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ABSTRACT

The most widely used cell line for studying ductal carcinoma in situ (DCIS) premalignancy is the
transformed breast epithelial cell line, MCF10DCIS.com. During its original clonal isolation and
selection, MCF10DCIS.com acquired a heterozygous M452| mutation in the proprotein convertase
PCSKS5, which has never been reported in any human cancer. The mutation is noteworthy because
PCSK5 matures GDF11, a TGFB-superfamily ligand that suppresses progression of triple-negative
breast cancer. We asked here whether PCSK5M%%2 and its activity toward GDF11 might contribute to
the unique properties of MCF10DCIS.com. Using an optimized in-cell GDF11 maturation assay, we
5M452I

found that overexpressed PCSK

In a PCSK5™ clone of MCF10DCIS.com reconstituted with different PCSKS5 alleles, PCSK5Y4%?' was
5M452|

was measurably active but at a fraction of the wildtype enzyme.

mildly defective in anterograde transport. However, the multicellular organization of PCSK
addback cells in 3D matrigel cultures was significantly less compact than wildtype and indistinguishable
from a PCSK5"2® null allele. Growth of intraductal MCF10DCIS.com xenografts was similarly impaired
along with the frequency of comedo necrosis and stromal activation. In no setting did PCSK5"4%%

exhibit gain-of-function activity, leading us to conclude that it is hypomorphic and thus compensated by

the remaining wildtype allele in MCF10DCIS.com.

Implications: This work reassures that an exotic PCSK5 mutation is not responsible for the salient
characteristics of the MCF10DCIS.com cell line.
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INTRODUCTION

Ductal carcinoma in situ (DCIS) is a prevalent yet enigmatic premalignancy of the breast with a
~30% chance of progressing to invasive cancer (1). DCIS latency is thought to be long and variable in
women, and its molecular subtypes differ from those of breast carcinoma (2,3). The biology of DCIS is
notoriously difficult to access experimentally. There are long-standing genetically-engineered mouse
models of breast cancer that have well defined DCIS intermediates. However, they are driven by viral
transgenes [polyomavirus middle T antigen (4), SV40 large T antigen (5)] and progress rapidly without
the indolence characteristic of human DCIS (6). This prompted early efforts to derive human cell lines
that capture facets of DCIS in vitro and in vivo.

Nearly 25 years ago, Miller et al. described MCF10DCIS.com as a derivative of MCF10A cells (7)
that was transformed with oncogenic HRAS®'?" (8), subcloned, and propagated subcutaneously in
nude mice (9). MCF10DCIS.com is singular among HER2-negative cell lines in initiating durable
xenografts with comedo necrosis that are histologically DCIS-like (10). It is a pillar of the MCF10 series
of cell lines (11) and has served as a reference for DCIS research decades before the exciting recent
advances with intraductal xenotransplantation of patient-derived samples (12). MCF10DCIS.com cells
underlay impactful studies of malignancy (10), metastasis (13), metabolism (14,15), and
mechanotransduction (16). The line remains useful for spanning complexity scales—MCF10DCIS.com
expands readily in 2D tissue culture and 3D matrigel culture, as well as in the subcutaneous tissue,
mammary duct, and mammary fat pad of immunocompromised mice (17-21). Although there are valid
concerns about the initiating oncogene (22), MCF10DCIS.com cells are generally viewed as a best-
available proxy for human hormone receptor-negative DCIS.

MCF10DCIS.com cells harbor ectopic HRAS®'? (8), an acquired PIK3CAM%'R driver mutation (15),
as well as additional somatic changes of unknown significance (23). Among the most unusual is a
M452| point substitution in the proprotein convertase, PCSK5 (24). Mutant PCSK5 is detectable in
transformed MCF10 predecessors and increases to 50% allele frequency in MCF10DCIS.com before
receding in MCF10 invasive carcinoma lines; no other mutation exhibits this pattern (23). The most-
recognized convertase substrate for PCSK5 is GDF11 (25,26), a secreted TGF superfamily ligand that
modulates cancer progression (27). In breast cancer, we previously showed that GDF11 promotes
epithelial organization, restrains invasion, and loses activity when its inactive precursor is not matured
due to PCSKS5 silencing or mutation (28). Multiple breast cancer-derived PCSK5 mutants were
validated as loss-of-function in our earlier study. However, M452]| is not documented in breast cancer
nor in any cancer to date (29), and a loss-of-function allele would be counterintuitive given the anti-
invasive characteristics of MCF10DCIS.com. More plausible was that PCSK5"#%? conferred a non-
canonical gain-of-function phenotype and matured endogenous proGDF11 more efficiently than

wildtype, as recently demonstrated for a V4741 polymorphism in a related proprotein convertase (30). If
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true, it would provide a satisfying explanation for the select characteristics of MCF10DCIS.com and call
into question prior conclusions that might have stemmed from a one-off mutation never before
documented in human disease.

Here, we performed a detailed investigation of the PCSK5"*?' mutant derived from
MCF10DCIS.com. Using an orthogonal mammalian-expression system, we designed a proGDF11
convertase assay, which suggested that PCSK5"4°?' was detectably less active than wildtype PCSKS5,
with additive effects when the two were coexpressed. MCF10DCIS.com-specific properties were
examined by knocking out PCSK5 and inducibly reconstituting with PCSK5, PCSK5M452' or a known
loss-of-function allele [PCSK5™%P (28)]. In these cells, we quantified subcellular protein localization in
2D monolayers, multicellular organization in 3D cultures, and in vivo histopathology of intraductal
inocula. The PCSK5™28 addback cells verified PCSK5 loss-of-function and phenocopied prior results
involving GDF11 knockdown (28), but in no context was there a hypermorphic or neomorphic difference
between wildtype PCSK5 and PCSK5M4%?' addback. Our reassuring conclusion is that PCSK5M*? js a
hypomorphic allele, which is heterozygous recessive and thus unlikely to drive phenotypes in
MCF10DCIS.com.
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MATERIALS AND METHODS

Cell lines

MCF10DCIS.com cells were obtained directly from the Karmanos Cancer Institute through a
Material Transfer Agreement, and cell identity was confirmed by STR profiling. MCF10DCIS.com cells
were maintained in DMEM/F-12 medium (Gibco, 11320) plus 5% horse serum (Gibco, 16050) and 3D
cultured in MCF10A assay medium (31). MCF10A-5E cells were isolated and maintained as previously
described (32). HEK 293T/17 cells (ATCC, CRL-11268) were cultured in DMEM (Gibco, 11965) plus
10% fetal bovine serum (HyClone, SH303396.03). All base media were supplemented with 1%

penicillin—streptomycin (Gibco, 15140), and all cell lines were cultured at 37°C.

