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ABSTRACT

Genome-Wide Association Studies (GWAS) and subsequent fine-mapping studies (>50) have implicated single
nucleotide polymorphisms (SNPs) located at the CCDC170/C60RF97-ESR1 locus (6q25.1) as being associated with
the risk of breast cancer. Surprisingly, our analysis using genome-wide differential allele-specific expression
(DASE), an indicator for breast cancer susceptibility, suggested that the genetic alterations of CCDC170, but not
ESR1, account for GWAS-associated breast cancer risk at this locus. Breast cancer-associated CCDC170 nonsense
mutations and rearrangements have also been detected, with the latter being specifically implicated in driving
breast cancer. Here we report that the wild type CCDC170 protein localizes to the region of the Golgi apparatus
and binds Golgi-associated microtubules (MTs), and that breast cancer-linked truncations of CCDC170 result in
loss of Golgi localization. Overexpression of wild type CCDC170 triggers Golgi reorganization, and enhances
Golgi-associated MT stabilization and acetyltransferase ATAT1-dependent a-tubulin acetylation. Golgi-derived
MTs regulate cellular polarity and motility, and we provide evidence that dysregulation of CCDC170 affects polarized
cell migration. Taken together, our findings demonstrate that CCDC170 plays an essential role in Golgi-associated
MT organization and stabilization, and implicate a mechanism for how perturbations in the CCDC170 gene may

contribute to the hallmark changes in cell polarity and motility seen in breast cancer.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Advances in single nucleotide polymorphism (SNP) array technolo-
gies and Next Generation Sequencing have made it practical to perform
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Genome-Wide Association Studies (GWAS), an unbiased genomic
approach to identify genetic factors that account for cancer suscepti-
bility. Following initial GWAS (Zheng et al., 2009; Turnbull et al.,
2010), subsequent fine-mapping studies (>50) have implicated ge-
netic variants located at the CCDC170/C60RF97-ESR1 locus (6q25.1)
as being associated with the risk of breast cancer. Estrogen receptor
o (ERa), the protein encoded by the ESR1 gene, binds to estrogen,
and the estrogen-ERa axis promotes the growth of breast epithelial
cells and thereby contributes to breast cancer risk (Ali and
Coombes, 2000). It is therefore logical to hypothesize that the breast
cancer-associated SNPs at the CCDC170/C60RF97-ESR1 locus impact
function of the ESR1 gene (Hein et al., 2012; Koller et al., 2013;
Paternoster et al., 2013; Yang et al., 2013). However, thus far, few
studies have identified any strong causal variants regulating ESR1
function or expression (Cai et al., 2011; Stacey et al., 2010). Interest-
ingly, the CCDC170-ESR1 intergenic rs2146210 SNP was found to have
stronger risk-association in ER- breast tumors than those in ER +
breast tumors, which suggests that this risk variant is likely ESR1-
independent (Hein et al., 2012; Mulligan et al., 2011; Stacey et al.,
2010; Zheng et al., 2009).

2352-3964/© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nonsense mutations (e.g. p.E48* and p.Q405%) in the CCDC170 gene
have been reported in sporadic breast cancer and other cancers by both
the Cancer Genome Atlas (TCGA) and Cancer Genome Project. Impor-
tantly, several tumor-specific gene rearrangements from the second
noncoding exon of ESR1 to the sixth and/or seventh coding exon(s) of
CCDC170 were also reported by several studies using high-throughput
RNA-seq (Robinson et al., 2011; Sakarya et al., 2012; Veeraraghavan et
al., 2014). This ESR1-CCDC170 gene arrangement presents in ~14% of
ER + breast cancer and could be one of the most important recurrent
gene fusions in breast cancer (Veeraraghavan et al., 2014). This recent
study by Veeraghavan et al. demonstrated that N-terminally truncated
CCDC170 proteins were produced as a result of this ESR1-CCDC170 rear-
rangement (Veeraraghavan et al., 2014). Ectopic expression of these
truncated proteins increased breast cancer cell motility and enhanced
the transformation of normal mammary epithelial cells (MECs)
(Veeraraghavan et al., 2014), indicating the important role of CCDC170
gene abnormalities in breast cancer initiation and/or progression.
Taken together, the findings from GWAS, TCGA, cell culture, and
mouse xenograft studies strongly indicate that a variety of perturba-
tions of the CCDC170 protein are capable of driving breast cancer. De-
spite the wealth of genetic information relating to the CCDC170 gene,
nothing was known about the encoded protein.

Here, we initially show that the CCDC170 locus is associated with
significant Differential Allele Specific Expression (DASE), which sup-
ports specifically a link to breast cancer risk. As nothing was known
about the molecular function of the CCDC170 protein, the present
work focused largely on identifying a potential molecular mechanism
for CCDC170-associated breast cancer risk and progression. We demon-
strate that the CCDC170 protein, a predicted coiled-coil domain contain-
ing (CCDC) protein, associates with the Golgi apparatus, stabilizes
perinuclear microtubules (MTs), and plays an essential role in the
known process of MT-dependent Golgi organization. Distinct Golgi-
derived MTs that extend into the cytoplasm are now understood to
contribute to cell polarity and directional migration. We hypothesized
that breast cancer-related perturbations of the CCDC170 Golgi-MT
network could lead to altered cell polarity and migration, and thereby
drive breast cancer initiation and progression. We provide evidence
that dysregulation of CCDC170 indeed affects polarized cell migration.

2. Materials and Methods
2.1. Cell Lines

Thirty human mammary epithelial cell (HMEC) lines were utilized
as starting materials for DASE analysis at the CCDC170-ESR1 locus.
Under an approved protocol by the Institutional of Review Board (IRB)
at Fox Chase Cancer Center, we derived primary HMEC lines from adja-
cent or contralateral normal mammary tissue of breast cancer patients
as described previously (Gao et al.,, 2012). Non-tumorigenic MEC lines,
MCF-10A and -10F, and human breast cancer cell lines, MCF-7, T-47D,
ZR-75-1, MDA-MB-231, HCC-1937, and SK-BR-3, were purchased from
American Type Culture Collection (ATCC). Cell lines were maintained
in medium recommended by ATCC at 37 °C in the presence of 5% CO,.
MCF10ADCIS- COM cells were a gift from Dr. Fariba Behbod (University
of Kansas Medical Center) and were maintained as previously described
(Behbod et al., 2009). MCF-7 Tet-On® cells were purchased from
Clontech and were maintained according to the manufacture's guide-
lines. U20S cells were obtained from Dr. Sanjeevani Arora, Fox Chase
Cancer Center. U20S cell clones stably expressing WT GFP-CCDC170
were created by transfection, followed by single cell sorting. Single cell
clones displayed heterogeneous CCDC170 levels and localization.

2.2. DASE Analysis at CCDC170-ESR1 Locus

Genomic DNA (gDNA), RNA and double-stranded cDNA (ds-cDNA)
from primary HMEC lines were prepared as previously described (Gao

etal,, 2012). gDNA (quantified by PicoGreen assay) and ds-cDNA samples
were subjected to whole genome application and fragmentation prior to
[llumina HumanOmni5-quad BeadChip hybridization. To obtain the
array probes that fall within the CCDC170 and ESR1 exons, SNP informa-
tion from the HumanOmni5 BeadChip was retrieved and SNP coordinates
were used. For each probe marker with the heterozygous genotype,
scanned raw signal intensities were processed by GenomeStudio Soft-
ware (Illumina) to generate X and Y intensity values for allelic expression
at each marker position. Raw expression data for each SNP site were
filtered (X 4 Y value >1000). A total of 20 and 10 SNP probes mapping
to CCDC170 or ESR1 exons, respectively, were obtained and used for
final DASE analysis.

2.3. CCDC170 Expression Plasmids

The CCDC170 orf (RefSeq accession NM_025059) was obtained from
OriGene Technologies in the pCMV6-AC-GFP C-terminal turboGFP fu-
sion vector. The CCDC170 orf was transferred to the pCMV6-AN-mGFP
N-terminal monomeric GFP fusion vector using the OriGene Precision
Shuttle cloning sites Sgf I and Mlu L. The CCDC170 wild-type gene was
subsequently subcloned into a pTRE-Tight (Clontech) at Kpn I and Not
I sites. Fragments of CCDC170 1-48, 1-405, 1-591, 1-649, 1-689, 355-
591, 355-689, 355-715, 593-715 were generated in the N-terminal
GFP CCDC170 fusions by either gene synthesis (GenScript) or using
the Agilent QuickChange II site-directed mutagenesis kit. Non-tag
wild-type CCDC170 was also subcloned in the pRetroX-IRES-ZsGreen1
vector at the Not I site.

