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Abstract

Septins are a family of multimeric GTP-binding proteins, which are abnormally expressed in
cancer. Septin 9 (SEPTY) is an essential and ubiquitously expressed septin with multiple isoforms,
which have differential expression patterns and effects in breast cancer cells. It is unknown,
however, if SEPT9 isoforms associate with different molecular networks and functions. Here,

we performed a proteomic screen in MCF-7 breast cancer cells to identify the interactome

of GFP-SEPT9 isoforms 1, 4 and 5, which vary significantly in their N-terminal extensions.
While all three isoforms associated with SEPT2 and SEPT7, the truncated SEPT9 _i4 and

SEPT9 _i5 interacted with septins of the SEPT6 group more promiscuously than SEPT9 i1, which
bound predominately SEPT8. Spatial mapping and functional clustering of non-septin partners
showed isoform-specific differences in interactions with proteins of distinct subcellular organelles
(e.g., nuclei, centrosomes, cilia) and functions such as cell signaling and ubiquitination. The
interactome of the full length SEPT9 i1 was more enriched in cytoskeletal regulators, while the
truncated SEPT9_i4 and SEPT9 _i5 exhibited preferential and isoform-specific interactions with
nuclear, signaling and ubiquitinating proteins. These data provide evidence for isoform-specific
interactions, which arise from truncations in the N-terminal extensions of SEPT9, and point to
novel roles in the pathogenesis of breast cancer.
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1 Introduction

Septins are a large family of GTP-binding proteins that control the intracellular localization
of cytoskeletal, membrane and cytosolic proteins [1-5]. Septins interact with one another via
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their GTP-binding domains (G-domains), forming homomeric and heteromeric complexes
which assemble into higher-order filamentous structures [6, 7]. Septins associate with the
actin and microtubule cytoskeleton as well as cell membranes, and function in a variety of
cellular processes including cell division and migration, intracellular membrane trafficking,
cell proliferation and apoptosis [4, 8, 9].

Based on sequence similarity, mammalian septins are classified into four groups named
after SEPT2 (SEPT1, SEPT2, SEPT4, SEPT5), SEPT6 (SEPT6, SEPT8, SEPT10, SEPT11,
SEPT14), SEPT7 and SEPT3 (SEPT3, SEPT9, SEPT12) [10-12]. Septin paralogs from
each of these four groups form complexes of various sizes and composition such as the
palindromic hexamers and octamers of SEPT2/6/7 and SEPT2/6/7/9, respectively, which are
considered as the minimal units of septin filaments [13—-15]. While the precise identity

and diversity of septin complexes eludes our knowledge, septin-septin interactions are
influenced by GTP binding and hydrolysis, the relative abundance of septin paralogs and
isoforms, which can vary between cell types, and the presence of domains (e.g., N-terminal
extensions) that may interfere with the G-domain binding interface [9, 16-19]. Importantly,
the localization and function of septin complexes appear to depend on the properties and
binding partners of their individual subunits [20-22].

Septin 9 (SEPT9) is a ubiquitously expressed septin, which is essential for embryonic
development; SEPT9 knock-out mice die early in gestation [23]. A salient feature of SEPT9
is the presence of a long N-terminal extension (NTE), which is unique among septins.
Owing to alternative translation start and splice sites, there are at least five different SEPT9
isoforms (SEPT9 il to _i5) with NTEs that vary in length and amino acid sequence [24].
The NTE of SEPT?9 is structurally disordered and its full-length amino acid sequence
comprises a domain (1-148) of basic isolectric point, which contains microtubule- and
actin-binding sites, and an acidic proline-rich domain (aa 148-256) [25, 26]. SEPT9

is positioned in the center of the mammalian hetero-octameric complex (SEPT2-SEPT6-
SEPT7-SEPT9-SEPT9-SEPT7-SEPT6-SEPT2) interacting with SEPT7 [27, 28], and may
influence septin assembly into heteromers in an isoform-dependent manner [15, 19, 20].
Interestingly, in some cell types and processes, SEPT9 proteins appear to localize and
function independently of SEPT2/6/7 [19, 29-31].

SEPT9 was among the first septins implicated in cancer as the SEPT9 gene was mapped to
the loss of heterozygosity region of chromosome 17 (17925), which is frequently deleted
in breast and ovarian cancers [32, 33]. The SEPT9gene was also found as a fusion partner
of mixed lineage leukemia (MLL) gene and a preferred site of integration for a murine
retrovirus that causes T-cell lymphomas [34, 35]. In breast carcinomas and mouse models
of breast cancer, the SEPT9 gene is amplified (multiple gene copies) and the expression
levels of certain SEPT9 variants are markedly increased [36, 37]. Over-expression of
SEPT9 isoforms occurs in ~30% of human breast cancer cases and correlates with poor
prognosis and resistance to anti-cancer agents that target microtubules [37-41]. Notably,
changes in the methylation status of the SEP79gene have been utilized for early detection
of colorectal cancer [42, 43]. Several studies have shown that over-expression of SEPT9
isoforms has differential effects on the migratory properties of breast cancer cells and have
linked SEPT9 il to mechanisms of angiogenesis and cell proliferation [44-48]. Despite

Proteomics. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Devlin et al.

Page 3

these findings, we have a very poor understanding of the roles that different SEPT9 isoforms
play in the development and metastasis of breast cancer.

Unbiased shotgun proteomics, which is based on liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS), has been an effective approach in elucidating
the molecular networks and complexes of cellular proteins [49, 50]. Combined with
bioinformatics, discovery-based proteomics can provide a comprehensive map of the cellular
components, pathways and functions of a protein and its binding partners [51]. Yeast
hybrid screens have used mammalian septin paralogs as baits to identify potential binding
partners [52, 53], but there is a dearth of proteomic data on septin complexes isolated

from mammalian cells. Owing to the lack of isoform-specific antibodies, comparative
proteomics for septin isoforms are challenging and septin isoform-specific interactomes
are underexplored. This is a key challenge for SEPT9, which has a multitude of isoforms
that may have differential roles in breast cancer. Here, we used discovery-based bottom-up
shotgun proteomics in MCF-7 breast cancer cells, which were stably transfected with
GFP-tagged SEPT9 isoforms 1, 4 and 5. We chose these isoforms because their amino
acid sequences have the least overlap among all SEPT9 isoforms, and therefore, may

have divergent interactomes and functions. Proteomic profiling revealed isoform-specific
differences in the interaction with septin paralogs, and non-septin proteins of distinct
subcellular localization (e.g., nucleus, centrosome, cilia) and functions including cell
signaling and ubiquitin-mediated degradation. Collectively, these data suggest a functional
specialization for isoforms of SEPT9, which arises from differences in the length and
sequence of the N-terminal extensions of their GTP-binding domains.

2 Materials and Methods

2.1 Cell culture

MCF-7 cells stably expressing GFP-SEPT9 i1, GFP-SEPT9 i4 and GFP-SEPT9 _i5 [44]
were cultured in Dulbecco’s Modified Eagle’s Medium with high glucose (4500 mg/L),
L-glutamine and sodium pyruvate plus 10% fetal bovine serum and the following antibiotics:
kanamycin sulfate, penicillin G and streptomycin sulfate. Cells were grown to confluency

in 10 cm dishes at 37°C supplemented with 5% CO2. MDCKII/G cells were maintained in
Dulbecco’s Modified Eagle’s medium with 1 g/l NaHCO3 and 10% FBS.