Plasmids

GDF11 secretion assay—pLX302 GDF11-V5 puro (Addgene, 83097), pLX304 (wildtype) PCSK5-
V5 blast (Addgene, 83100), and pLX304 PCSK5 (T288P)-V5 blast (Addgene, 83101) were described
previously (28). pPDONR223 PCSK5 (M452]) (Addgene, 232445) was prepared by QuikChange Il XL
site-directed mutagenesis (Agilent, 200521) of pPDONR223 (wildtype) PCSK5 from the human
ORFeome v5.1 and recombined into pLX304 (Addgene, 25890) with LR clonase Il (Invitrogen,
11791020) to yield pLX304 PCSK5 (M452I)-V5 blast (Addgene, 232446). pcDNA3 was used as a
carrier plasmid for lipofections, and pLX302 EGFP-V5 puro (Addgene, 141348) or pLX304 EGFP-V5
blast (Addgene, 232447) was used when diluting GDF11 or PCSK5 plasmid dosage and for negative
controls. pcDNA3.1 HRAS (G12V) was kindly provided by David Kashatus.

Knockout and addback of PCSK5 alleles—For PCSK5 knockout, an sgRNA sequence (sg09,
CTACACGGGAAAGAACATTG) was cloned into EDCPV (Addgene, 90085) by conventional restriction
digest, oligo annealing, and ligation to yield EDCPV PCSK5_sg09 (Addgene, 232455). For PCSK5
addback, an inducible donor plasmid for PCSK5 was first constructed by PCR cloning of wildtype
PCSKS with a C-terminal V5 epitope tag into the Spel-Mfel sites of pEN_TTmiRc2 (Addgene, 25752)
to yield pEN_TT PCSK5-V5 (Addgene, 232448). Next, an sgRNA-resistant (sgRR) allele of PCSK5 was
prepared by introducing 3 silent mutations into pEN_TT PCSK5-V5 by QuikChange Il XL site-directed
mutagenesis (Agilent, 200521) to yield pEN_TT PCSK5(sgRR)-V5 (Addgene, 232449). The sgRR
plasmid was further mutagenized to yield pEN_TT PCSK5(sgRR,M452I)-V5 (Addgene, 232450) and
pEN_TT PCSK5(sgRR,T288P)-V5 (Addgene, 232451). Last, the three sgRR donor plasmids were
recombined into pSLIK hygro (Addgene, 25737) with LR clonase Il (Invitrogen, 11791020) to yield
pSLIK PCSK5(sgRR)-V5 hygro (Addgene, 232452), pSLIK PCSK5(sgRR,M4521)-V5 hygro (Addgene,
232453), and pSLIK PCSK5(sgRR,T288P)-V5 hygro (Addgene, 232454).
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Bioluminescence imaging—We removed the V5 epitope tag of pLenti PGK Blast V5-LUC (w528-1)
(Addgene, 19166) by BamHI digestion and self-ligation to yield pLenti PGK Blast LUC (w528-1)
(Addgene, deposition pending).

Computational assessment of PCSK5 mutations

Computational predictions for the mutations R486H (rs138257548, chr9:76159009G>A), A565T
(rs145509473, chr9:76169777G>A), M452] (chr9:76157088G>T), and T288P (COSV65097476,
chr9:76071866A>C) were made in November 2024 with PCSK5A (transcript ID
NM_006200.6/ENST00000376752.9, protein ID NP_006191.2/ENSP00000365943.4). For
AlphaMissense (33,34), PCSK5A was not available, and so PCSK5B (transcript ID
ENST00000545128.5) was used instead. Predictions using AlphaMissense (33,34), Cscape (35),
MutationTaster2021 (36), and PANTHER-PSEP (37) were taken directly from the corresponding
website with no change in default parameters. Predictions using FATHMM v2.3 (38), LRT (39), Meta-
RNN (40), MutationAssessor r3 (RRID: SCR_024502), SIFT (41), and SIFT 4G 2.4 (42) were
aggregated by dbNSFP v4.7 (43). Predictions from computational tools were categorized as neutral
(N), likely neutral (LN), unknown (U), likely damaging (LD), or damaging (D) as described in
Supplementary Table S1.

PCSK5 genotyping

Genomic DNA was isolated from standard cultures of MCF10DCIS.com and MCF10A-5E cells with
the DNeasy Blood & Tissue Kit (Qiagen, 69504). The PCSK5 locus was PCR amplified and sequenced
with the following primers: GTGGGGCCCTGGAGAAAAA (forward), AAGAGCCCAGGGGTAAGCAT
(reverse), ATCCCATAGGGTGGTGTCTG (sequencing). Total RNA was isolated from
MCF10DCIS.com cells with the RNeasy Mini Kit (Qiagen, 74134) after culturing cells for 6 days in
assay medium (31) plus 2% growth factor-reduced matrigel (Corning, 356253) and 5 ng/ml EGF
(Peprotech, AF-100-15). Total RNA was similarly isolated from MCF10A-5E cells cultured in growth
medium. 250 ng RNA was reverse transcribed with oligo(dT).24 and Superscript Il (Invitrogen,
18080085), and the transcribed PCSK5 locus was PCR amplified and sequenced with the following
primers: CCCTGCCAGTCTGACATGAA (forward), TTTGTCGGTCTGTGCTCTCC (reverse),
GTACCTGGAAGAGTGTTCATCC (sequencing).