2.4. CRISPR/Cas9 Mediated CCDC170 Editing

CCDC170/C60rf97 knockout MCF-7 cells were generated using CRISPR/
Cas9 technology. A guide RNA (gRNA-GTTCGGAAGTCCCGGTCACG) with
predicted highest target specificity was selected using the CRISPR design
tool from MIT (http://crispr.mit.edu). Guide RNA synthetic DNA frag-
ments were ordered from Integrated DNA Technologies (IDT). The
gRNA sequence was cloned into the px459 vector (Addgene plasmid
#62988) (Ran et al., 2013). CCDC170~/~ or CCDC170™/~ clones were
generated by single cell expansion. To detect the presence of out-of-
frame insertions/deletions (indels) in all CCDC170 alleles, the genotypes
of knock-out clones were screened and verified by Sanger DNA sequenc-
ing. CCDC170 protein levels were further examined by SDS PAGE/
immunoblot analysis.

2.5. Immunofluorescence

Cells were plated on 4-well coverslips and transfected after 24 h
with the indicated vectors using Lipofectamine® 3000 (Thermo Fisher
Scientific) according to the manufacturer's recommendations. After
2 days of transfection, the cells were washed three times with PBS and
fixed in 4% paraformaldehyde for 15 min at RT. Fixed cells were then
washed with PBS three times for 5 min and permeabilized with 0.5% Tri-
ton X-100 for 15 min at RT. After three 5-minute washes, cells were in-
cubated in 3% BSA in PBS containing 0.1% Tween 20 (PBS-T) for 30 min
and washed twice in 1% BSA in PBS-T. Cells were incubated with prima-
ry antibodies at optimized dilutions for 1 h at RT if not specifically men-
tioned, washed four time for 5 min with 1% BSA in PBS-T and incubated
with secondary Alexa 488/555/647 antibodies (1:100 Molecular
Probes) for 1 h. The coverslips were washed four times for 5 min with
PBS and Vectashield Mounting Medium with DAPI (Vector laboratories)
was added. The cells were than visualized by confocal microscopy (Leica
TCS SP8). The following primary antibodies were used for IF: AKAP9
rabbit antibody (1:100, #HPA008548, Sigma-Aldrich), CCDC170 rabbit
antibody (1:100, HPA027114, Sigma-Aldrich). MAP4 rabbit antibody
(1:139, #HPA038149, Sigma-Aldrich), TGN46 Rabbit antibody (1:100,
#ab50595, Abcam), Mannosidase Il rabbit antibody (1:100, #ab12277,
Abcam), chicken GFP antibody (1:400, #A10262, Life Technologies),
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RCAS1 rabbit antibody (1:100, #12290, Cell Signaling), acetylated «-
tubulin mouse antibody (1:2000, #sc-23950, Santa Cruz); a-tubulin
mouse antibody (1:1000, #T5168, Sigma-Aldrich).

2.6. Electron Microscopy

Localization of CCDC170 was examined by EM in Hela cells tran-
siently expressing GFP-CCDC170. As described previously (Pimkina et
al., 2009; Tokuyasu, 1980), cells were trypsinized, fixed in 6% formalde-
hyde, washed, cryoprotected with sucrose, and frozen in liquid nitro-
gen. Thin sections were cut at — 120 °C, collected on EM grids, and
labeled with anti-GFP antibody ThermoFisher (#A-11122). Colloidal
gold particles (10 nm) conjugated to goat anti-rabbit antibody was
used as the secondary detection reagent. Samples were viewed in a
FEI Tecnai 12 TEM operated at 80 kV and the images were recorded
using an AMT digital camera.

2.7. Antibodies for Western Blots

The following primary antibodies were used for Western blots: GFP
rabbit antibody (1:1000, #ab290, Abcam), CCDC170 rabbit antibody
(1:500, #Ab97814, Abcam), RCAS1 rabbit antibody (1:100, #12290, Cell
Signaling), acetylated a-tubulin mouse antibody (1:500, #sc-23950,
Santa Cruz), o-tubulin mouse antibody (1:2000, #T5168, Sigma-Aldrich),
and B-actin mouse monoclonal antibody (1:5000, Cat#A5316, Sigma-
Aldrich). For secondary antibodies, ECL HRP-conjugated anti-mouse or
anti-rabbit IgG (1:2000, GE Healthcare) were used.

2.8. Analysis of Nocodazole-Resistant MTs

HeLa or MCF-7 cells were plated on 4-well coverslips, grown to 50—
75% confluence, and transfected with GFP or GFP-CCDC170 plasmids.
After 20 h, transfected cells were treated with 10 pM nocodazole for
the next 4 h to depolymerize MTs. At 24-hours, nocodazole was re-
moved by washing with PBS three times, and fresh complete medium
was added. Microtubules were allowed to re-polymerize for 0 or
30 min in a 5% CO,, 37 °C incubator. Cells were fixed and stained with
anti-GFP, anti-o-tubulin, and anti-ac-a-tubulin antibodies as described
in the IF section.

2.9. Quantitative Image Analysis

To analyze the fluorescence intensities in stained cells, we utilized
Image] software (v1.48, NIH) to draw the target regions around cells,
and additional regions were drawn in an area without fluorescent ob-
jects to be used for background subtraction. The area size and integrated
density were obtained for corrected total cell fluorescence (CTCF) calcu-
lation: CTCF = Integrated Density — Area of selected cell x mean fluo-
rescence of background readings. CTCF calculation is adapted from
previous studies (Banerjee et al., 2013; Gavet and Pines, 2010; McCloy
et al, 2014).

2.10. Live Cell Imaging for Motility Experiments

MCEF-7 Tet-on cells (Clontech) were transfected with pTET-GFP-
CCDC170 and GFP-control plasmids for 24 h, and then seeded into 6-
well plates. After 24 h, cells were incubated in the presence of
500 ng/ml Doxycycline for another 24 h. After changing to regular
media supplemented with 15 mM HEPES, cell images were taken in
5 minute time intervals using a Nikon Inverted TE300 camera, with
stage and z-axis motor, for the next 12 h. Cell migration tracks were
quantified using the Image] plugin “Manual Tracking” by tracing the
center of the cells in the DIC (differential interference contrast) recordings
of migrating single cells as reference points.

2.11. Wound Healing Assay

After cells were cultured in monolayer and reached 90-95% conflu-
ence, a scratch wound, cell-free region was created using a sterilized
pipette tip. Cell debris was removed, and the edge of the scratch was
smoothed by washing the cells twice with PBS. Media was re-applied
and the dishes were placed in the incubator of 37 °C. The progress of
cell migration into the scratch was recorded at every 24 h by image cap-
ture using an inverted microscope. The images are further analyzed
quantitatively by using Image] software.

2.12. siRNA Transfection

Predesigned MAP4, AKAP9, and ATAT1 DsiRNAs and scrambled
controls were purchased from IDT. DsiRNAs were transfected into cells
using Oligofectamine™ or Lipofectamine 3000 reagents (Life
Technologies).

2.13. BiolD Method and Construction of Bait Plasmids

The BiolD method (Kim et al., 2014) allows detection of candidate
binding partners in live cells through proximity-dependent biotinyl-
ation. The bait protein plasmid encodes the gene of interest (e.g.
CCDC170) fused to the promiscuous biotinylase BirA*. Cells are
transfected with the bait protein plasmid, and the culture is incubated
with biotin-containing media for 18-24 h. Cells can be lysed with SDS,
as the bait-prey interactions do not have to be maintained. Biotinylated
proteins are captured on streptavidin beads and subjected to identifica-
tion by mass spectrometry.