2.2 Fluorescence microscopy

MCF-7 cells expressing GFP-tagged isoforms of SEPT9 were fixed with warm PHEM
buffer (60 mM Pipes-KOH, pH 6.9, 25 mM Hepes, 10 mM EGTA and 1 mM

MgCI2) containing 4% PFA (EM Sciences) and 0.1% Triton X-100 and stained with

a mouse antibody to a-tubulin (DM1a; SIGMA) and a secondary donkey DyL.ight
594-conjugated F(ab’)2 mouse IgGs (Jackson ImmunoResearch Laboratories, Inc) and
Rhodamine-phalloidin (Cytoskeleton). Samples were mounted in Vectashield (Vector
Laboratories) and imaged with an Olympus Fluoview FVV1000 confocal laser scanning
microscope with a Plan Apochromat 60X/1.35 NA objective and 488 nm, 543 nm and 635
nm laser lines. Three-dimensional stacks were collected at 0.2 pum-step size. Images were
exported to the Slidebook 4.2 software and maximum intensity projections of a selected
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range of optical planes was generated before importing into Adobe Photoshop, where
images were adjusted to 300 dpi before cropping for inclusion in the manuscript’s figures,
which were made in Adobe Illustrator.

2.3 Immunoprecipitation (IP)

Cells were washed twice with 2mL PBS at 4°C. 400 pL of IP lysis buffer (0.025M Tris,
0.15M NaCl, 0.001M EDTA, 1% NP-40, 5% glycerol; pH 7.4) supplemented with 2X
Halt™ Protease Inhibitor Cocktail (ThermoFisher Scientific) was added to each plate and
incubated on a rocker for 10 minutes at 4°C. Cells were scraped and lysate was transferred
to a microcentrifuge collection tube and incubated end-over-end for 20 minutes at 4°C.
Microcentrifuge collection tubes were then centrifuged at 16,000 xg for 10 minutes and
supernatant was collected and frozen at —70°C until use.

Immunoprecipitations (IPs) were performed using Pierce Co-IP Kit (ThermoFisher
Scientific) according to manufacturer’s instructions. Briefly, goat polyclonal anti-GFP
antibody (Abcam ab6673) was coupled to AminoLink Plus Coupling Resin (10 pg/50

pL) using sodium cyanoborohydride. Antibody-coupled resin was incubated with analyte-
containing lysate overnight with gentle rocking at 4°C. Five independent experiments

for each isoform were performed. In each experiment, three 10 cm plates of equivalent
confluency were individually lysed and IPs were performed in each of three lysates. The
eluted complexes from all thee IPs were pooled into a single vial and dried at ambient
temperature overnight using the SPD1010 SpeedVac system (Thermo Scientific).

2.4 Western Blots

Western blotting of immunoprecipitates for GFP, GAPDH, ANK3 and RacGAP were
performed by transferring SDS-PAGE gels (4-12% 1.5 mM Bis-Tris gradient mini protein
gel; NuPage) to 0.45 pm nitrocellulose membranes (Amersham GE Healthcare) at 4°C for
2 h (250 mAmps) or overnight under constant voltage (30V) in Tris-Glycine transfer buffer.
Membranes were blocked with 5% non-fat dry milk and 1% BSA in PBS for 1 h at room
temperature. Membranes were washed with PBS-T (PBS/0.1% Tween 20) and incubated
for 2 h or overnight with primary antibodies against GFP (ProteinTech Group 50430-2-AP
and 660002-1-1g; 1:1,000-2,000), GAPDH (6C5, Novus Biologicals NB600-502, 1:5000),
ANK3 (Novus Biologicals NBP2-59310; 1:800) and RacGAP1 (Invitrogen PA5-68992;
1:500). All primary antibodies were diluted PBS-T buffer containing 2% BSA and
membranes were washed three times with PBS-T with gentle shaking, and incubated with
secondary antibodies IRDye 680RD donkey anti-rabbit 1gG (LI-COR 926-68073; 1:10,000)
and IRDye 800CW donkey anti-mouse 1gG (LI-COR 926-32212; 1:10,000) for 1 h at room
temperature with gentle shaking before scanning with an Odyssey infrared imaging system
(Odyssey; LICOR).

Western blotting of immunoprecipitates for APC and myomegalin were performed by
transferring SDS-PAGE gels to a 0.2 pm nitrocellulose membrane (iBlot2 Transfer Stack)
at room temperature using a 9 minute transfer protocol (25V) on the iBlot2 system
(ThermoFisher). Membranes were blocked with 5% non-fat dry milk and 1% BSA in
PBS for 1 h at room temperature. Membranes were washed with PBS-T and incubated
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with primary antibodies against APC (Abcam 15270; 1:1,000) and myomegalin (Invitrogen
PA5-52969; 1:500) in PBS-T buffer containing 2% BSA for 2 h with gentle shaking at room
temperature or overnight at 4°C. Subsequently, membranes were washed three times with
PBS-T and incubated for 1 h at room temperature with peroxidase-conjugated AffiniPure
goat anti-rabbit IgG (Jackson ImmunoResearch 111-035-144), which was diluted in PBS-
T with 2% BSA. Blots were developed for enhanced chemiluminescent detection using
SuperSignal™ West Pico PLUS Chemiluminescent Substrate (ThermoFisher, Cat # 34580)
before scanning on the myECL Imager (ThermoFisher).

2.5 In-solution Protein Digestion

Vacuum-dried protein pellets were reconstituted in 0.1% (w/v) RapiGest SF Surfactant
(Waters) in 50 mM ammonium bicarbonate. Samples were reduced with 5mM dithiothreitol
(DTT; ThermoFisher Scientific; cat #: 20291) at 60°C for 30 minutes. Samples were then
cooled to room temperature and free cysteines were alkylated with 15 mM iodoacetamide
(ThermoFisher Scientific) in the dark at room temperature for 30 minutes. Samples were
digested at 37°C overnight in 10 pg MS-grade Trypsin Gold (Promega). Sequencing grade
trifluoroacetic acid (TFA; ThermoFisher Scientific) was added to the digested proteins to a
final 0.5% concentration and incubated at 37°C for 45 minutes. Samples were centrifuged
at 13,000 RPM for 10 minutes after which the supernatant was transferred to an HPLC low
volume sample vial.

2.6 LC-MS/MS Protein Identification

Each sample was analyzed using online liquid chromatography (Accela pump and
autosampler, Thermo, Inc.) coupled to an LTQ-XL linear ion trap mass spectrometer.
Samples were loaded onto an UPLC Peptide CSH C18 Column, 130 A, 1.7 yum, 1 mm

x 100 mm (Waters) maintained at 40°C. Solvent A and B were 0.1% formic acid in water
and 0.1% formic acid in acetonitrile, respectively (gradient: 98%A/2%B for 59.5 minutes,
50%A/50%B for 0.5 minutes, 98%A/2%B for 10 minutes). The flow rate was set to 100
pL/min and the injection volumes were 10 pL/sample. The samples were ionized using ESI
and fragmented using CID. Data were acquired in DDA mode. The mass spectrometer was
run in positive ion mode using a source voltage of 3.50 kV, a capillary voltage of 40 V and a
capillary temperature of 325°C.