PCSKS5 antibody
The custom PCSKS5 antibody was raised in rabbit to target the peptide sequence Ac-
SPTNEFPKVERFRYSRC-amide (PCSK5-A amino acids 604-619) and affinity purified to a stock

concentration of 1.82 mg/ml (Covance).
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Quantitative immunoblotting

Cells were lysed in RIPA buffer supplemented with proteinase inhibitor cocktail, except for whole-
cell PCSK5-V5 quantification, where cells were trypsinized, counted, and lysed in Laemmli sample
buffer. Quantitative immunoblotting was performed as described (44) with primary antibodies
recognizing the following targets: CDH1 (BD Biosciences, 610182; 1:1000 dilution), ERK1/2 (EMD
Millipore, ABS44; 1:2000 dilution), HRAS (Santa Cruz, sc-520; 1:1000 dilution), p38 (Santa Cruz, sc-
535; 1:5000 dilution), PCSK5 (Covance, custom; 1:1000 dilution), TP63 (Biocare, 163A;, 1:500
dilution), tubulin (chicken polyclonal—Abcam, ab89984; 1:20,000 dilution or rabbit polyclonal—Cell
Signaling, 2148; 1:2000 dilution), V5 (mouse monoclonal—Invitrogen, 46-0705; 1:5000 dilution or
chicken polyclonal—Bethyl Laboratories, A190-118A; 1:5000 dilution), VIM (Abcam, ab16700; 1:300
dilution), and vinculin (Millipore, 05-386; 1:10,000 dilution). Primary antibodies were probed with IRDye
680RD- or 800CW-conjugated secondary antibodies (LI-COR; 1:20,000 dilution) and visualized on a LI-
COR Odyssey infrared imaging system. For endogenous PCSK5 detection, a tertiary detection scheme
was used involving unconjugated AffiniPure goat anti-rabbit IgG (Jackson ImmunoResearch,111-005-
144; 1:1000 dilution) followed by IRDye 800CW-conjugated donkey anti-goat IgG (LI-COR, 926-32214;
1:20,000 dilution). For whole-cell PCSK5-V5 quantification, calibration was performed with serial

dilutions of V5-containing recombinant Multitag protein (GenScript, M0101).

ProGDF11 convertase assay

HEK 293T/17 cells (ATCC, CRL-11268) were seeded in 24-well plates at a density of 100,000 cells
per cm? one day before lipofection with Lipofectamine 3000 (Invitrogen, L3000015) and 500 total ng of
pLX304 PCSK5-V5 blast (0—40 ng, with 3 ng optimal), pLX302 GDF11-V5 puro (100 ng), and pcDNA3
carrier plasmid (400-360 ng). Existing medium was removed before gentle addition of lipocomplexes in
100 ul DMEM (Gibco, 11965) combined with 250 ul growth medium per well. Edge wells were left
unplated and filled with PBS to minimize evaporation effects of lipofected cells. After 24 hours,
conditioned medium was collected, and the concentration of secreted GDF11 was quantified with a
GDF11 ELISA (R&D Systems, DY1958). If needed, samples were pre-diluted in Reagent Diluent (R&D
Systems, DY008B) to remain within the standard range of the assay (31-2000 pg/mL). The calibration
curve was modeled by four parameter logistic regression and used to calculate concentration of mature
GDF11 in unknown samples. When PCSK5 or GDF11 were reduced or omitted as controls, the
corresponding EGFP plasmid was substituted. For HRAS®'2Y
with a PCSKS5 allele, GDF11, and 2 ng pcDNA3 HRAS®'?Y, All secreted GDF11 concentrations were

normalized to the GDF11/EGFP control condition from the same experiment.

experiments, cells were co-transfected
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Immunoprecipitation

GDF11-V5 was immunoprecipitated from 250 ul conditioned medium of transfected HEK 293T/17
cells with 1 ug mouse anti-V5 (Invitrogen, 46-0705) overnight at 4°C followed by 10 pl Protein A/G Plus
Ultralink Resin beads (Thermo Fisher, 53135) for one hour at 4°C, followed by two washes with ice-cold
PBS. Beads were boiled in 2x Laemmli sample buffer and immunoblotted with chicken anti-V5 (Bethyl
Laboratories, A190-118A; 1:5000 dilution).

Lentiviral transduction and cell selection

MCF10DCIS.com cells were seeded in 6-well plates at a density of 50,000 cells per well one day
before three serial daily transductions with 500 pl of EDCPV PCSK5_sg09 lentivirus freshly prepared
by calcium phosphate transfection of HEK 293T/17 cells (ATCC, CRL-11268) (45). Transductants were
treated with 200 nM Shield-1 (AOBIOUS, AOB1848) in MCF10A assay medium supplemented with 5
ng/ml EGF (Peprotech, AF-100-15) and 2% growth factor-reduced matrigel (Corning, 356253) (31) for
12 days. Venus-expressing cells were clonally sorted into 96-well plates with a Sony MA900 Cell Sorter
(Sony MA900) at the University of Virginia Flow Cytometry Core and supplemented with 10 ng/mi
recombinant GDF11 (Peprotech, 120-11) during clonal expansion. Genomic DNA was harvested from
clones with the PureLink Genomic DNA Mini Kit (Thermo Fisher, K182001) and the PCSK5-sg09
target site was PCR-amplified (Millipore Sigma, 11732650001) with primers
CAGCATGCTCTTCTTCTTTCAG (forward) and GAGTGTATGCTGTGGTTAGAAGGTC (reverse).
Amplicons were cloned into TOPO plasmids (Invitrogen, 450030) and Sanger sequenced to verify
successful PCSK5 knockout. GDF11 supplementation was removed after knockout verification to
facilitate the subsequent lentiviral transduction. MCF10DCIS.com PCSK5™ cells were transduced with
100 pl of pSLIK PCSK5(sgRR)-V5 hygro, pSLIK PCSK5(sgRR,M4521)-V5 hygro, or pSLIK
PCSK5(sgRR,T288P)-V5 hygro lentivirus prepared by calcium phosphate transfection of HEK 293T/17
cells and stored at —80°C (45). Transductants were selected with 100 pg/ml hygromycin (Sigma,
HO0654) until control plates had cleared.