For construction of BiolD bait proteins, the CCDC170 orf (RefSeq ac-
cession NM_025059) from OriGene Technologies was transferred using
the OriGene Precision Shuttle cloning sites Sgf I and Mlu I. The BirA* N-
and C-terminal fusions vectors developed by the Roux Laboratory (Kim
et al., 2014) were obtained from Addgene. The multi-cloning sites of
these vectors, pcDNA3.1 MCS-BirA(R118G)-HA (Plasmid #36047) and
pcDNA3.1 mycBiolD (Plasmid #35700), were first reengineered to ac-
cept fragments from the OriGene Precision Shuttle system. In this way,
an Sgf [-MIu I CCDC170 orf derived from the pCMV6-AN-mGFP N-termi-
nal monomeric GFP fusion vector was fused in frame to create a
CCDC170 C-terminal BirA* fusion, and an Sgf [-Not I CCDC170 fragment
was fused in frame to create a CCDC170 N-terminal BirA* fusion. We
confirmed that the CCDC170 C-terminal BirA* fusion localized to the ex-
pected Golgi and perinuclear regions (Fig. S13). Furthermore, protein
biotinylation at the Golgi and perinuclear regions was confirmed by
probing fixed cells with streptavidin (Fig. S13).

2.14. BiolD Mass Spectrometry and Data Analysis

CCDC170 BirA* fusion plasmids were used for transient transfection
of Hela cells, and BiolD was carried out as described (Kim et al., 2014).
For the initial set of experiments, BiolD was carried out with duplicate
transfections of plasmids expressing BirA* fused to the C-terminus of
CCDC170, followed by a single transfection using plasmids expressing
BirA* fused to the N-terminus of CCDC170. BioID tryptic digestion was
performed using a method optimized from an earlier publication (Kim
et al., 2014). Beads were resuspended in 50 pl of 8 M urea/50 mM am-
monium bicarbonate, and proteins were reduced by adding 2 ul of
0.5 M Tris(2-carboxyethyl)phosphine (TCEP) to 50 pl of beads-proteins
suspension mix. Proteins were reduced at 30 °C for 60 min, and the re-
action was cooled to room temperature before alkylation by adding 4 pl
of 0.5 M iodoacetamide at room temperature in the dark for 30 min.
Sample volume was adjusted by adding 350 pl of 50 mM ammonium bi-
carbonate to dilute the 8 M urea to 1 M before trypsin digestion with
mass spectrometry grade trypsin (Promega). Five micrograms of trypsin
per sample was added, and incubation was overnight at 30 °C using
Eppendorf Thermomixer at 700 rpm. Digested peptides were separated
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from beads by centrifugation and peptide digests were transferred to a
new tube followed by an extra wash step with 50 pl of 50 mM ammoni-
um bicarbonate. Formic acid was added to the peptide solution (to 2%),
followed by desalting with C18 TopTip (Item# TT10C18.96, PolyLC), and
finally drying in a SpeedVac. Tryptic peptides were re-suspended in 100
wl of 2% Acetonitrile in % 0.1 formic acid, and 10 pl of total tryptic pep-
tides were utilized for the 1D LC-MSMS analysis in triplicate runs by
on-line analysis of peptides by high-resolution, high-accuracy LC-MS/
MS, consisting of an EASY-nLC 1000 HPLC Acclaim PepMap peptide
trap, a 25-cm 2 um Easy-Spray C18 column, Easy Spray Source, and a
Q Exactive Plus mass spectrometer (all from Thermo Fisher Scientific).
A 230-min acetonitrile gradient consisting of 5-16% in 140 min, 16—
28% in 70 min, 28-38% in 10 min, and 38-85% in 10 min was used to
separate the peptides. The total LC time was 250 min. The Q Exactive
Plus is set to scan precursors at 70,000 resolution followed by data-de-
pendent MS/MS at 17,500 resolution of the top 12 precursors.

For protein identification and data analysis, the LC-MSMS raw data
of two technical replicates were combined and submitted to Sorcerer
Enterprise v.3.5 release (Sage-N Research, Inc.) with SEQUEST algorithm
as the search program for peptide/protein identification. SEQUEST was
set up to search the target-decoy UniProt Human Reviewed (vs. March
2015) protein fasta database containing protein sequences using trypsin
for enzyme with the allowance of up to 2 missed cleavages, Semi Tryptic
search, fixed modification of 57 Da for cysteine to account for
carboxyamidomethylation, and precursor mass tolerance of 50 ppm.
Differential search includes 16 Da for methionine oxidation, and
226 Da on lysine for biotinylation. The search results were viewed,
sorted, filtered, and statically analyzed by using comprehensive proteo-
mics data analysis software, Peptide/Protein prophet v.4.02 (ISB). The
minimum trans-proteomic pipeline (TPP) probability score for proteins
was set to 0.9, to assure very low error (much less than FDR 2%) with
reasonably good sensitivity. The differential spectral count analysis
was done by QTools, an open source in-house developed tool for auto-
mated differential peptide/protein spectral count analysis (Brill et al.,
2009). The protein prophet peptide report is utilized to report biotinyl-
ated peptides.

The LC-MSMS raw data were also submitted to Integrated Proteo-
mics Pipelines (IP2) Version IP2 v.3 (Integrated Proteomics Applica-
tions, Inc.) with ProLucid algorithm as the search program (Xu et al.,
2015, 2006) for peptide/protein identification. ProLucid search parame-
ters were set up to search the UniProt Human Reviewed (vs. March
2015) protein fasta database including reversed protein sequences
using trypsin for enzyme with the allowance of up to 2 missed cleav-
ages, Semi Tryptic search fixed modification of 57 Da for cysteine to ac-
count for carboxyamidomethylation, and precursor mass tolerance of
50 ppm. Differential search includes 16 Da for methionine oxidation,
and 226 Da on lysine for biotinylation. The search results were viewed,
sorted, filtered, and statically analyzed by using DTASelect for proteins
to have protein FDR rate of <2.5% (Tabb et al., 2002). Differential
label-free proteomics data analysis was done by IP2-Census, Protein
Identification STAT COMPARE (Park et al., 2008) using two technical
replicates. The result is a label-free quantification analysis, of duplicate
technical data for each sample using spectral count analysis with t-test
(Robinson et al., 2004).

2.15. Criteria for Identifying Candidate CCDC170 Binding Partners by BiolD

The strategy for filtering candidate CCDC170 BiolD protein hits is
outlined in Fig. S13. The initial output of proteins detected by BiolD
were samples in which a protein was reported if one of two duplicates
had a spectral count of 1 or greater. The minimal value reported was
thereby 0.5. The first filters applied were that the protein was absent
in the untransfected control, and that the average of spectral counts
for the duplicates was 2 or greater in either of two independent bait
transfections using BirA* fused to the C-terminus of CCDC170. The two
independent transfection experiments (Sample 1, Sample 2) detected

largely the same proteins. The signal strength in the Sample 2 data set
was stronger, and therefore this sample was used to rank the hits. How-
ever, several proteins with low spectral counts were uniquely detected
in Sample 1, and were regarded as hits as well. Using these initial
criteria, 217 proteins, including the CCD170 bait protein itself, were de-
tected. As in the original BiolD method, we utilized untransfected cells
as a control, as the non-fused BirA* has the potential to biotinylate pro-
teins throughout the cell via transient collision. As such, a significant
non-informative background of biotinylated proteins could be generat-
ed using non-fused BirA*. Therefore, we chose to filter the initial set of
217 protein hits against a second experimental set that included a nu-
clear BirA* bait protein, and a second independent untransfected HeLa
cell control (data not included). When comparing the CCDC170 and
our own nuclear bait protein data sets, we identified protein families
that were common, including ribosomal proteins and RNA splicing fac-
tors (Fig. S13). Elimination of these common proteins reduced the hits
to 62 proteins (Table S2). Although cytoskeletal proteins are common
contaminants in affinity purification-mass spec experiments (and
were also detected using the nuclear bait protein) they were not re-
moved at this stage, as we had evidence that CCDC170 associated with
microtubules. Instead, we further filtered the 62 proteins against pub-
lished control and experimental data sets that used unrelated bait pro-
teins that localize either to the nuclear lamina, tight junctions, or the
nuclear pore (Fig. S13, Table S2). We also filtered the 62 proteins against
the Contaminant Repository for Affinity Purification database (http://
www.crapome.org/) (Fig. S13, Table S2), with a criteria that proteins
found in>25% of the 411 control experiments were removed. This strin-
gent filtration reduced the number of protein hits to 32. Lastly, 14 of the
32 proteins were also detected in the independent transfection using
BirA* fused to the N-terminus CCDC170 bait protein. We did not use
such detection as a criterion, as the proximity-dependent biotinylation
(10 nm) by BirA* positioned at either terminus of a predicted extended
coiled-coil domain protein might be expected to detect differential part-
ners. Notably, the bait protein with BirA* fused to the CCDC170 N-termi-
nus produced a very strong signal among some proteins that failed
other stringent criteria (Table S2). We do not exclude proteins as poten-
tial CCDC170 partners that were detected with the N-terminal fusion
but failed other criteria, and they can be investigated in the future. We
note that overall, our unbiased and high stringency filtration approach
likely resulted in a high percentage of false negative hits overall. The
final list of candidate CCDC170 protein (Fig. S13, Table S3) is highly
enriched for Golgi, microtubule and centrosomal proteins.