Mass spectra extraction and deconvolution were performed using PEAKS Studio
(Bioinformatics Solutions Inc. v8.5). Mass spectra were searched against the Homo sapiens
database (UniprotkKB) using a precursor mass 1.0 Da (monoisotopic mass) and a fragment
ion mass 0.5 Da. Non-specific cleavages were allowed at both ends of the peptide and

the number of allowed missed cleavages was set to 5. Specified variable modifications
included: carbamidomethylation, deamidation (NQ) and oxidation (M). False positives
were eliminated through a systematic four-tier process, which excluded proteins based

on the following criteria: i) proteins that did not satisfy a P-value (probability of false
identification) score of —10IgP > 15 in peptide-to-spectrum and peptide-to-protein sequence
matching by the PEAKS Bioinformatics software (see Supplementary Information, Table S1
for all protein hits with —10IgP = 15); ii) proteins identified in IPs from non-transfected
(control) cells; iii) proteins that were not identified in at least two out of five independent
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IPs; iv) proteins with a score of >150 in the contaminant repository for affinity purification
(CRAPome; www.crapome.org) [54]. Based on known caveats of the “two peptide” rule
which often results in increased false discovery rates [55], protein hits with single peptide
matches were retained if they met a peptide-to-spectrum score of —10IgP = 15 and peptide-
to-protein matches were unique to a protein group, which was further verified by manual
blasting of peptide sequences against the UniProt database. For all single peptide hits,
annotated MS/MS spectra with precursor mass, charge and mass error, retention times,
number of spectral matches and —10IgP scores are provided in Supplementary Information,
Table S2.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE [56] partner repository with the dataset identified PXD012977
and 10.6019/PXD012977 (Username: reviewer71846@ebi.ac.uk, Password: 34TWLIg5).

2.7 Bioinformatic analyses & data graphing

Protein hits were cross-checked against the Biological General Repository for Interaction
Datasets (BioGRID; https://thebiogrid.org), septin interactomes [52, 57] and reviews

of septin interactions [22], which were used for /n /itero verification of interactions
(asterisks in Figure 2) and to generate Table I. Non-septin protein hits were spatially
mapped by assigning each individual protein into one or more subcellular organelles

and structures based on knowledge of protein localization in databases such as the

human protein atlas (www.proteinatlas.org), GeneCards (www.genecards.org), UniProt
(www.uniprot.org), COMPARTMENTS (https://compartments.jensenlab.org) and the Gene
Ontology Consortium (www.geneontology.org). Subcellular localizations of protein were
further corroborated and researched with pubmed (https://www.ncbi.nlm.nih.gov/pubmed/)
queries. A combination of these databases and pubmed searches were used for clustering
protein hits into functional categories.

Venn diagrams were made according to the numerical size of interactors using the

Venn diagram plotter (https://omics.pnl.gov/software/venn-diagram-plotter) developed by
the Pacific Northwest National Laboratory (US Department of Energy). Two- and three-
dimensional graphs were generated in Microsoft Excel and imported into Abobe Illustrator,
where figures were assembled.

2.8 Quantifications of nuclear and cell size, and cell growth rates

MCF-7 cells (2x10°) were seeded on coverslip (No 1.5, VWR), which were coated with
collagen (Advanced BioMatrix), and allowed to adhere for 4 h in growth media. Cells were
fixed with 4% paraformaldehyde (PFA) for 10 minutes, then washed and rinsed with PBS.
Fixed cells were permeabilized with 0.1% Triton X-100 for 15 minutes and blocked with
2% BSA in PBS for 1 h after washing and rinsing with PBS. Following blocking, cells were
incubated with DAPI (SIGMA, D9542), which labels nuclei, and wheat germ agglutinin
(WGA) Alexa Fluor® 647 conjugate (Invitrogen, W32466), which labels cell membranes,
using the protocol (concentration and incubation times) recommended by the vendors.
Coverslips were mounted in FluorSave™ aqueous mounting medium (EMD Millipore) and
imaged with an inverted Zeiss AxioObserver microscope with a 63X/1.4NA oil objective
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and the Slidebook 6 software. Morphometric analyses were performed with the Slidebook 6
software using the DAPI and WGA fluorescence to outline the nuclear and cell periphery,
respectively, and create masks of their corresponding areas. Surface areas were derived
automatically from the labeled masks with the Slidebook 6 software. Nuclear aspect ratios
were derived after measuring the long and short radius of each nucleus. Cell complexity
measurements were calculated by deriving the ratios of total length of cell perimetry to cell
surface area. Mean values, standard errors of the mean (S.E.M) and P values were calculated
in the GraphPad Prism software. Statistical significance (P values < 0.05) was derived with a
one-way ANOVA test and Dunnett’s test for multiple comparisons.

Growth curves were generated by seeding cells (3.5x10°; t = 0 days) in multiple 60 mm cell
culture dishes in complete medium. After the lapse of each day (24 hours), three cell culture
dishes per each cell line were trypsinized, pelleted and resuspended in equal volumes of PBS
for counting with a hemocytometer. Total cell numbers were derived and averaged for each
triplicate of plates, and plotted for days 0, 1, 2, 3 and 4 for each MCF-7 cell line.

2.9 Imaging and quantification of primary cilia

MCF-7 were plated on glass coverslips (No 1.5) that were coated with type I collagen.

After ~48 h, cells were fixed for 15 minutes with 4% PFA in PHEM buffer pH 6.9 (60

mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl,), washed and rinsed three times
with PBS, and permeabilized with 0.1% Triton X-100 in PBS for 15 minutes. Following

1 h of blocking with 2% BSA in PBS, cells were stained with a mouse monoclonal

antibody against acetylated tubulin (clone 1-11B-1; Sigma-Aldrich T7451) for 2 h in

block buffer. Cells were washed with block buffer three times for 5 minutes each, and
incubated with a secondary donkey Alexa Fluor 594 AfiiniPure F(ab”), anti-mouse 1gG
(Jackson ImmunoResearch) and subsequently with DAPI (SIGMA D9542) before mounting
on microscope slides with FluorSave™ Aqueous Mounting Medium (EMD Millipore).
Microscopy was performed on an inverted Zeiss AxioObserver microscope with a 1.63X/1.4
objective and using the Slidebook 6.0 software to acquire 3D image stacks at 0.25 um
step-size. Quantifications were performed by visually inspecting images for the presence of
acetylated tubulin-labeled basal bodies on the apex of DAPI-stained nuclei, and the presence
of an axoneme. Statistical significance was assessed by a chi-square test of independence.