Immunofluorescence

PCSKS5 addback cells were seeded on coverslips in 6-well plates (275,000 cells per well) in
MCF10DCIS.com growth medium supplemented with 100 pg/ml hygromycin (Sigma, H0654) and 1
pg/ml doxycycline. After approximately 24 hours, cells were fixed in ice-cold methanol for 5 minutes at
—20°C, and then immunofluorescence was performed as previously described (45) for the following
targets: PDI (Thermo Fisher, MA3-019, 1:200 dilution), GM130 (BD Biosciences, 610823; 1:750
dilution), TGN38 (Thermo Fisher, MA3-063; 1:200 dilution), V5 (Bethyl, A190-118A; 1:1000 dilution),
and a/B-Tubulin (Cell Signaling Technology, 2148; 1:100 dilution). Primary antibodies were visualized
with Alexa Fluor 488-conjugated goat anti-mouse (Invitrogen, A11029; 1:200 dilution), Alexa Fluor 555-
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conjugated goat anti-chicken (Invitrogen, A21437; 1:200 dilution), and Alexa Fluor 647-conjugated goat
anti-rabbit (Invitrogen, A21245; 1:200 dilution). After counterstaining with DAPI, coverslips were
incubated with 10 mM CuSO4 in 50 mM NH4Ac (pH 5.0) for 10 minutes at room temperature (46) and
then washed once with PBS before mounting. Mounted coverslips were imaged as 5-13 optical
sections on a Leica STELLARIS 5 LIAchroic confocal laser-scanning microscope with a 63x 1.4 NA
plan apochromat oil-immersion objective and the following acquisition parameters: 70.7 nm pixel size at
1.28x optical zoom; 2048 x 2048 pixels? field of view; 167 ns pixel dwell time; 500 nm z step size; 1 Airy
Unit pinhole for a 520 nm emission; line accuracy = 2; 405 nm laser power = 2%; 488 nm laser power =
0.2% (PDI), 0.5% (GM130), or 2% (GM130, TGN38); 561 nm laser power = 2%; 638 nm laser power =
5%; and all detectors in photon-counting mode. Image stacks were deconvolved with Leica
LIGHTNING deconvolution software using default parameters and an immersion medium of 90%

glycerol + 10% water.

Fluorescence segmentation and image analysis

We used CellProfiler (47) version 4.2.6 to analyze the optical section in each image stack that best
captured secretory pathway staining for most cells. Each multicolor image was first thresholded above
a photon count of 10 (V5, PDI, GM130, and TGN38) or 5 (DAPI). The DAPI signal was converted to a
nuclear mask by a series of morphological operations (fill, diagonal, bridge, majority) to fill holes. The
nuclear mask was globally thresholded with a diameter range of 80—-350 pixels and then shrunk by 4
pixels. The tubulin signal was smoothed and combined with the nuclear mask to create a cell mask that
was subsequently expanded by 10 pixels to ensure complete capture of the cell periphery.
Colocalization of V5 with PDI, GM130, and TGN38 in the whole-cell mask of each cell was quantified
by the Manders colocalization coefficient relative to total V5 immunoreactivity after excluding pixels with
photon counts below the specified threshold for each marker. Colocalization coefficients were arcsine-
transformed and batch corrected by study to account for variability in the extent of PCSK5 induction
between days. The batch correction was hierarchically defined as the global mean of the arcsine-
transformed means of each V5-organelle stain for that day. Mean V5 intensity in the nuclear mask of
each cell was log-transformed and batch corrected by study. Cells with no above-threshold organelle

staining in the optical section (0.03% of all cells segmented) were excluded from the analysis.

3D matrigel culture

Eight-well chamber slides (Fisher, 354108) were coated with 40 ul growth factor-reduced matrigel
(Corning, 356253) and centrifuged at 4°C for 10 minutes at 1824 rcf. MCF10DCIS.com cells were
seeded at 5000 cells per well in 400 yl MCF10A assay medium supplemented with 5 ng/ml EGF and
2% matrigel as described (31). Where indicated, assay medium was supplemented with 250 ng/mi

recombinant mature GDF11 protein (Peprotech, 120-11) throughout the experiment, or supplemented
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with 1 pg/ml doxycycline from Day 4 onward. Medium was replaced every 4 days, and cultures were
imaged as 3x3 fields with a 4x apochromat air objective on an EVOS M7000 (Thermo Fisher,
AMF7000) using DiamondScope software (version 2.0.2094.0).

Brightfield segmentation and image analysis

Spheroids were segmented with an updated OrganoSeg (48) software kindly provided by Cameron
Wells. All studies used the following parameter settings: out of focus correction = yes, DIC correction =
no, split whole image = no, edge correction = yes, size threshold = 650, window size = 300,
contaminant intensity = zero, minimum circularity = zero, and segmentation closing structuring element
size = 2. Study-specific parameters that depended on overall illumination and focusing were: intensity
threshold = 0.5-0.9, edge correction = 0.25-0.35, image reconstruction structuring element size = 2—-3,
and use reconstructed image for edge correction = true or false. All other parameters were set to the
software default. Segments were manually excluded as contaminants if they captured obvious debris,
bubbles, 2D growth, or background illumination artifacts; or, if the segment did not accurately reflect an
out-of-focus spheroid. Other study-specific refinements included exclusion of partially segmented
spheroids, removal of out-of-focus image fields, and splitting of interconnected spheroids when present.
From retained image segments, we exported cross-sectional area and circularity for analysis. Area
measurements were batch-corrected for experimentalist by normalizing to the global Day 4 mean area
calculated after subtracting the segmentation size threshold (650 pixels?), adding an offset of 10 pixels?,
and log transforming (49). When necessary, circularities were batch-corrected for experimentalist by

normalizing to the global mean circularity after arcsine transformation.

PCSKS5 nuclear localization sequence prediction
Nuclear localization sequence predictions for PCSK5A (protein ID NP_006191) were made in
March 2025 using cNLS Mapper (50) with a cutoff score of 2.0 or greater. The entire sequence was

searched for bipartite nuclear localization sequences with a long linker.