2.16. Statistics

All data are represented as mean + standard deviation (SD). The
Wilcoxon signed rank test was used to compare differences between
paired CCDC170 and ESR1 DASE data. IF and live cell imaging data
were analyzed using one-way ANOVA for multiple post-hoc compari-
sons or the two-sample t-test. All tests were two-sided and used a
Type I error of 5%. Unless mentioned specifically, all experiments were
repeated in triplicate.

3. Results

3.1. The CCDC170/C60rf97 Locus is Associated With Significant Differential
Allele Specific Expression (DASE)

DASE is detected using allele-specific, non-breast cancer-associated
polymorphic SNP markers. Using this approach, we previously demon-
strated that germline, breast cancer-associated mutations in BRCA1/2
caused allele-specific nonsense-mediated mRNA decay (NMD) leading
to DASE (Chen et al., 2008). In addition to NMD mutations, multiple ge-
netic and epigenetic alterations, such as mutations in promoter regions,
alteration in microRNA binding sites on 3'UTRs, and changes in DNA
methylation status can contribute to DASE. Therefore we have
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Fig. 1. The CCDC170/C60rf97 locus is associated with significant Differential Allele Specific Expression (DASE) and Genome Wide Association (GWA) signals. a. SNPs at the CCDC170/
C60rf97-ESR1 locus that are associated with breast cancer and DASE. Upper plot shows regional GWA and DASE plots of the chromosome 6q25.1 loci CCDC170/C60rf97 and ESR1.
Results of Log,o (P-value) are shown for SNPs associated with breast cancer (red dots) for the region of 151.8-152.2 Mb. P-values plotted for SNPs reported by multiple studies are
shown as average P-values. Results of DASE (green squares) at Log, (fold-mRNA expression differences from one allele to the other) are calculated and averaged for primary HMEC
lines (n = 30) by SNP-based analysis (Gao et al., 2012). Gene locations and SNPs used for DASE analyses (lower map) are from the UCSC Genome Browser assembly. b. Results of
DASE analysis of CCDC170 (in blue) or ESR1 (in red) at Log2 (fold-changes) are calculated by gene-based analysis in individual primary HMEC lines (n = 30). DASE could not be
calculated for all samples because the heterozygous DASE-detection SNPs were not available for some samples. c. DASE comparison between CCDC170 and ESR1 genes (upper
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hypothesized that DASE is a functional index for cis-acting germline var-
iants and pathogenic mutations that affect mRNA levels, and that global
profiling of DASE in breast cancer precursor tissues can be used to un-
cover causative alleles for breast cancer susceptibility (Gao et al.,
2012). To investigate the proposed role of the CCDC170 gene in breast
cancer risk, we first performed DASE analysis at the CCDC170-ESR1
locus using a set of 30 primary human mammary epithelial cell
(HMEC) lines derived from adjacent normal breast tissue from breast

cancer patients. DASE analysis detected significant allele-specific differ-
ences in CCDC170 mRNA levels, but not in ESRT mRNA levels (Fig. 1a).
Furthermore, the higher total number of, and most statistically signifi-
cant, GWAS breast cancer risk-associated SNPs were linked to the
CCDC170 versus ESR1 locus (Fig. 1a). Lastly, individual analysis of each
of the 30 HMEC lines derived from breast cancer patients revealed levels
of DASE for the CCDC170 gene that were significantly higher than those
for the ESR1 gene (Log, mean comparison: 1.15 vs. 0.56, P < 0.002 and
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matched pair comparison: 1.22 vs. 0.54, P < 0.009) (Fig. 1b and c, Table
S1). Taken together, our global DASE analysis of the CCDC170-ESR1 locus
showed that CCDC170, but not ESR1, is a gene with DASE in breast cancer
precursor tissues. These results suggest that one mechanism by which
the GWAS causal SNPs may contribute to the breast cancer is by affect-
ing CCDC170 mRNA expression levels. To gain insight into how altered
levels of CCDC170 gene expression, or breast cancer-associated somatic
mutations of CCDC170, may contribute to breast cancer, we next inves-
tigated the function of the unstudied protein encoded by the CCDC170
gene.

3.2. The CCDC170 Protein Associates With the Golgi Apparatus

To determine the subcellular localization of CCDC170, we initially
employed N- and C-terminal GFP-tagged versions of the protein. In
Hela cells, these tagged proteins localized to a cytoplasmic membra-
nous structure that appeared to be the Golgi apparatus (Fig. 2a and b,
only the N-terminal GFP fusion is shown). At high CCDC170 expression
levels, the Golgi-like structures spread, forming a perinuclear ring
(discussed below) (Fig. 2a). The CCDC170 gene is named based on the
prediction that it is a coiled-coil domain-containing (CCDC) protein,
and numerous resident Golgi structural proteins are characterized by
long coiled-coil regions (Munro, 2011). Co-staining GFP-tagged
CCDC170 with multiple Golgi markers (trans, medial and cis) confirmed
that CCDC170 localizes primarily to the region of the Golgi apparatus, al-
though not within the Golgi cisternae (Fig. 2c). GFP-CCDC170 was not
associated with other intracellular organellar compartments (Fig. S1),
and untagged CCDC170 also localized to the Golgi region (Fig. S2). Fur-
thermore, transmission electron microscopy showed that GFP-tagged
CCDC170 localizes with Golgi cisternae-like structures (Fig. S3). We
found that a subset of ER + breast cancer cell lines express high levels
of CCDC170 mRNA relative to normal MEC lines (Fig. S4a), consistent
with a previous report (Dunbier et al., 2011). In these ER + breast cancer
lines, the CCDC170 protein levels were also found to be elevated relative
to MEC lines, with the protein localizing at the Golgi in a similar manner
to GFP-tagged CCDC170 (Fig. S4c and Fig. 2a). In normal breast cells, en-
dogenous CCDC170 was found to be associated with the Golgi as well
(Fig. S4b). Regarding the specificity of the CCDC170 antibodies used
here, we observed similar CCDC170 localization with two independent
antibodies (Figs. S2 and S4b). Notably, endogenous CCDC170 mRNA
and protein were undetectable in HeLa cells (data not shown). There-
fore, HeLa cells were appropriate for further localization studies, as the
potential for coiled-coil associations between GFP-tagged and endoge-
nous CCDC170 is eliminated.

3.3. Clinically Relevant Truncations Disrupt CCDC170 Golgi Association and
Reveal a Microtubule (MT)-Binding activity

The discovery that the breast cancer-related CCDC170 protein associ-
ated with the Golgi apparatus suggested that such localization is linked to
its normal function. We therefore next examined the effects of breast can-
cer truncations of CCDC170 on Golgi association. C-terminal truncations
(e.g. E48" and Q405*) were reported by both the Cancer Genome Atlas
(TCGA) and Cancer Genome Project. As noted above, tumor-specific

CCDC170 gene rearrangements were reported in a subset of luminal B
breast tumors, and the expression of the predicted N-terminally truncat-
ed CCDC170 proteins (e.g. 355-715 and 593-715) was shown to increase
cell motility and drive tumorigenicity of normal MEC cells (Robinson et
al.,, 2011; Sakarya et al., 2012; Veeraraghavan et al.,, 2014). As shown in
Fig. 2d, we found that the GFP-tagged 1-48 or 1-405 C-terminal trunca-
tions resulted in loss of Golgi association without re-localization to any
other identifiable structures. Golgi association of CCDC170 was also
disrupted by the N-terminal truncations (Fig. 2d). The N-terminally trun-
cated 593-715 fragment localized throughout the cell. However the 355-
715 fragment localized to tubular structures, primarily in the perinuclear
region. Another member of the coiled-coil domain containing (CCDC)
protein family, CCDC165/MTCL1 (Sato et al., 2014), had been found to
stabilize perinuclear microtubules (MTs) on the Golgi membrane and
thereby help organize the Golgi structure at the nuclear periphery. We
suspected that CCDC170 had a similar organizational role, and that this
role was impacted by the 355-715 truncation, resulting in loss of
CCDC170 Golgi association and retention of MT association. These results
predicted that the WT CCDC170 protein also associates with MTs. As
shown in Fig. 2e and Fig. S5, ectopically expressed and endogenous WT
CCDC170 could be detected at perinuclear MTs in a pattern similar to
that seen with the CCDC165 Golgi-MT tethering protein (Sato et al.,
2014).

