaquiaw ZT Ajiwey urewop unas| adA1-o
O/v-ulwejaid

uoyisda nungns T uisioud xa1dwod- |

T o1wse|doiAo ‘unoy

ureyd G-eeq utjngnL

uiwseldopug

uRIoId

Lzl
785
0.5
19¢
6v€
18¢
95¢
S.T
€91
9t
it

16

SS

144

8T

ail

T alqel

NIH-PA Author Manuscript

‘anjeA-d pue abueyd-pjoj ‘|d pue pMIN
PaAJISUO puUe [eJ113103Y) PaIRIJ0SSE 8yl Ylim Buofe palsi| aJe SISAjeue d| 10} 19Se1ep ay) pawioy pue passaldxa Ajjenuaiapiip aiam eyl suisioid Jo 1si

NIH-PA Author Manuscript

Analyst. Author manuscript; available in PMC 2014 September 21.