MDCK cells were plated on collagen-coated coverslips and transfected with GFP, GFP-
SEPT9 il or GFP-SEPT9 _i5 using Lipofectamine 2000 (Invitrogen). After 48 h, cells
were stained for acetylated tubulin as described above and mounted on coverslips for
immunofluorescence images using the Zeiss AxioObserver microscope with a 1.63X/1.4
objective and the Slidebook 6.0 software. Quantifications of ciliary lengths were performed
in the Fiji software using the freehand tool to trace the entire axoneme from its base to

the tip. Lengths were derived automatically from the traced line masks. Data distributions
were assessed for normality with a D’ Agostino & Pearson normality test, and p values were
derived with the Mann-Whitney U-test.
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3 Results

3.1 The interactome of SEPT9 isoforms il, i4 and i5 reveal unique and overlapping
binding partners

We sought to determine the interactome of SEPT9 isoforms 1 (SEPT9 _i1), 4 (SEPT9 _i4)
and 5 (SEPT9 _i5), which share the least overlap in their NTEs from all SEPT9 isoforms
(Figure 1A) and therefore, may have differential interactions and functions. MCF-7

cell lines that stably express GFP-SEPT9 i1, GFP-SEPT9_i4 and GFP-SEPT9_i5 were
previously established in order to investigate isoform-specific oncogenic properties [44].
Owing to the low copy number of their endogenous SEPT9 gene [44], MCF-7 cells

allow to recapitulate the upregulation of SEPT79isoforms that occurs in breast cancer

cells by expressing exogenous GFP-tagged chimeras of SEPT9isoforms. GFP-SEPT9
isoforms assembled into filaments (Figure 1B) and colocalized with actin filaments and/or
microtubules (Supplementary Information, Figure S1), indicating that over-expression was
not at levels that would disrupt assembly of SEPT9 isoforms into higher-order filaments and
their interaction with the cytoskeleton.

To identify the interactome of each SEPT9 isoform, MCF-7 cells were lysed and
immunoprecipitations were performed with an antibody against GFP coupled to an amine-
reactive resin (Figure S2). Lysates from untransfected MCF-7 cells were used as a
negative control for identifying proteins that were precipitated non-specifically by the anti-
GFP-coupled resin. Five independent immunoprecipitations were performed with lysates
from each MCF-7 SEPT9 isoform-specific cell line. Protein-complexes were eluted from
the antibody-bound resin and digested with trypsin prior to injecting into an ultra high-
performance liquid chromatography (UHPLC) unit coupled to an electrospray ionization
mass spectrometer (ESI-MS). Mass spectra were extracted and deconvoluted with the
PEAKS Bioinformatics Studio software, and protein identities were derived by searches
against the UniprotKB database for Homo sapiers.

For each isoform, protein hits were subjected to a four-tier stringency for the elimination of
false positives. First, only protein hits with P-value (probability of false identification) score
of —10IgP = 15 in peptide-to-spectrum and peptide-to-protein matching were retained [58].
Second, proteins that were identified in untransfected (control) cell lysates were removed
from the proteome of each SEPT9 isoform. Third, protein hits that were not identified in

at least two independent immunoprecipitations were excluded. Fourth, we removed protein
hits that are most frequently identified as contaminants per the contaminant repository for
affinity purification (CRAPome) database; protein hits that exceeded the score of 150 in the
CRAPome database (Table S3).

By applying these stringency criteria, the interactome of SEPT9 isoforms 1, 4 and 5
consisted of 18, 20 and 24 proteins, respectively (Figure 1C and 1D). Approximately, a third
of the binding partners of each isoform have been previously reported (Figure 1C; proteins
with asterisk), which validates our approach and indicates a high-confidence proteome. Of
note, we detected a number of proteins that were previously reported to interact with SEPT9
(Table I, light shaded rows) or septins that form a complex with SEPT9, but did not meet
stringency cutoffs; these included interactors that belonged to families of proteins of known
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association with septins (Table I, dark shaded rows) including myosins, which were reported
in a recent proteomic study of SEPT9 i1 [123]. Hence, the interactomes of SEPT9 isoforms
1, 4 and 5 may exclude some bona fide interactions due to high-stringency criteria; a list of
all protein hits from each independent experiment is provided in Supplementary Information
Table S1.

The majority of the interactome (~75% of total proteins) of each SEPT9 isoform comprised
non-septin proteins and nearly half (40-44%) was exclusively isoform-specific; i.e., binding
partners were not shared with any other SEPT9 isoform. However, several proteins were
common among all three isoforms or between two specific isoforms (Figure 1C). All

three isoforms interacted with septins SEPT2, SEPT7 and SEPT8, which is consistent

with previous findings of SEPT9 being part of hetero-octameric complex with subunits
from the SEPT2, SEPT7 and SEPT6 groups; SEPT8 belongs to the SEPT6 group [14, 15].
In addition to these septins, all three isoforms interacted with the adenomatous polyposis
coli (APC) and the STE20-like serine/threonine protein kinase (SLK), which have been
previously reported as septin interactors [57, 59], as well as titin (TTN) and keratin 23.
Using western-blots, we confirmed the interaction of SEPT9 with APC as well as RacGAP1
and ankyrin-3 (ANK3), which was also recently reported to co-immunoprecipate with
septins (SEPT5, SEPT6) in neurons [60] (Figure S3). SEPT9 isoforms 1 and 5 had two
additional common binding partners, periplakin and myomegalin, which was validated by
immunoblotting (Figure S3). SEPT9 isoforms 4 and 5 shared SEPT11, the transmembrane
protein 43 (TMEMA43), the FER1-like family member 6 (FER1L6) and p-mannosidase as
additional binding partners. Taken together, these data show that SEPT9 isoforms have
common and unique interactors, which may arise respectively from shared protein domains
(e.g., the GTP-binding domain) and differences in their NTEs.

3.2 SEPT9 isoforms with shorter NTEs exhibit more promiscuous interactions with
septins of the SEPT6 group

Septins were the most abundant group of proteins that co-immunoprecipitated with each
SEPT9 isoform, which is consistent with their assembly into heteromeric complexes.
SEPTQ itself was detected in all five independent immunoprecipitations against each
isoform, indicating that SEPT9 was successfully immunoprecipitated in every run (Figure
2A). Collectively, the number of SEPT9 peptides were the most abundant - 56 for GFP-
SEPT9 i1, 40 for GFP-SEPT9_i4 and 32 for GFP-SEPT9 i5 — and correlated with the
increasingly shorter lengths of each SEPT9 isoform (Figure 2B). Of note, the intensity

of surrogate peptides, which is indicative of peptide abundance, was independent of

the expression levels of GFP-SEPT9 isoforms. For example, the intensity of peptides
(HVDSLSQR, SVQPTSEER), which are shared among all SEPT9 isoforms, was similar
in immunoprecipitations of GFP-SEPT9_1 and GFP-SEPT9 _i5 which exhibited the highest
difference in expression levels from all the three isoforms (Figure S4). Thus, peptide
detection and the identified interactors were not impacted by the relative levels of GFP-
SEPTO9 isoform expression.