Based on structure-function and localization of the wild type
CCDC170, and breast cancer-associated CCDC170 fragments, we hypoth-
esized that a potential dominant cancer mechanism could involve the
functional impact of truncated CCDC170 forms on WT CCDC170. As men-
tioned, both the 355-715 and 593-715 CCDC170 fragments have been
implicated as cancer drivers (Veeraraghavan et al., 2014) and as shown,
the 355-715 fragment localizes to MTs while the 593-715 fragment local-
izes throughout the cell (Fig. 2d). When the CCDC170 355-715 fragment
was coexpressed with WT CCDC170 in Hela cells (lacking endogenous
CCDC170), a dramatic relocalization of the wild type protein from the
Golgi to MTs was observed (Fig. 2f). In the case of the 593-715 fragment,
coexpression resulted in loss of whole cell distribution, with the fragment
colocalizing with WT CCDC170 at the Golgi (data not shown). CCDC170 is
strongly predicted to form parallel coiled-coil dimer domains over 70% of
its length, and truncated forms are likely capable of forming mixed dimers
with the full length protein. We speculate that the 355-715 fragment may
interfere with WT CCDC170 function by triggering its mislocalization,
while the mechanism through which the 593-715 fragment may affect
the WT protein is not obvious from these localization studies.

To further map and confirm CCDC170 domains responsible for MT
and Golgi association, multiple fragments were generated by site-di-
rected mutagenesis. A GFP tagged 1-649 fragment lost Golgi localiza-
tion, and instead showed dramatic association with perinuclear MTs
(Fig. 2g). Furthermore, by comparing transfected and untransfected
cells in the same culture, it appeared that the 1-649 fragment was in-
ducing MT bundling (Fig. 2g and h). As the 1-649, 355-715 and 1-
591 fragments localize to MTs (Fig. 2d, g and Fig. S6) and the 1-405
and 593-715 fragments localize throughout the cell, the sequences be-
tween 355 and 591 are predicted to contribute to MT binding (Fig. 2h).
Regarding Golgi association, the CCDC170 C-terminus is necessary, but
is not sufficient (e.g. compare WT, 1-591 and 593-715; summarized

Fig. 2. CCDC170 localizes to the Golgi apparatus and has microtubule (MT)-binding activities. a. Subcellular localization of the GFP-CCDC170 fusion protein in HeLa cells. b. Top panel: Z-
stack images were obtained using Leica SP8 confocal microscope. A 3D-rendering was created using IMARIS 7.5.0 software. Nucleus is shown in blue, with GFP-CCDC170 shown in green.
The GFP-tagged protein localized to a membranous structure suspected to be the Golgi apparatus. Lower panel: Diagram of Golgi apparatus. c. GFP-CCDC170 Golgi localization was
confirmed in Hela cells by co-staining with an antibody to each of three resident Golgi proteins (in red): TGN46 (trans-Golgi), Manll (medial-Golgi), and RCAS1 (cis-Golgi). The nuclei
are shown in blue (DAPI) as a reference. d. Subcellular localization of truncation mutants of N-terminally GFP-tagged CCDC170 in HelLa cells. All of these breast cancer-associated
truncations of CCDC170 resulted in the loss of Golgi localization. Clinically relevant truncations are referenced from Cancer Genome Project and a recent report (Veeraraghavan et al,,
2014). e. CCDC170 associates with perinuclear MTs in HeLa cells. GFP-CCDC170 (green) and a-tubulin (purple) are shown. f. Upper panels: The WT GFP-CCDC170 was coexpressed
with WT RFP-CCDC170 in HeLa cells. Bottom Panels: The GFP-CCDC170 (355-715) fragment was coexpressed with WT RFP-CCDC170 in HeLa cells. A dramatic relocalization of the
wild type protein from the Golgi to MTs was observed. g. Upper panels: GFP CCDC170 1-649 fragment (green) expressed in HelLa cells localizes to MTs (red). Bottom panels: A
comparison of transfected and untransfected cells in the same culture indicates that overexpression of the GFP CCDC170 1-649 fragment (green) can induce MT bundling (red). h.
Diagram summarizing mapping of Golgi- and MT-association domains, based on truncated constructs. Additional data supporting these mapping studies are shown in Fig. S6.
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Fig. 2h).These results fit well with the known roles of resident Golgi
coiled-coil proteins in forming complex bridging networks between
the Golgi, MTs and the Golgi anchor, the centrosome (Rios, 2014).

3.4. Evidence for a Role of CCDC170 in Golgi Organization

As CCDC170 is aberrantly expressed in breast tumors (i.e. high in
ER+ and low in ER — breast cancer), we next addressed how over- or
under-expression of full length WT CCDC170 might impact Golgi and
MT organization, and cellular functions. The Golgi apparatus consists
of stacks of cisternae that are joined by lateral tubular connections to
form the “Golgi ribbon”. We tested the hypothesis that CCDC170
perinuclear localization, MT-binding, and Golgi association (Fig. 2) pro-
vide a bridging function for Golgi ribbon organization. We had initially
observed that when expressed at high levels, CCDC170 promoted an ex-
pansion, or fragmentation of the Golgi, resulting in a perinuclear ring
(Fig. 2a). To investigate this phenomenon further, we quantitated the
effect of WT CCDC170 overexpression on reorganization of the Golgi.
For these experiments we overexpressed GFP-CCDC170 and deter-
mined the fraction of cells showing perinuclear Golgi spreading, as
well as the extent of spreading, as measured by the angle of spreading
in individual cells (Sato et al., 2014). We defined spreading as an angle
of >180°. HelLa cells (naturally lacking CCDC170) were transfected
with GFP-tagged WT and truncated forms of CCDC170, in parallel with
a vector encoding a non-fused GFP as a control. As shown in Fig. 3a
and b, overexpression of WT GFP-CCDC170 resulted in a significant in-
crease in the percentage of cells with spreading of the Golgi ribbon as
measured by the Golgi marker RCAS1. In GFP-CCDC170-expressing
cells, 42.0% showed Golgi spreading versus 12.7% in cells expressing

a

non-fused GFP

GFP-CCDC170 (1-715)

GFP-CCDC170 (593-715)

GFP-CCDC170 (355-715)

o

non-fused GFP (P < 0.001). The diffusely localizing GFP- 593-715 frag-
ment failed to induce Golgi spreading (Fig. 3c). We also validated GFP-
CCDC170-induced Golgi spreading using an inducible MCF-7 Tet-On
cell line (Fig. S7). Although MCF-7 cells normally express significant
levels of endogenous CCDC170, transfection of GFP-CCDC170 triggered
Golgi spreading as seen in HelLa cells. At present, we have no evidence
that high levels of CCDC170 can be a cancer driver, rather, overexpres-
sion has been informative for identifying the function of CCDC170
through its ability to promote Golgi spreading. Interestingly, the
CCDC170 355-715 N-terminal truncated form was still capable of pro-
moting Golgi spreading even though it does not localize to the Golgi
(Fig. 2d). This 355-715 fragment is capable of binding to, and stabiliz-
ing, MTs (Fig. S6, also see Fig. 4) and a subpopulation of MTs (i.e.
Golgi-associated MTs) is known to regulate the positioning of the
Golgi (Miller et al., 2009; Zhu and Kaverina, 2013). We therefore hy-
pothesize that CCDC170-induced Golgi spreading is mediated through
perinuclear MTs.