Intraductal inoculation

For inoculation, PCSK57~ MCF10DCIS.com cells with PCSK5 addback were transduced with pLenti
PGK Blast LUC (w528-1) and selected with 10 pg/ml blasticidin until control plates had cleared.
Female, virgin SCID/beige mice (Charles River, 250) were obtained at 7 weeks of age and housed
together on a 10-hour dark cycle (8 pm—6 am) and 14-hour light cycle (6 am-8 pm) at 21.5°C and
31.5% relative humidity. Mice were given a standard rodent diet. Mice were anesthetized with
isoflurane, depilated, and the nipple tip of the fourth mammary glands were cut off with a fine scissor.
Each luciferase-expressing PCSK5 addback variant was suspended at a concentration of 20,000

cells/ml in growth medium, loaded into a 30-gauge blunt needle (Hamilton, 80508), and injected into the
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fourth and ninth mammary gland (2 ul per gland). Mouse surgical order and left-right gland assignments
for the PCSKS5 genotypes (N = 10 injections per genotype) were randomized. Mice were switched to
rodent food containing 625 mg/kg doxycycline (Harlan, TD.05125, IF060, HF030) starting one week
after surgery, which was maintained until the end of the study. All animal work was done in compliance
with ethical regulations under University of Virginia IACUC approval #3945, which permitted a maximal

tumor size of 2.0 cm that was not exceeded by this study.

Bioluminescent imaging and analysis

Mice were imaged for bioluminescence at 2, 7, 14, 21, 28, 35, 42, 49, and 54 days post-surgery
after isoflurane anesthesia and intraperitoneal administration of 150 ug D-luciferin (Promega, E1605)
per gram body weight. At 5-10 minutes post-injection of D-luciferin, bioluminescence was collected
every 2 minutes for 15-20 minutes on a Lago X (Spectral Instruments Imaging) with Aura Imaging
Software (version 4.0.7) at the University of Virginia Molecular Imaging Core. The peak emission
(photons/s) across all 2-minute images per gland was taken as the bioluminescence readout for that
time point after inoculation. Bioluminescence was compared longitudinally by normalizing each gland to
its peak emission averaged across Days 2, 7, and 14. This normalization accounts for gland-to-gland
differences in inoculum volume and viability. Multiway ANOVAs considered cage number and left-right

gland injections as fixed effects alongside PCSK5 genotype.

Mammary gland harvest and histology

Mice were euthanized at 54 days post-surgery and perfused with 4% paraformaldehyde before
gland harvesting (51) and additional fixation in 4% paraformaldehyde for 24 hours. Samples were
paraffin embedded, cut as 4-5 ym sections, and hematoxylin—eosin stained by the University of

Virginia Research Histology Core.

Histological analysis

One or two representative sections from each mammary gland were selected for analysis after
digital acquisition on an Aperio ScanScope. Sections were sub-divided into multiple ductal cross-
sections with a distinct outer stroma. Ductal cross-sections were excluded from the analysis if (major
axis) x (minor axis) < 12,000 ym?, if the section was tangential to a duct, or if the minimum Feret
diameter of the lesion was greater than 5 mm at dissection. Ductal cross-sections were scored positive
or negative for the pathologic features summarized in Supplementary Table S2. Scores were

summarized gland-wise as the fraction of ductal cross-sections positive for each feature.

Statistics

11


https://doi.org/10.1101/2025.03.03.641323
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.03.641323; this version posted March 7, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

All hypothesis tests are specified in the corresponding figure caption. Nonlinear least squares curve
fitting was performed with the nlinfit function in MATLAB (Mathworks, R2023b), with confidence

intervals estimated by the nlparci function.
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RESULTS

The PCSK5"%4? 3llele expressed by MCF10DCIS.com is plausibly altered in function

In the first report of PCSK5M4%2! (23), computational algorithms disagreed on the predicted severity
of an M452] substitution in PCSK5. We revisited these inferences with newer methods (33,36,37,43,52)
and evaluated PCSK5M4? relative to two missense single-nucleotide polymorphisms (SNPs) in the
short form of PCSK5—rs138257548 (encoding R486H) and rs145509473 (encoding A565T)—along
with a somatic T288P mutation verified as inactive (28). Whereas PCSK5 SNPs were generally
predicted to be neutral or minimally damaging, PCSK5M45?' was predicted to be damaging as frequently
as PCSK5'% (Fig. 1A), warranting further study of PCSK54%2' in MCF10DCIS.com.

We first confirmed the chr9:67157088G>T substitution in PCSK5 at roughly 50% allele frequency
(23) in genomic DNA prepared from MCF10DCIS.com, using the 5E clone (32) of MCF10A cells as a
wildtype reference (Fig. 1B). To ensure both transcripts were equally abundant in MCF10DCIS.com,
we required a context in which endogenous PCSKS5 was reliably detected. However, PCSK5 transcripts
are very low in breast carcinomas and standard breast cancer cell lines (28), and commercial reagents
for detecting PCSKS5 protein were insensitive or nonspecific. We thus raised a new polyclonal antibody
against residues 604—-619, affinity purified the antisera, and optimized immunoblotting conditions to
achieve fmol sensitivity against ectopic PCSK5 (Supplementary Fig. 1). Using the purified antibody, we
discovered that PCSKS5 is transiently induced when MCF10-series cells are cultured with 2% matrigel
for multiple days (Fig. 1C). Total RNA extracted from matrigel-treated cells confirmed that both the
wildtype and M452| transcripts were present in MCF10DCIS.com (Fig. 1D). These results supported
that PCSK5M4%2! protein was expressed when MCF10DCIS.com cells were exposed to certain
microenvironments.

An ectopic proGDF11 convertase assay suggests that PCSK5"4%2

PCSKS is the major convertase of proGDF11 (25,26). To quantify the activity of different PCSK5
alleles in cellulo, we developed a high-throughput GDF11 secretion assay by ectopically coexpressing
PCSKS5 and GDF11 in 293T cells and quantifying GDF11 release with a commercial ELISA.