Among all septin paralogs that interacted with the SEPT9 isoforms, SEPT7 was most
frequently pulled down (Figure 2A-B). Although less frequent than SEPT7, SEPT2 and
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SEPT8 were also present in the interactome of each SEPT9 isoform (Figure 2A,B).
Strikingly, all other septin paralogs that co-immunoprecipitated with SEPT9 belonged to the
SEPT6 group and their frequency of detection varied depending on SEPT9 isoform (Figure
2C). For SEPT9 i1, SEPT8 was the predominate paralog of the SEPT6 group; SEPT10

and SEPT11 were pulled down only once out of five immunoprecipitations. In contrast,
SEPT9 _i4 possessed both SEPT8 and SEPT11 as main binding partners of the SEPT6 group
(Figure 2C). In immunoprecipitations of GFP-SEPT9 _i5, SEPT6 emerged as a third major
binding partner along with SEPT8 and SEPT11 (Figure 2A-C). These results reveal that
SEPT9 isoforms with shorter NTEs have more promiscuous interactions with septins of the
SEPT6 group (Figure 2D).

3.3 Spatial mapping of the SEPT9 interactome shows isoform-specific differences in
binding partners of distinct subcellular localizations.

To gain a better insight into the oncogenic pathways and properties of SEPT9 isoforms, we
performed spatial and functional clustering of all non-septin binding partners. Based on the
bioinformatics databases, we mapped the interactome of each SEPT9 isoform by assigning
each protein to a subcellular organelle or structure; note that several proteins associate
with more than a single organelle (Table S4). We used this categorization to quantify the
relative distribution of the binding partners of SEPT9 isoforms in subcellular locales such
as the cytoskeleton (actin filaments, microtubules, intermediate filaments), centrosomes,
primary cilia, plasma membrane, nuclei, Golgi, endosomes/lysosomes, mitochondria and
cell adhesions.

The spatial distributions of the interactomes of each SEPT9 isoform followed common
patterns, but isoform specificities were also found in the organelle enrichment of binding
partners (Figure 3A). Approximately half of the interactome of all three SEPT9 isoforms
were proteins that localized to the cytoskeleton (20-30%) and the plasma membrane
(15-20%). The majority of the cytoskeletal proteins (40-50%) associated with microtubules,
while the remaining were linked to actin and intermediate filaments; only a single spectrin-
associated protein (ankyrin 3) was found as an isoform 1-specific partner. The rest of the
proteome exhibited a fairly equivalent distribution into the nucleus (5-15%), cell adhesions
(~10%), the centrosome (5-10%), endolysosomes (3-8%), Golgi (~5%) and primary cilia
(0-10%).

Relative enrichment of SEPT9 binding partners in the cytoskeleton, plasma membrane,
Golgi or cell adhesions did not vary significantly across isoforms, but distinct differences
were noted for proteins that localize to the nucleus, the centrosome and primary cilia.
SEPT9 isoforms with truncated NTEs possessed a greater diversity of interactors with
nuclear localization (Figure 3A-C), and several isoform-specific partners were revealed.
More strikingly, there was a paucity of centrosomal and ciliary partners for SEPT9_i4, while
isoforms 1 and 5 had unique and overlapping proteins that localized to the centrosome and
primary cilia (Figure 3A and 4A,B).

Proteomics. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Devlin et al.

Page 11

3.4 Differential interactions of SEPT9 isoforms with nuclear, centrosomal and ciliary

proteins

Several oncogenes and tumor suppressors are nuclear proteins involved in gene transcription
and DNA damage repair [61]. Moreover, centrosomes and cilia are linked to cancer
pathogenesis through their respective roles in genomic instability and signaling pathways
that control cell growth and proliferation (e.g., hedgehog, notch and WNT) [62, 63].
Therefore, SEPT9 isoform-specific interactions with nuclear, centrosomal and ciliary
proteins could have implications for the mechanism of tumor progression, depending on

the SEPT9 isoform of altered expression.

In the nuclear interactome of SEPT9, the tumor suppressor APC was a shared binding
partner among all isoforms and TMEMA43/LUMA was found as a common partner of
isoforms 4 and 5. The rest of the interactome was isoform specific (Figure 3C). SEPT9_i5
interacted with ELY'S (embryonic large molecule derived from yolk sac; also known as
AT-hook containing transcription factor 1), a component of nuclear pore complex which
together with TMEM43/LUMA have been identified as inner nuclear membrane protein
partners of VAPB (vesicle-associated membrane-protein associated protein B) [64, 65]. New
studies show that VAPB interacts with VPS13D on ER membranes [66], and interestingly
VPS13D was also pulled down as a SEPT9 _i5-specific partner (Figure 1C and 5C).

Among the nuclear protein hits, ELYS and CREBBP (CREP-binding protein), which were
identified as isoform 5- and 4-specific interactors, respectively, have been shown to regulate
nuclear size [67]. To test whether SEPT9 isoforms 4 and 5 regulate nuclear size, we
examined the dimensions of the nuclei in MCF7 cells. Compared to GFP-SEPT9 _il and
_i5, the nuclear surface area of cells that express GFP-SEPT9 _i4 was reduced (Figure
S5A). However, the nuclear aspect ratio (long-to-short axis ratio) was not altered, indicating
that SEPT9_i4 impacts nuclear size without affecting nuclear shape (Figure S5B). This
reduction in nuclear size reduction was accompanied by an overall reduction in cell size and
the growth rates of MCF-7 cells expressing GFP-SEPT9_i4 (Figure S5C and S5E), while
cell morphology was not altered as indicated by quantification of cell complexity (ratio

of perimeter length to surface area) (Figure S5D). These data suggest that SEPT9_i4 may
regulate nuclear size and cell growth by suppressing CREBBP functions in nuclear size and
cell proliferation [67-69].

Similar to the nuclear interactome, several centrosomal and ciliary proteins were identified
with specific SEPT9 isoforms (Figure 4A-B). A few of these proteins were common

to centrosomes and cilia, which stem from centrioles and thus, have common protein
components [70]. All three SEPT9 isoforms interacted with APC, which has been reported
to localize and function in centrosomes [71]. The Golgi/centrosome protein myomegalin was
a common binding partner of SEPT9_i1 and SEPT9_i5 (Figure 4A). These isoform specific
interactions with myomegalin were independently validated by western blots (Figure S3).
In contrast to APC and myomegalin, we identified ninein and STIL (centriolar assembly
protein) as SEPT9_il-specific partners, while ALMS1 and CFAP47 (ciliary and flagella
protein 47) emerged as a SEPT9 _i5-specific interactors (Figure 4B). These interactions

are consistent with recent findings of SEPT7 localization and function in the centrosome
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[72], and SEPTL interactions with centrosomal proteins (e.g., CEP170, y-tubulin) on Golgi-
membranes [73].

Septin interactions with centrosomal proteins bear significance for the formation of primary
cilia, the formation and functions of which involve septins [74, 75]. Our data indicate

that SEPT9 isoforms might be critical for the transition of centrosomes to basal bodies

and cilia through interactions with components of subdistal appendages, which promote
basal body alignment and attachment to the Golgi complex and microtubules of the cell
body [76]. Notably, the isoform 5 interactor ALMS1, which localizes to the basal bodies

of primary cilia and is required for ciliary biogenesis, regulates the localization of the
centrosomal Nek2-associated protein 1 (C-NAP1) [77-79]. C-NAP1 is in turn critical for the
recruitment of the subdistal appendage components ninein, a SEPT9_1 hit, and p150©!ued
and CEP170, which interact SEPT7 and SEPT1L, respectively [72, 73, 80]. However, the
SEPT9_il-specific hit crescerin-1, which promotes ciliary elongation by facilitating the
addition of tubulin dimers [81], indicates that SEPT9_i1 might be specifically involved in
the growth of the ciliary axoneme.