3.5. CCDC170 Promotes Acetylation of a-Tubulin and Enhances MT
Stabilization

The Golgi apparatus primarily functions in the processing and
sorting of proteins (Wilson et al., 2011). More recently the Golgi has
been identified as a MT-organizing center (MTOC) and mediates the nu-
cleation of a subset of non-centrosomal MTs (Zhu and Kaverina, 2013).
Such MTs function to position the Golgi (Miller et al., 2009) and also
control cell polarity and motility (Miller et al., 2009; Zhu and
Kaverina, 2013). As we found that CCDC170 localizes to both the Golgi
and MTs, we next investigated a role for CCDC170 in MT function.
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Fig. 3. CCDC170 overexpression promotes spreading or fragmentation of the Golgi ribbon structure. a. To examine whether overexpression of GFP-CCDC170 promoted reorganization of
the Golgi, HelLa cells were transfected with non-fused GFP as a negative control, GFP-CCDC170, or clinical relevant truncation constructs (355-715 and 593-715). Quantitative results
showed that CCDC170 overexpression can trigger spreading of the cis-Golgi ribbon structure as measured by both the fraction of CCDC170 positive cells showing perinuclear Golgi
spreading (RCAS1 marker), as well as the angle of spreading of the cis-Golgi in individual cells (©). The diffusely expressed 593-715 fragment had no effect on Golgi spreading, while
the 355-715 fragment showed an effect similar to the full length protein. b. 3D-rendering showing that CCDC170 overexpression triggers a dramatic spreading or fragmentation of the
Golgi ribbon structure. c. Distribution of cells with different ranges of Golgi ribbon angle (©: 0°-360°), in cells expressing non-fused GFP, GFP-CCDC170, GFP-593-715 and GFP-355-715
[cell number (n) = 100 for each construct; vs. non-fused GFP (180°-360°); *P < 0.01, **P < 0.001].
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Fig. 4. CCDC170 enhances alpha-tubulin acetylation. a. HeLa cells were transiently transfected with GFP-CCDC170 full length, the clinically relevant N-terminally truncated forms (GFP-
593-715, GFP-355-715) or a non-fused GFP negative control, and were subjected to immunofluorescence for acetylated alpha-tubulin (ac-a-tubulin) (red). b. Corrected Total Cell
Fluorescence (CTCF) counts from panel a. Data represent CTCF ratio of red signal (ac-a-tubulin) between GFP-positive and GFP-negative cells (ratio of red signal in GFP Positive: GFP
Negative) as compared to the negative control of non-fused GFP (n = 100, *P < 0.01, **P < 0.001). c. MCF-7-CCDC170-GFP Tet-On cells (Clontech) were treated with doxycycline (Dox)
at 0, 10, 100, 500, or 2000 ng/ml and cell lysates for Western analysis were collected at the 24 h after Dox treatment. Upper panel: Western blot with indicated antibodies; lower
panel: Quantification of Western blot. d. Western blot of HeLa cells with indicated antibodies. After reaching 50% confluence, HeLa cells were first treated with DsiRNA-scramble
control (Dsi-CON) and Dsi-ATAT1. After 24 h, cells were transfected with non-fused GFP control and GFP-CCDC170 vectors for another 24 h and cell lysates were collected for Western
blotting. ATAT1 mRNA knockdown effects were measured by RT-qPCR, as shown in graph below (vs. NC1; *P < 0.01, **P < 0.001).

Alpha tubulin acetylation (ac-a-tubulin) is a marker for stable MTs
(Wloga and Gaertig, 2010; Janke and Bulinski, 2011). Strikingly, GFP-
WT CCDC170 and GFP-355-715 overexpression caused a significant in-
crease in acetylated MTs in the perinuclear region (Fig. 4a). No such
effect was seen with negative controls: the GFP-593-715 fragment
that localizes throughout the cell, and non-fused GFP. Quantitative
image analysis using Corrected Total Cell Fluorescence (CTCF) showed

that in GFP-CCDC170 overexpressing cells, the level of ac-a-tubulin
increased about 2.5-fold as compared the negative controls (Fig. 4b)
(P<0.001). An inducible CCDC170 MCF-7-tet-on cell line was used to
demonstrate that over-accumulation of CCDC170 could trigger parallel
increases in ac-a-tubulin levels (Fig. 4c). To further assess this role of
CCDC170 in MT function, we used CRISPR/Cas9 to disable the
CCDC170 gene in the MCF-7 breast cancer cell line (Fig. S8a). Western
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blotting confirmed that the endogenous CCDC170 protein was depleted
(Fig. S8c). In these CCDC170 knockout cells, the expected decrease in ac-
a-tubulin levels was detected by IF and Western blotting, as compared
to the parental cells (Figs. S8b and S8c). Thus, the experiments in Figs. 2,
4, and Fig. S8 using both overexpression and knockout of CCDC170,
provide reciprocal evidence that CCDC170 promotes MT bundling
and concomitantly increases ac-a-tubulin levels. We next assessed a
role for the major tubulin acetyltransferase in mammals, ATAT1, in
CCDC170-mediated MT acetylation. DsiRNA knockdown of ATAT1 sig-
nificantly decreased both baseline and CCDC170-induced ac-a-tubulin
in Hela cells (Fig. 4d). This result suggests that CCDC170-induced ot-
tubulin acetylation is mediated by ATAT1 activities.

To confirm and extend the concept that CCDC170 stabilizes MTs, we
implemented a standard approach using ac-a-tubulin as a marker to
determine whether GFP-CCDC170 overexpression could promote stabi-
lization of MTs after challenge with the MT-depolymerization drug,
nocodazole (De Brabander et al., 1976). Non-transfected HeLa cells
(GFP-negative) in the same culture served as negative controls. As
expected, in non-transfected cells, MTs were depolymerized by 4 h of
nocodazole treatment and were able to re-polymerize by 30 min after
wash-out (Fig. 5a and b). However, in transfected cells, a subset of
perinuclear MTs that colocalize with GFP-CCDC170 were found to be re-
sistant to 4 h of nocodazole treatment (Fig. 5a and b). As expected, this
perinuclear subset of nocodazole-resistant MTs were highly acetylated
(Fig. 5¢ and d). Co-staining showed that both ac-o-tubulin and o-
tubulin display punctations in regions corresponding to GFP-CCDC170
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(Fig. S9). From these experiments we conclude that CCDC170 stabilizes
MTs and promotes resistance of MTs to depolymerization by
nocodazole.

3.6. CCDC170 Mediates Golgi-Associated Polarized Cell Migration

Golgi-associated MTs have been found to be essential for regulating
directional cellular migration (Sato et al., 2014; Rios, 2014). We tested
the hypothesis that CCDC170 plays a role in polarized cell migration
by affecting the Golgi-associated MT network. As shown in Fig. 6a and
b, live cell imaging analysis demonstrated that induced GFP-CCDC170-
positive MCF-7 Tet-On cells migrated less than half of the total distance
of induced control cells expressing non-fused GFP (P = 0.0003). Direc-
tional migration of each cell was also quantified as the direct distance
from start to end point (Fig. 6¢). Again, GFP-CCDC170-positive cells
showed a shorter directional migration distance than those in the cells
transfected with non-fused GFP (P = 0.04). We next examined cell mi-
gration using a standard wound healing assay. As shown in Fig. 6d and e,
CCDC170-knockout MCF-7 cells needed significantly less time for
wound closure than parental cells. Two independent CRISPR/Cas9
CCDC170~/~ or cell clones were tested and the results were similar
(Fig. 6d and e). We further compared CRISPR/Cas9 knockout
CCDC170~/~ and parental +/+ cells to +/— monoallelic knockout
cells and detected statistically significant differences in directional
migration in each case (Fig. S10). In contrast to the effects of the
CCDC170 knockout, CCDC170-overexpressing U20S cells required
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Fig. 5. CCDC170 enhances MT stabilization. a and b. HeLa cells were transfected with GFP-CCDC170, and after 20 h were treated with nocodazole for 4 h to depolymerize MTs and observe
potential CCDC170-induced resistance to nocodazole-induced MT depolymerization. Cells were then fixed and stained with anti-GFP and anti-o-tubulin (purple) antibodies 0 min after
Nocodazole treatment (Noco WO 0 min) or 30 min after nocodazole washout to observe MT re-polymerization (Noco WO 30 min). As shown in panel d, after 4 h of nocodazole treatment,
cells expressing GFP-CCDC170 (GFP-positive) showed nocodazole-resistant perinuclear MTs, as compared to neighboring nontransfected cells (GFP-negative). The GFP-CCDC170-induced
nocodazole-resistance of MTs was quantitated by Corrected Total Cell Fluorescence (CTCF) counts (Panel b). Data represents absolute CTCF signal in GFP-positive versus GFP-negative
cells (n = 100; *P < 0.01, **P < 0.001). Such quantitation was able to detect a significant difference in the a-tubulin signal between transfected (GFP-positive) and non-transfected
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and e except that anti-ac-a-tubulin was used. In this case, a more robust difference in the anti-ac-a-tubulin signal in GFP-positive and GFP-negative cells was seen at both time points.
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longer time for wound closure than parental U20S cells (P < 0.01) (Fig.
S11). Taken together, these results suggested that CCDC170 overexpres-
sion suppresses cell migration while depletion increases migration.