Endogenous GDF11 was barely detectable in conditioned medium from control lipofections and was

is enzymatically deficient

generally low when GDF11 was overexpressed on its own (Fig. 2A, Lanes 1-5), confirming that
endogenous convertase activity is modest in these cells (53). Cotransfection with PCSK5 hyperbolically
increased the measured GDF11 ELISA signal, and we optimized wildtype PCSK5 gene dosage to
provide dynamic range for increased activity as well as decreased activity (Supplementary Fig. 2A). In
principle, the capture and detection antibodies of the ELISA might recognize unprocessed proGDF11 in
the medium, which would obscure GDF11 maturation by conflating it with proGDF11 release. Using

conditioned medium from optimized lipofections, we immunoprecipitated GDF11 by its epitope tag and
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immunoblotted to separate the pro and mature proteoforms by molecular weight. Consistent with the
ELISA results, we observed much less mature GDF11 from cells that were not cotransfected with
PCSKS5 (Supplementary Fig. 2B). Across a range of conditions, the ELISA readout correlated with
mature GDF11 abundance and anticorrelated with proGDF11 released into the medium
(Supplementary Fig. 2C and D). These results indicated that the ELISA is specific for mature GDF11;
thus, the secretion assay largely measures proGDF 11 conversion by the PCSKS5 that is cotransfected.

We applied the assay to assess enzymatic function of the different PCSKS5 alleles. Whereas
PCSK5™28 showed no convertase activity, as expected (28), we found that PCSK5™4%? gctivity was
consistently detectable but lower than wildtype PCSK5 (Fig. 2A, Lanes 5-8). Recognizing that the
MCF10DCIS.com genotype is PCSK5"4?"* 'we mixed equal proportions of wildtype and M452] alleles
in the cotransfection and repeated the assay. The resulting GDF11 conversion was an average of the
two alleles, suggesting additivity in a heterozygous context. We also considered the possibility that a
PCSK5M*%2L_specific effect might depend on the inciting HRAS®'?Y oncogene of MCF10DCIS.com (8).
When HRAS®'? was added to the 293T cotransfection and calibrated to the abundance of active
prenylated HRAS (54) in MCF10DCIS.com, there was no qualitative change in the measured activity of
PCSK5M#? relative to wildtype PCSK5 or PCSK5'%% (Fig. 2C and D). Contrary to our original
hypothesis, the isolated enzymology of PCSK5M%? suggested that it was not hypermorphic but
hypomorphic.

Unmixing PCSKS5 alleles in MCF10DCIS.com

The proGDF11 convertase assay estimated enzymatic activity for a transfected PCSK5 allele but
did not capture the cellular context of MCF10DCIS.com. We expected that the heterozygous
PCSK5"42" genotype of MCF10DCIS.com cells would blur any role for the M4521 mutation specifically
(Fig. 1B and 2B). A fear of disrupting individual alleles was that heterozygous PCSK5 knockouts would
be confounded by clone-to-clone variation given the stem-progenitor characteristics of
MCF10DCIS.com (10) and the known impact of GDF11 on stem-cell dynamics (55). We thus adopted a
knockout—addback approach that sought to minimize adaptations caused by loss of autocrine PCSK5—
GDF11 signaling (Fig. 3A). Cells were transduced with lentivirus encoding a destabilization domain-
Cas9 (DD-Cas9) fusion (56) and an sgRNA targeting just upstream of the PCSK5 catalytic triad (Fig.
3B). MCF10DCIS.com transductants were treated with Shield-1 to stabilize DD-Cas9 (57) plus 2%
matrigel to give Cas9 access to the PCSK5 locus (58) for twelve days (Fig. 3A). Cells were clonally
sorted for Venus co-expression, expanded in low-dose GDF11 to maintain basal signaling during
colony recovery, and screened for knockout by sequencing. We moved forward with a PCSK5™ clone
with morphology and growth characteristics similar to MCF10DCIS.com in 2D culture but with distinct
indels yielding premature stop codons for each allele (Fig. 3B). This clone was then transduced at

limiting multiplicity of infection with a doxycycline-regulated, sgRNA-resistant, and V5-tagged PCSK5
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allele (short proteoform; C-terminal tag) and polyclonally selected (Fig. 3A). We quantified induction
with a V5-containing recombinant standard (59) and detected ~150,000 copies of each PCSKS5 allele
after 24 hours of doxycycline (Fig. 3C). These stable, inducible, and pure PCSK5 alleles provided a

basis for all subsequent experiments involving MCF10DCIS.com.

Localization of PCSKS5 alleles along the distal secretory pathway coincides with auto-maturation
The short proteoform of PCSKS5 traffics through the ER and Golgi to secretory vesicles (24,60), and
the M452| mutation could affect steady-state localization to these organelles. We leveraged the higher
specificity of the V5 antibody (Fig. 1C and 3C; Supplementary Fig. 1) to co-localize reconstituted
PCSKS5 alleles with markers of the ER [PDI (61)], cis Golgi [GM130 (62)], and trans Golgi [TGN38 (63)].
Using diffraction-limited and adaptively deconvolved image stacks collected by laser-scanning confocal
microscopy, we calculated the extent of pixel overlap relative to the overall V5 immunoreactivity per
cell. Co-localization with the ER was indistinguishable among PCSKS5 alleles (Fig. 4A and B), but we
noted differences in Golgi localization that coincided with whole-cell convertase activity measured
earlier (Fig. 2A). Compared to wildtype, the inactive T288P mutation accumulated detectably in the cis
Golgi and dramatically in the trans Golgi (Fig. 4C—F). The hypomorphic M452| mutation, by contrast,
was localized similarly to wildtype in the cis Golgi and at an intermediate level between wildtype in
T288P in the trans Golgi. These differences were consistent with the extent of proPCSK5 auto-
maturation observed by mobility shift in these cells (Supplementary Fig. S3), which occurs after
anterograde traffic from the trans Golgi (64). Some V5 was aberrantly immunolocalized to the nucleus,
likely from protein that had escaped co-translational import to the ER lumen and undergone nuclear
import based on multiple weak localization sequences in the PCSK5 primary structure (Supplementary
Fig. S4A). However, the mean nuclear V5 staining was unchanged among PCSK5 alleles
(Supplementary Fig. S4B), arguing that M452I is hypomorphic predominantly by inhibiting

autoconversion and thus traffic beyond the trans-Golgi network (65).