To test if indeed SEPT9 i1 has a unique role in ciliary growth, we examined the primary
cilia of MCF-7 cells. Consistent with previous work, which showed that cilia are present

at a very low frequency in breast cancer cells [82], MCF-7 cells were largely devoid of
cilia with an axoneme that extends from the apical surface. However, a fraction of MCF-7
cells contain apical basal bodies, which are enriched with acetylated tubulin. We found that
~50% of these basal bodies were connected to an axoneme in MCF-7 cells that express
GFP-SEPT9 i1 (Figure 4C). Strikingly, this axonemal occurrence was over two-fold higher
than in cells that express GFP-SEPT9 isoforms 4 and 5 (Figure 4C). In agreement with

a SEPT9 _il-specific role in the growth of the axoneme, expression of GFP-SEPT9 il in
MDCK cells also increased axonemal lengths (Figure 4D-E). Taken together, these data
underscore the known role of septins in ciliary biogenesis, and suggest SEPT9 isoforms have
both distinct and overlapping functions in different stages and processes of ciliogenesis.

3.5 Functional clustering of the SEPT9 proteome points to isoform-specific roles in cell
signaling and degradative pathways.

Given the isoform-specific interactions with nuclear, centrosomal and ciliary proteins,

we probed for isoform-specific functions by sorting the interactome of each SEPT9

isoform according to protein function. Based on published literature and bioinformatic
databases, all non-septin binding partners were assigned to one or more functional clusters,
which broadly represented the known functions of each protein interactor (Table S4).
Cytoskeleton-related proteins were separated into components of cytoskeletal filaments,
denoted as “cytoskeleton”, and regulators of the cytoskeletal organization, which were
further grouped into microtubule-associated proteins (MAPS), actin-binding proteins (ABPs)
and membrane-cytoskeleton adaptors. Functional clusters were also created based on
protein involvement in cell signaling and adhesion, gene transcription/regulation, membrane
fusion, post-translational modifications such as ubiquitination, phosphorylation (kinases)
and N-glycan processing, regulation of small GTPases (GAPs/GEFs), mitophagy, apoptosis,
mMRNA splicing and nuclear envelope assembly. Each functional cluster contained one or
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more proteins, which were quantified as percentage of the total number of proteins in all
clusters to indicate the relative enrichment of each cluster in the interactome of a SEPT9
isoform.

As predicted by the spatial organization of the interactome, cytoskeleton-related functions
were the most enriched for all three isoforms (Figure 5A). The functional cluster of
cytoskeletal regulation was highly enriched (~20-25% of the entire interactome), and the
MAP, membrane-cytoskeleton adaptors and cell adhesion were also in the top five most-
enriched clusters (Figure 5A). Notably, the interactome of the SEPT9 isoform 1 was more
enriched in cytoskeletal regulators and MAPs compared to isoforms 4 and 5, which lack
the N-terminal basic domain of SEPT9 i1 that interacts with microtubules and actin [25,
26]. Notably, cell signaling was the most enriched cluster for SEPT9_i4 (Figure 5A). The
cell signaling cluster of SEPT9_i4 was 1.5- and 2.4-fold more enriched than SEPT9 il and
SEPT9_5, respectively. The interactomes of isoforms 4 and 5 were more functionally diverse
than isoform 1. In particular, isoform 5 exhibited the highest diversity, possessing a number
of unique binding partners with functions in mMRNA splicing, nuclear pore assembly and
mitophagy.

The cell signaling cluster of SEPT9 _i4 contains four unique binding partners (Figure 5B):
A-kinase anchoring protein 13 (AKAP13), the CREB-binding protein (CREBBP), GML
(glycosylphospatidylinositol anchored molecule like) and mysterin/RNF213, all of which
are linked to the pathology of breast cancer. AKAP13 is a RhoA GEF that activates Rho
signaling and functions as a scaffold for the phosphorylation of the estrogen receptor alpha
(ERa) by protein kinase A, which results in resistance to tamoxifen, an estrogen analog
that targets ER positive breast tumors [83-85]. Hence, SEPT9 _i4 over-expression may
impact both the pathogenesis and treatment of breast cancer through AKAP13. Conversely,
CREBBP interacts with the BRCA1 tumor suppressor [86], which is the most frequently
mutated gene in familial cases of breast cancer. GML is a target of the p53 tumor suppressor
and it has been linked to apoptotic pathways that sensitize cancer cells to therapeutic
treatments [87-89]. Lastly, mysterin/RNF213 is a AAA ATPase with a ubiquitin ligase
domain, which is implicated in signaling pathways involved in vascular development that
supports cancer growth and metastasis [90, 91]. Interestingly, mysterin is also involved in
the stabilization of lipid droplets, which are regulated by SEPT9 in cells that are infected by
the hepatitis C virus [92, 93].

In addition to the signaling cluster, ubiquitination also emerged as a distinct functional
cluster with isoform-specific interactors (Figure 5C). SEPT9 il associated with HERC1, an
E3 ubiqutin ligase that degrades the proto-oncogene serine/threonine-protein kinase c-RAF
[94]. The SEPT9 _i4 interactome included mysterin/RNF213, which is an E3 ubiquitin ligase
[91], and SEPT9_i5 pulled down VVPS13D and MUF1. VPS13D has a ubiquitin-associated
domain and is involved in mitochondrial clearance (mitophagy) [95], while MUF1 co-
assembles with the E3 ubiquitin ligase Cullin/Rbx1 [96]. The interaction with Vps13D

is particularly interesting in the context of mitophagy as the mitochondrial SEPT5_i2
interacts with the E3 ubiquitin ligase parkin [97], and septins were recently shown to affect
mitochondrial fission [98, 99]. Collectively, these data implicate septins in ubiqutinase-based
mechanisms of degradation and may inform future work on understanding how septins are
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degraded and/or regulate protein degradation. Of note, septins have been shown to inhibit
the degradation of several proteins with roles in breast cancer including the EGF receptor,
the Erb receptor tyrosine kinase 2 (ErbB2), the c-Jun-N-terminal kinase (JNK) and the
hypoxia-inducible factor HIF1a, but the underlying mechanisms are not well understood
[48, 100-102].

4. Discussion

The evolutionary expansion of the mammalian family of septins into a multitude of septin
paralogs and isoforms suggests a functional specialization, which may arise from distinct
interactions and protein-binding properties. However, this has yet to be explored as septin
interactomes remain poorly characterized. Proteomic profiling of SEPT9 isoforms, which
are over-expressed in breast cancer, revealed isoform-specific differences in interactions
with septin paralogs and non-septin proteins of distinct subcellular localizations and
functions.

In the absence of isoform-specific antibodies against SEPT9_i4 and SEPT9 _i5, our studies
were conducted in cell lines that stably express fluorescent SEPT9 isoforms from an
exogenous promoter. The localization and filamentous appearance of the over-expressed
SEPT9 isoforms were consistent with those of endogenous SEPT9 [44, 46], but septin
assembly and interactions may still differ from the native ones. Although this caveat
warrants consideration in interpretations of the proteomic results of this work, it may also
recapitulate conditions of SEPT9 gene amplification in breast cancer cells where up to 38
copies of the SEPT9 gene have been reported [44]. Given that MCF-7 is a mammary cell
line with a low number of SEPT9 gene copies [44], our study may report on the interactome
and pathophysiology of endogenously over-expressed SEPT9 isoforms.