The Golgi is usually positioned at the side of the nucleus correspond-
ing to the leading edge of migrating cells (Yadav and Linstedt, 2011),
and Golgi-derived MTs are required for polarized migration (Miller et
al., 2009). We therefore evaluated the effect of CCDC170 overexpression
on Golgi-associated directional migration through measurement of the
angles between the direction of cell migration and the nuclear-Golgi
axis (Fig. 6f) (Yadav et al., 2009). An angle >90° indicates that Golgi po-
sitioning does not correlate with the direction of cell migration. As
shown in Fig. 6g, U20S cells expressing high levels of GFP-CCDC170
displayed larger angles than those with low level of GFP-CCDC170 or
cells expressing non-fused GFP (P < 0.01). The findings of Hurtado et
al. indicate that the positioning of the Golgi at the centrosome is the
major determinant of cell polarity and directional migration (Hurtado
et al,, 2011). Furthermore, mislocalization of the Golgi was found to re-
sult in failure of the centrosome to re-orientate, suggesting that the
Golgi contributes to centrosome organization. We therefore expected
that centrosome polarization might be defective in CCDC170-overex-
pressing cells due to the spreading of the Golgi, and this is indeed
what we observed (Fig. S12). These findings support the interpretation
that GFP-CCDC170-induced Golgi-spreading de-polarizes Golgi posi-
tioning and thereby disrupts directional cell migration.

3.7. Candidate Functional Interaction Partners of CCDC170

To gain further insights into the mechanisms by which CCDC170
contributes to the Golgi-MT network, and how its dysfunction may con-
tribute to breast cancer, we identified candidate binding partners of
CCDC170 using the BiolD method (Fig. S13) (Roux et al., 2013; Kim et
al., 2014). Of the final 32 candidates (Table S3), 18 are known to localize
to the Golgi (e.g. AKAP9), MTs (e.g. MAP4) or the centrosome (e.g.
PCMT1). AKAP9 and MAP4 were of particular interest as AKAP9 was pre-
viously found to serve as a Golgi anchor (Tonucci et al., 2015; Sanders
and Kaverina, 2015), in particular for CCDC165/MTCL1 (Sato et al.,
2014), while MAP4 functions to stabilize MTs (Zahnleiter et al., 2015;
Andersen, 2000). As shown in Fig. S14, native AKAP9 colocalized with
GFP-CCDC170 in the expanded Golgi structure driven by CCDC170 over-
expression. However, knockdown of AKAP9 had no detectable effects on
native CCDC170 localization in U20S cells, ectopic GFP-CCDC170 locali-
zation in Hela cells, or GFP-CCDC170-induced a-tubulin acetylation
(data not shown). Notably, in HeLa cells overexpressing GFP-
CCDC170, MAP4 is often enriched and co-localized with CCDC170 in
the perinuclear regions (Fig. 7a). Quantitative image analysis showed
that MAP4 localization to GFP-CCDC170-enriched perinuclear areas
was increased about 70% as compared to CCDC170-negative areas
(Fig. 7b) (P < 0.01). Furthermore, knockdown of MAP4 decreased the
levels of ac-a-tubulin in GFP-CCDC170-expressing HeLa cells (Fig. 7¢).
The CCDC170-driven increase in tubulin acetylation is likely the result
of MT stabilization by CCDC170. A role for CCDC170 recruitment of
MAP4 as part of this process remains to be investigated.

4. Discussion

The lifetime risk of breast cancer is greatly increased by the presence
of breast cancer-driver or -modifier gene mutations that are carried in
the germline. These mutations, in these breast cancer susceptibility
genes, are also expected to contribute to the initiation and progression
of sporadic breast cancer, which accounts for the majority of breast can-
cer cases. The availability of large DNA sequence data sets from normal
and breast cancer tissues has allowed a more detailed and comprehen-
sive assessment of these fundamental principles. Such analysis also
poses a problem in that critical somatic driver mutations are difficult
to identify among numerous passenger mutations, other than by
recurrence (Martincorena and Campbell, 2015). GWAS studies had im-
plicated the CCDC170-ESR1 locus in breast cancer risk, and identified
germline SNPs located primarily between the two genes (Zheng et al.,
2009; Turnbull et al., 2010). There was also evidence for a role of the
CCDC170-ESR1 locus in sporadic breast cancer, driven by recurrent
DNA rearrangements that are predicted to result in N-terminal trunca-
tions of the CCDC170 protein (Veeraraghavan et al., 2014). Taken to-
gether, these findings suggested that this locus may be involved in
inherited risk for breast cancer, as well as in sporadic breast cancer,
and that the CCDC170 gene plays a role. If so, multiple mechanisms
impacting CCDC170 function may contribute: increased or decreased
CCDC170 mRNA expression through the effects of noncoding SNPs, ab-
normal protein function through nonsynonymous coding SNPs, and so-
matic loss- or gain-of-function through gene rearrangements, missense,
or nonsense mutations. Based on the unbiased detection of the CCDC170
locus in both GWAS and somatic gene rearrangement surveys, there
was a strong indication that defects in CCDC170 gene could drive of
breast cancer.

Here, we first analyzed the ESR1-CCDC170 locus-associated germline
SNPs that had been detected in numerous GWAS analyses as being in-
volved in breast cancer risk. In general, GWAS SNPs map mainly to non-
coding regions, and their mechanisms of action cannot always be linked
to a specific gene (Tycko, 2010). Although the ESR1 gene attracted the
most attention, few studies had identified any strong causal SNPs
impacting ESR1 function, and several were found to have stronger
risk-association in ER(—) versus ER(+) cases (Fejerman et al., 2014;
Han et al.,, 2011; Mulligan et al., 2011). Our DASE analysis detected al-
lele-specific differences in CCDC170 mRNA levels in adjacent normal tis-
sues from breast cancer patients, and suggested that GWAS breast
cancer-associated SNPs could impact CCDC170 versus ESRT mRNA ex-
pression at the ESR1-CCDC170 locus (Fig. 1). These findings suggested
that germline SNPs might promote imbalanced mRNA expression levels
of CCDC170 and thereby contribute to breast cancer susceptibility.

Despite the vast genetic data pointing to a role for the CCDC170 gene
in breast cancer, nothing was known about the protein encoded by this
gene. Here we report that the CCDC170 protein associates with the
Golgi apparatus. The Golgi is an organelle previously linked to cancer
through effects on Golgi enzymes that control glycosylation of the Golgi
cargo, e.g., secretory and membrane proteins (Petrosyan, 2015). Here
we show that CCDC170 is an intrinsic, Golgi-associated structural

Fig. 6. CCDC170 protein levels affect the rate of 2D cell migration. a. Live cell imaging was carried out to monitor migratory activity of MCF-7 cells expressing either GFP-CCDC170 or non-
fused GFP as a negative control. Cell migration tracks (blue) were quantified with Image] software by tracing the center of the cells. b. Average migration distance between GFP vs. GFP-
CCDC170 overexpressing cells were compared (t-test, P < 0.01, **P < 0.001). c. Directional migration of each cell was quantified as the direct distance from start to end point and the
average distances were compared (t-test). The cells that directionally moved >10 pixels (1.82 um) were defined as “fast”, less than that were defined as “slow”. The percentage of fast
and slow cells was compared between each group. d. The relative wound closure of parental, and CRISPR/Cas9 MCF-7-CCDC170 /" cells was quantified from 6 different fields for 72 h.
Images from experiments utilizing two different cells clones are shown. The images were representative of wound healing of each group, and white dotted lines labeled the wound
edges. e. The wound healing process was evaluated at 0, 24, 48 and 72 h and the relative wound areas (vs. 0 h) are shown as mean + SD (n = 3, *P < 0.01, **P < 0.001). f. The effects
of CCDC170 on the positioning of the Golgi with respect to the migratory leading edge of the nucleus were examined using U20S cells stably overexpressing GFP-CCDC170. Directional
migration of U20S cells was initiated by wounding the monolayer and directional migration is defined as facing the wound. After cells began migrating into the wound, the cells were
fixed and stained with anti-tubulin (purple), anti-RCAS1 (red, Golgi), and DAPI (nucleus). The yellow arrows point toward the wound (directional cell migration), while the white
arrows describe the center of the nuclear-Golgi axis. In parental migrating U20S cells, the directional cell migration and nuclear-Golgi axis largely overlapped, and an angle of 0 to 90°
between the two was defined as the normal range. An angle of >90° was defined as an uncoupling of Golgi positioning at the leading edge of nucleus. One example of uncoupling is
shown. The angles were measured using Image] software. g. Quantitative results showing the distribution (%) of cells with different angle relative to direction of migration (*P < 0.01).
Parental cells were compared to GFP-overexpressing cells (left). High and low GFP-CCDC170-expressing cells were also compared (right).
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component, rather than an enzyme or cargo. The first clue in determining
the function of CDCC170 came from the analysis of cells overexpressing
GFP-tagged CCDC170. The Golgi is typically found in a focal area at one
side of the nucleus in association with the centrosome, with some
spreading around the nuclear periphery. We observed that when
overexpressed, GFP-CCDC170 localized around the nuclear periphery
(Fig. 2). We found that an endogenous Golgi marker became similarly