PCSKS5 deficiency perturbs 3D organization of MCF10DCIS.com spheroids

MCF10-series lines exhibit more phenotypes when overlay cultured with matrigel in 3D (66-68). In
MCF10DCIS.com cells, for example, acute knockdown of GDF11 has no discernible effect in 2D
culture, but the same perturbation causes 3D spheroids to rupture (28). This result together with the
induction of PCSK5 in matrigel (Fig. 1C) motivated us to characterize the different PCSK5 addback
derivatives of MCF10DCIS.com in 3D.

We digitally segmented (48) hundreds of organoids at multiple time points but did not see gross
changes in 3D growth (49) among the PCSKS5 alleles (Fig. 5A). However, when comparing parental
MCF10DCIS.com cells to the originating PCSK5™~ clone (Fig. 3A), there was a notable change in 3D
morphology that was quantifiable as spheroid circularity (Fig. 5B and C). We revisited the three PCSK5
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addback lines in 3D and added a high-dose recombinant GDF11 condition to the T288P allele as a
positive control for the maximum circularization possible through PCSK5-GDF11 signaling (28).
PCSK5™#F cultures were the least spherical, consistent with the null activity of this allele (Fig. 2A), and
the dramatic increase in circularity with high-dose GDF11 confirmed that they remain responsive to
mature ligand (Fig. 5D and E). Wildtype PCSK5 addback cultures were significantly more circular than
PCSK5™#%F put did not reach the PCSK5™%P + GDF11 condition, reflecting the MCF10DCIS.com
response to endogenous, sub-saturating levels of mature GDF11. Despite earlier biochemical and
subcellular evidence of intermediate activity (Fig. 2A and 4E and F), we found that circularity of the
PCSK5"%%?! |ine was not distinguishably different from the null PCSK5™%P allele (Fig. 5D and E; see
Discussion). At the 3D endpoint, we assessed CDH1, TP63, and VIM as markers of epithelial,
myoepithelial, and mesenchymal differentiation and did not observe bulk differences among lines
without high-dose GDF11 (Fig. 5F and G). We attribute the induction of VIM in GDF11-stimulated
PCSK5™28 cultures to the synergy recognized between TGFB-superfamily ligands and oncogenic
HRAS (69,70). Overall, the multicellular phenotype of PCSK54*?-reconstituted MCF10DCIS.com
provides further support that PCSK5"#5?' is a hypomorph.

Wildtype PCSK5 promotes the in vivo phenotypes of MCF10DCIS.com

MCF10DCIS.com owes its name to the DCIS-like lesions with comedo necrosis formed upon
injection in the mammary fat pad (9). To investigate a possible role for PCSKS in this histopathology,
we used intraductal injection (17) to inoculate SCID-beige animals with different PCSK5 addback lines
of MCF10DCIS.com. Cells were labeled with luciferase to estimate the surviving inoculum at 2, 7, and
14 days, which together served as an internal reference for outgrowth over the subsequent six weeks
after PCSK5 expression was induced with doxycycline at Day 7 (28). We found that wildtype PCSK5
inductions yielded significantly more bioluminescence than PCSK5"4%?' and PCSK5™#F, which were
comparable to one another throughout (Supplementary Fig. S5A). Endpoint bioluminescence correlated
with estimated tumor volumes upon excision (Supplementary Fig. S5B), verifying that the longitudinal
images had captured intraductal growth. Notably, from Day 21 onward, the exponential rate of
bioluminescence increase was similar for all genotypes (Supplementary Fig. S5A). Wildtype PCSK5
was distinctive in its growth from Day 14-21, when MCF10DCIS.com xenografts start organizing as
DCIS lesions (71) and PCSKS5 is presumably increasing from doxycycline induction. The results
suggested a transient role for wildtype PCSK5 activity—and, by extension, MCF10DCIS.com-derived
GDF11—in intraductal recovery as xenografts, for which PCSK5™4%?' cannot compensate.

At the endpoint, glands were harvested and carefully assessed by hematoxylin—eosin staining for
the per-lesion frequency of various histological phenotypes. We observed no difference in the
prevalence of ducts with (micro)papillary, solid, or cribriform growth patterns among PCSKS5 alleles, and

there was no discernible effect on the frequency of luminal gaps or secretions (Supplementary Fig. S6).
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Interestingly, we identified two differences that distinguished wildtype PCSK5 or PCSK5"4%? from the
other alleles. First, comedo necrosis at different length scales was most frequent in glands inoculated
with cells harboring wildtype PCSKS5 (Fig. 6A and B). These results are consistent with recent work
implicating GDF11 in cell death mediated by hypoxia (72). Second, there were distinctions in the
stroma that evolved inside and around MCF10DCIS.com lesions (71). Instances of stromal proliferation
in and around the lesions were most frequent with wildtype PCSK5 and least frequent with PCSK5M4%2!
(Fig. 6C and D). Breast premalignancies with desmoplastic stroma have better clinical outcomes (2),
suggesting a role for the stromal response in enforcing the DCIS state. Taken together, these in vivo
data indicate that PCSKS5 activity drives both the in situ and comedo phenotypes of MCF10DCIS.com;
PCSK5M#? js phenotypically at least as weak as the PCSK5™" null allele and thus should be

impenetrant as a PCSK5"#°2* heterozygote.
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DISCUSSION

This study carefully examines an exclusive PCSK5"4%?' somatic mutation found in the widely used
cell line, MCF10DCIS.com (9,11,23). By comparing to wildtype PCSK5 and catalytically null
PCSK5™2# throughout, we exclude PCSK5M%%2' as a hypermorph and provide strong evidence that it is
enzymatically deficient. This deficiency is first reflected as incomplete processing of the inactive
zymogen, which retains proPCSK5"%? in the trans Golgi and impedes its anterograde transport to
secretory vesicles and the cell surface. Consequently, proGDF11 is unable to mature and accumulates
intracellularly (28). Although PCSK5™*%?' will process GDF11 when both are overexpressed, our results
with endogenous GDF11 and minimally reconstituted PCSKS5 indicate that PCSK5 activity is rate
limiting in MCF10DCIS.com. Observing such PCSK5-dependent phenotypes may require 3D and in
vivo microenvironments, which trap autocrine factors like GDF11 locally and evolve with time.