Our results suggest that in MCF-7 breast cancer cells, SEPT9 isoforms form complexes
with SEPT7, SEPT2 and septin paralogs of the SEPT6 group such as SEPT8, SEPT11
and SEPT®6. This is consistent with previous studies showing that i) SEPT7 is a preferred
and direct binding partner of SEPT9 [52, 53], and ii) members of the same septin group
are exchangeable within the SEPT2/6/7/9 heteromer [13, 15]. It is unclear, however, why
there are no other members of SEPT2 group in complex with SEPT9 isoforms and why
the truncated SEPT9 isoforms 4 and 5 allow for more flexibility in the exchange of SEPT6
group subunits than the full length SEPT9 _il. The former could be explained by low
expression of other SEPT2 group septins in MCF-7 cells [103], while the latter suggests
that SEPT9 isoforms possess or enable differential interactions with septin paralogs of the
SEPT6 group.

Yeast two-hybrid screens have shown that septins of the SEPT6 group interact directly

with SEPT9 [52]. In addition, yeast three-hybrid screens have demonstrated that SEPT9/6/7
complexes can be formed with SEPT9 taking the place of SEPT2 within the canonical
SEPT2/6/7 complex [53]. It is therefore plausible that SEPT9 isoforms hetero-dimerize with
SEPTG6 or form complexes with SEPT6/7 dimers. In this scenario, the full-length NTE of
SEPT9 i1 could dictate preference for SEPT8, while the truncated NTEs of isoforms 4 and
5 allow for greater flexibility in interacting with SEPT11 as well as SEPT6. In support of
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this possibility, the NTE of the yeast septin Cdc3 has been reported to influence binding to
the septin paralogs Cdc10 versus Cdc12 through allosteric autoinhibitory interactions with
the GTP-binding domain of Cdc3 [17]. Hence, the lengths of the NTEs of SEPT9 isoforms
could similarly impact binding to septins of the SEPT6 group, as N-terminal truncations
could expose binding sites that allow for more promiscuous interactions; promiscuous
septin-septin interactions have been shown to occur via the dimerization interface that
involves the core GTP-binding domain [104]. Alternatively, lack of post-translational
modifications from the N-termini of shorter SEPT9 isoforms could enhance the diversity
of septin and non-septin binding partners (see below).

Spatial and functional clustering of the SEPT9 interactome suggests that the NTEs of
SEPT9 isoforms may also bestow a spatial and functional specialization by impacting
differentially interactions with non-septin proteins. Our results revealed that SEPT9 isoforms
with truncated NTEs have more nuclear binding partners and their non-septin interactome
are more functionally diverse. Compared to SEPT9 i1, the nuclear protein cluster was
nearly two- and three-fold more enriched for SEPT9_i4 and SEPT9 _i5, respectively.
Similarly, the signaling protein cluster was markedly more enriched for SEPT9_i4, which
appears to downregulate nuclear size and cell growth in an isoform-specific manner. Overall,
these isoform-specific differences correlate with protein length- and sequence-dependent
differences such as: i) a cytoskeleton-binding domain in the N-terminus of SEPT9 _i1, which
appears to bias the interactome more toward cytoskeleton-associated proteins; ii) a proline-
rich domain in the N-terminal domain of SEPT9 _i4, which in the absence of any upstream
domains, could bias the interactome toward signaling proteins; proline-rich domains are
common binding motifs for signaling molecules with SH3 domains; iii) lack of an NTE

in the sequence of SEPT9 i5, which allows for more promiscuous interactions with septin
paralogs of the SEPT6 group and consequently, may result in more diverse interactions with
non-septin proteins.

In addition to these amino acid sequence differences, post-translational modifications

are likely to contribute to isoform-specific interactions [105]. The N-terminus of SEPT9
contains phosphorylatable serines and threonines [106—109], and lysines which are subject
to ubiquitylation, sumoylation, acetylation, and methylation [110-115]. Ubiquitylated
residues are positioned in the conserved C-terminal sequences of SEPT9 isoforms 1, 4

and 5 [112, 113], but acetylated and methylated sites are in the most N-terminal sequence
of SEPT9_il and therefore absent from SEPT9_i4 and SEPT9_i5 [111, 114]. In addition,
SEPT9 i5 lacks the preponderance of the N-terminal residues, which can be phosphorylated
and sumoylated [109, 110, 116, 117]. The absence or presence of isoform-specific post-
translational modifications may enable or prohibit certain protein interactions and influence
the intracellular localizations of SEPTO.

The increased enrichment of the cell signaling cluster and diversity of the SEPT9_i4
interactome bear significance in breast and ovarian cancers, in which SEPT9_i4 expression
increases due to the expression of an mRNA transcript (SEPT9_v4%*) with an alternative
5’-UTR sequence that is translated more efficiently [118, 119]. Notably, isoform 4-specific
interactions with factors such as CREBBP and GML that interface with the estrogen
receptor as well as the BRCAL and p53 tumor suppressors suggest isoform-specific roles
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in the pathogenesis and treatment of breast cancer [86, 120]. By downregulating cell
proliferation, SEPT9_i4 may impact the response of cancer cells to chemotherapy as
observed with alterations in the expression of CREBBP and GML, which also regulate cell
proliferation [69, 87]. Of note, SEPT9 isoforms have been implicated in cellular adaptation
to anti-cancer drugs [38, 41].

Taken together with previous findings, the proteomic data of this study point to SEPT9
roles in the biogenesis of centrosomes and basal bodies, the formation and organization of
the nuclear envelope and mRNA processing. SEPT9 interactions with STIL, ALMS1 and
ninein add to recent findings on the regulation of centrosome duplication by SEPT7, and
link septins to components of the subdistal appendages of centrioles (e.g., C-NAP1, ninein,
p150CLYED) [72, 73, 80]. SEPT9 association with the inner nuclear membrane proteins
TMEMA43 and ELYS, and VPS13D, all of which partner with VAPB, suggests that SEPT9
may function in the post-mitotic assembly of the nuclear envelope from ER membranes,
and promote nuclear membrane attachment to chromatin [64, 66, 121]. Lastly, SEPT9
isoform 5-specific interactions with proteins that regulate the expression of non-coding
RNAs, pre-mRNA splicing and nuclear pore-chromatin interactions raises the possibility of
isoform-specific effects on gene expression. In support of this possibility, transcriptomic
profiling in MCF-7 cells indicates that SEPT9 isoforms have differential effects on gene
expression [122], and thereby, may have a global impact on the cellular proteome.