distributed along with GFP-CCDC170 in CCDC170-overexpressing cells
(Fig. 3). We conclude that overexpression of CCDC170 promotes forma-
tion or reorganization of Golgi structures around the nucleus, and that
CCDC170 is thereby a critical Golgi organizing protein. Indeed,
CCDC170 is predicted to be structurally similar to many other Golgi pro-
teins that are characterized by long coiled-coil domains (golgins)
(Munro, 2011). Regarding the effect of CCDC170 overexpression on
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Golgi organization, we cannot distinguish between stretching of the
Golgi ribbon, with the stacks still joined by lateral tubular connections,
versus de novo formation of independent Golgi structures.

We also found that CCDC170 can associate with, stabilize, and bun-
dle, perinuclear MTs (Figs. 2 and 4), possibly creating a perinuclear
“track” for Golgi organization (Fig. 3 and Fig. S7). We also showed
both by imaging and Western blotting that overexpression of
CCDC170 leads to increases in the level of ac-a-tubulin, a marker for sta-
ble MTs. Expression of CCDC170 stabilized MTs even in the presence of
the MT depolymerizing agent nocodazole (Figs. 4 and 5). In addition, we
observed MT-bundling/stabilization after expression of CCDC170 frag-
ments 1-649 and 1-591, as well as the clinically relevant 355-715 frag-
ment (Fig. 2 and Fig. S6). Lastly, we identified the MAP4 MT-stabilizing
protein (Holmfeldt et al., 2009) as a potential functional binding partner
of CCDC170 (Fig. 7). Although our results clearly show that CCDC170
can stabilize MTs, the experimental approaches described here do not
distinguish between roles in dynamic growth of MTs versus stabiliza-
tion of existing MTs.

As we found that CCDC170 can associate with both the Golgi and
MTs, we propose that its normal function is to link the Golgi to, and sta-
bilize, perinuclear MTs. As such, the function of CCDC170 seems to be
similar to another CCDC protein that associates with Golgi, CCDC165/
MTCL1 (Sato et al., 2014). Overexpression analysis of CCDC170 was in-
formative in terms of its function, as it revealed a role for CCDC170 in or-
ganizing the Golgi and MTs. Also, these results suggest that changes in
the level, or other perturbations, of CCDC170 could affect Golgi organi-
zation. Our findings suggest that the regulation of the Golgi-MT network
by CCDC proteins might be impacted in disease. Regarding a breast can-
cer mechanism, the Golgi is now understood to control cell polarity and
directional migration through Golgi-derived MTs that extend through-
out the cytoplasm (discussed below).

As CCDC170 functions as a structural and organizational protein, we
assessed how breast cancer-associated CCDC170 truncations might im-
pact Golgi and MT associations, and we also performed functional map-
ping of CCDC170 Golgi and MT binding domains (Fig. 2 and Fig. S6). We
found that clinically relevant truncations of CCDC170 (1-48, 1-405,
355-715, 593-715) lost Golgi localization. Combined with our mapping
analyses, it was evident that the extreme C-terminal region of CCDC170
was necessary, but not sufficient, for Golgi localization. For example the
1-649 and 1-591 truncations resulted in loss of Golgi localization, with
retention of MT association. However, the 593-715 fragment was not
sufficient for Golgi association and showed whole cell localization, as
did the 1-405 fragment. These findings indicate that positioning of
CCDC170 at the Golgi requires multiple protein anchors, while MT-asso-
ciation was more modular and mapped between positions 405 and 591.

Taken together, our findings implicate a clear model for how
CCDC170 alterations might play a role in the breast cancer cell pheno-
type. As CCDC170 contributes to Golgi organization through MT-bind-
ing and stabilization, we hypothesized that breast cancer-associated
changes in CCDC170 could affect Golgi organization. Disorganization
of the Golgi could, in turn, affect the positioning of Golgi-derived MTs
that control cell polarity and migration, as follows. The Golgi has recent-
ly been identified as a MT-organizing center (MTOC) and mediates the
nucleation of a subset of non-centrosomal MTs (Zhu and Kaverina,
2013). Unlike dynamic centrosomal MTs, Golgi-derived microtubules
are stable and acetylated (Skoufias et al., 1990; Thyberg and
Moskalewski, 1993). As mentioned, these stable microtubules function
in the positioning of the Golgi, but more importantly, Golgi-derived
MTs have been found to extend into the cytoplasm and be essential
for maintaining cell polarity. Furthermore, in migrating cells, the Golgi
is normally positioned at the side of the nucleus facing the leading
edge, and motile cells lacking Golgi-derived MTs are defective for polar-
ized migration (Miller et al., 2009; Rios, 2014). Overall, very little is
known about how dysfunction of Golgi-derived MTs can lead to cellular
defects or disease. We tested whether CCDC170 levels could affect po-
larized cell migration and found that overexpression could slow

directional migration, while knockout increased wound healing (Fig.
6). Furthermore, in cells overexpressing CCDC170, there was an
uncoupling between Golgi positioning and directional migration (Fig.
6f). Thus, regarding the mechanisms by which CCDC170 may contribute
to breast cancer, we hypothesize, and provide evidence that, CCDC170
regulates cell polarity and motility and that CCDC170 MT-stabilizing ac-
tivity may be critical for these processes (Fig. 7d). In addition to a role of
CCDC170 in Golgi organization (with coordinated impact on Golgi-
associated MT organization), it is possible that CDCC170 perturbations
may affect cell mobility or invasion by influencing the exocytic pathway
(Eaton and Martin-Belmonte, 2014). We are currently investigating this
possibility.

The clear genetic link between breast cancer and the CCDC170 gene,
and the earlier identification of another CCDC protein (MTCL1/
CCDC165) that mediates the formation of a stable Golgi-derived micro-
tubule network (Sato et al., 2014), provided a solid foundation for fur-
ther exploration of the role of CCDC170 in breast cancer. We provide
some insight into one possible mechanism, whereby the clinically rele-
vant, and potential driver CCDC170 355-715 truncation
(Veeraraghavan et al.,, 2014) localizes to MT rather than the Golgi. We
found that when co-expressed, the WT CCDC170 protein relocalizes to
MTs with the 355-715 truncation. Thus, the 355-715 fragment may
either dysregulate MT function or disable WT CCDC170. Clearly, disease-
associated overexpression or underexpression of the WT CCDC170 pro-
tein could also impact cell polarity or migration. Taken together, the
work presented here along with previous publications suggest that
CCDC170 could function as either an oncogene or a tumor suppressor
gene, or both. An exciting possibility is that perturbations of CCDC170
may underlie germline breast cancer predisposition, as well as drive
somatic, sporadic breast cancer.

In summary, a variety of GWAS studies, as well as our own DASE
analyses, have implicated the CCDC170 gene in breast cancer risk. Our
identification a function for the CCDC170 protein in Golgi-associated
MT dynamics suggests a potential cancer mechanism related to a
dysfunction in polarized cell migration. Our findings thereby support
the idea that CCDC170 plays an essential role in Golgi-MT network
and explain how perturbations in CCDC170 could trigger altered cell
polarity and thereby drive breast cancer initiation and progression.
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