In summary, proteomic profiling of the SEPT9 isoforms 1, 4 and 5 shows isoform-specific
roles that have risen from truncations of their N-terminal sequences, which can determine
and modulate interactions directly or indirectly through association with other septin
paralogs. The interactomes of SEPT9 isoforms 1, 4 and 5 provide rare evidence for septin
isoform-specific interactions, implicating SEPT9 isoforms in hitherto unknown mechanisms
and pathways, which can benefit future work on the oncogenic functions and therapeutic
targeting of SEPTO.
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APC adenomatous polyposis coli

BAZ2B bromodomain adjacent to zinc finger domain 2B
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CREBBP CREB-binding protein
CFAP47 ciliary and flagella protein 47
EGFR epidermal growth factor receptor
ELYS embryonic large molecule derived from yolk sac
G-domain GTP-binding domain
GML glycosylphospatidylinositol anchored molecule-like protein
MAP microtubule-associated protein
NTE N-terminal extension
SAMD11 sterile alpha motif domain containing 11
SEPT septin
SLK serine/threonine protein kinase
TMEM43 transmembrane protein 43
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Statement of Significance

Septins are a large family of filamentous GTP-binding proteins that comprise a major
component of the cytoskeleton. Septins are abnormally expressed in various diseases
including cancer and neurological disorders. Septin 9 (SEPT9) is an essential and
ubiquitously expressed septin with multiple isoforms. SEPT9 expression is altered in
~30% of breast cancer cases and SEPT9 isoforms have differential levels of expression
and effects on breast cancer cell properties (e.g., migration). However, little is known
about the molecular interactions and pathways of SEPT9 isoforms and how they
contribute to the development and metastasis of breast cancer. Using comparative shotgun
proteomics, we identified and mapped the interactomes of SEPT9 isoforms 1, 4 and 5
into spatial and functional clusters. We found isoform-specific interactions with proteins
of distinct subcellular localizations and functions, implicating SEPT9 isoforms in hitherto
unknown mechanisms of tumorigenesis. We posit that truncations in the N-terminal
sequences of SEPT9 isoforms bestow a functional specialization by biasing toward
specific septin and non-septin binding partners. Our results provide rare evidence for
septin isoform-specific interactions, which can benefit future work on the oncogenic
functions and therapeutic targeting of SEPTO.
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Figure 1. SEPT9isoforms 1, 4 and 5 have overlapping and distinct interactorsin MCF-7 breast
cancer cells.
(A) Schematic depicting the lengths and major domains of the human SEPT9_i1, SEPT9_i4

and SEPT9_i5, which vary in the length at their N-terminal extensions. SEPT9_i4 lacks
the N-terminal 164 amino acids of SEPT9 i1, and SEPT9 _i5 lacks the N-terminal 251 and
87 amino acids of SEPT9 il and SEPT9 _i4, respectively. (B) Confocal microscopy images
of MCF-7 cells that stably express GFP-SEPT9 i1, GFP-SEPT9_i4 and GFP-SEPT9 _i5.
(C-D) Venn diagrams depicts the names (C) and cumulative numbers (D) of distinct and
overlapping interactors of GFP-SEPT9 isoforms 1 (blue), 4 (pink) and 5 (green) in MCF-7
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breast cancer cells. The overlapping interactors (white letters) between isoforms 1, 4 and 5
are the same with the overlapping interactors of isoforms 1 and 4, and are shown in the dark
purple oval in white text. Asterisks denote previously reported interactions.
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Figure 2. SEPT9 isoformswith shorter N-terminal extensionsinteract with multiple paralogs of
the SEPT6 group.

(A) Percent of IP experiments that resulted in the detection of septin paralogs (SEPT9,
SEPT7, SEPT2, SEPT8, SEPT11, SEPT6, SEPT10, SEPT14) for each SEPT9 isoform. Red
line indicates the cut-off (=40% of experiments) for bona fide interactions. (B) Bar graph
shows the cumulative number of septin peptides that were obtained from five independent
immunoprecipitations of GFP-SEPT9 isoforms 1, 4 and 5. (C) Three-dimensional graph

of the SEPT6 group paralogs (SEPT6, SEPT8, SEPT10, SEPT11, SEPT14) that co-IPed
with SEPT9 isoforms 1, 4 and 5. The z axis indicates the percentage of experiments that
resulted in detection of each SEPT6 group septin. The red parallelogram outlines the septin
paralogs that were detected in 240% of the IP experiments. (D) Schematic summarizing the
interactions of each SEPT9 isoform with septin paralogs. Based on previous evidence, solid
arrows reflect direct interactions of SEPT9 with SEPT7 and potentially SEPT8, while the
dashed opaque arrow indicates a potential indirect interaction with SEPT2 (via septins of the
SEPT6 group). Solid lines denote direct interactions between SEPT7, SEPT6 group septins
and SEPT2.
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Figure 3. Spatial mapping of the SEPT9 interactome reveals isofor m-specific interactions with
proteins of distinct subcellular localizations.

(A) The non-septin binding partners of SEPT9 isoforms 1, 4 and 5 were assigned to one
or more subcellular locations based on published findings and bioinformatics databases.
The protein number for each subcellular localization was divided by the total number of
proteins in all subcellular clusters and plotted as percentage of total protein hits for each
SEPT9 isoform. This provided an indication of the relative enrichment of the non-septin
interactors of each SEPT9 isoform in distinct subcellular locales. (B) Protein interactors
that were components of the MT, IF, actin and spectrin cytoskeletons or associated with
these cytoskeletons were further subdivided according to their cytoskeletal identity and
affiliation. Relative enrichment in each of the four cytoskeletal networks was quantified
by calculating the percentage of total protein interactors assigned to each cytoskeleton.
(C) The three-dimensional bar graph shows the identify of protein interactors with nuclear
localization for each SEPT9 isoform.
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(A-B) The three-dimensional graphs show the centrosomal (A) and ciliary (B) protein hits
of SEPT9 isoforms 1, 4 and 5. (C) Quantification shows the percentage of apical basal
bodies with and without axonemes in MCF-7 cells that express GFP-SEPT9 il (n = 30),
GFP-SEPT9 _i4 (n = 26) and GFP-SEPT9 _i5 (n = 23). The differences in basal bodies

with axonemes were statistically significant; chi-square test of independence X2 (2, N=79)
=12.91, p=.0015. (D) Images of MDCK cells expressing GFP, GFP-SEPT9 il and
GFP-SEPT9_i4, which were stained for acetylated tubulin. Scale bars, 10 um. (E) Bar graph
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shows the mean (+SEM) length of the ciliary axonemes of MDCK cells expressing GFP (n
= 44), GFP-SEPT9 il (n = 46) and GFP-SEPT9 _i4 (n = 49). The Mann-Whitney U test was
used to assess statistical significance. **, p < 0.001; ***, p < 0.0001; n.s., non-significant.
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Figure 5. Functional clustering of the non-septin binding partnersof SEPT9 i1, SEPT9_i4 and
SEPT9_i5, and isofor m-specific interactions with signaling and ubiquitinating factors.

(A) Three-dimensional graph of the distribution of non-septin interactors of SEPT9 i1,
SEPT9_i4 and SEPT9_i5 into functional clusters. Proteins of the interactome of each
SEPT9 isoform were assigned into biological functions according to bioinformatic databases
and published literature. Percent enrichment of each functional cluster was calculated by

dividing the number of proteins in each cluster by the total number of proteins in all
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clusters, and multiplying by 100. (B-C) Three-dimensional graphs show the identify of
protein interactors with signaling (B) and ubiquitinating (C) functions.
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