Using a new high-sensitivity PCSK5 antibody, we found that endogenous PCSK5 was induced in
MCF10-series cells by long-term exposure to matrigel, a form of reconstituted basement membrane.
Although the mechanism of induction is unclear, PCSK5 transcripts are known to increase in breast
epithelia upon overexpression of TP53 (73) or knockdown of the BRCA1-interacting protein, BRIP1
(74). In 3D matrigel cultures, TP53 is stabilized sporadically by environmental stresses (19), suggesting
a similar route may induce PCSK5 here. Without matrigel, we were repeatedly unable to knock out
PCSK5 in MCF10DCIS.com cells, illustrating the importance of basement membrane for opening the
genomic locus. Similar pathways may be active during the early intraductal growth of MCF10DCIS.com
in vivo, and random monoallelic expression of PCSK5 (75) might generate mixtures of cells very similar
to the addback lines developed here.

The PCSK5-dependent stromal response in xenografts suggests that mature GDF11 from
MCF10DCIS.com cells reaches murine fibroblasts. GDF11 induces fibrosis in multiple tissue contexts
[reviewed in (76)], and SMAD2 phosphorylation is observed at the tumor-stroma interface in
MCF10DCIS.com xenografts (71). Although this signaling was originally attributed to TGF3, GDF11
also triggers phosphorylation of SMAD2 (28), and their combined action may be important for
addressing the stromal compartment in a way that TGF( alone cannot (77,78).

Our results give reassurance to hundreds of MCF10DCIS.com-themed studies over the past two-
and-a-half decades (11). Although PCSK5"%5?! is an outlier mutation, it appears to do little more than
dilute somewhat the cellular convertase available for proGDF11. PCSK5 cleaves additional substrates
shared by other convertases but is unique in its activity toward proGDF11 (24,25). Growth of intraductal
MCF10DCIS.com xenografts is not affected when GDF11 itself is inducibly knocked down after 14 days
(28), implying that a mature GDF11 niche is established very early and dispensable thereafter.
Complete loss-of-function mutations documented in breast cancer, such as PCSK5'%%%" may actually

impede breast tumorigenesis if they were to occur during premalignancy.
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Figure 1.

MCF10DCIS.com cells express a mutated allele of PCSKS that is predicted to be damaging.
A, Computational predictions for the PCSK5“4%2
nucleotide polymorphisms (SNPs; R486H and A565T) and a somatic mutation (T288P) confirmed

experimentally to be inactive (28). Outputs for each algorithm were grouped as Neutral (N), Likely Neutral

mutation of MCF10DCIS.com alongside two single-

(LN), Unknown (U), Likely Damaging (LD), or Damaging (D) as described in Supplementary Table S1.
B, Confirmation of the M452] mutation in genomic DNA (gDNA) from MCF10DCIS.com cells. C,
Endogenous PCSKS5 is induced when MCF10-series cells are cultured with 2% matrigel for 2—4 days.
Cell extracts were immunoblotted for PCSKS5 with ERK1/2 and tubulin used as loading controls. Extract
from MDA-MB-231 cells overexpressing pro and mature V5-tagged PCSK5 (+PCSK5-V5) was used as
a positive control. Asterisk marks a nonspecific band for the PCSK5 antibody. Image gamma = 2 for the
PCSKS5 immunoblots. D, The PCSK5M45?! gllele is expressed in MCF10DCIS.com cells cultured with 2%
matrigel. For (B) and (D), MCF10A-5E cells (32) provide a wildtype reference.
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Figure 2.

293T cells co-expressing PCSK5M4%2! secrete mature ectopic GDF11 with intermediate efficiency.

A, Catalytically active PCSK5 promotes ectopic GDF11 secretion. Cells were lipofected with 3 ng of the
indicated PCSK5 allele (or EGFP overexpression control) plus 100 ng of GDF11, and conditioned
medium was collected after 24 hours to measure GDF11 release by ELISA. PCSK5"2®F was included as
a catalytically dead control (28). B, GDF11 release by PCSK5"#°?' plus wildtype PCSK5 (PCSK5") is
additive. Cells were treated as in (A) and compared with 1.5 ng PCSK5"" plus 1.5 ng PCSK5"#*?', C,
Cotransfection with oncogenic HRAS®'?Y approximates the level of prenylated HRAS (HRASP™™) in
MCF10DCIS.com. 293T cells were lipofected with 2 ng of HRAS®'?Y and 3 ng of the indicated PCSK5
allele (or EGFP overexpression control) and immunoblotted for HRAS with vinculin and p38 used as
loading controls. MCF10A-5E cells are a negative control for HRAS overexpression. D, HRAS®'?Y
cotransfection does not alter the relative GDF11 secretion efficiencies of wildtype PCSK5, PCSK5"452!,
and PCSK5™%% Cells were treated as in (C) and measured for GDF11 release by ELISA. For (A), (B),
and (D), GDF11 ELISA results are normalized to the GDF11-only condition [gray dashed in (A)] and
shown as the mean + SEM of N = 4 biological replicates. Differences among +GDF11 groups were
analyzed by multiwvay ANOVA with PCSKS genotype as a fixed effect. Significant factors were followed

up pairwise by Tukey-Kramer post hoc analysis.
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Figure 3.

Inducible reconstitution of PCSKS5 alleles in PCSK57~ MCF10DCIS.com cells.

A, Approach to MCF10DCIS.com engineering. Cells were transduced with a destabilizing domain (DD)-
containing Cas9-P2A-Venus (56) and a single-guide RNA targeting Exon 4 of PCSK5 (sgPCSK5).
Transduced cells were treated with 200 nM Shield-1 (56) to stabilize Cas9-P2A-Venus and 2% matrigel
to promote PCSK5 expression (Fig. 1B) before sorting single Venus-positive cells into 10 ng/ml GDF11
(to aid recovery upon PCSKS5 loss) and screening genomic DNA (gDNA) of expanded clones for
knockout. One confirmed PCSK5~~ clone was then transduced with sgPCSK5-resistant, tetracycline (tet)-
regulated, V5-tagged alleles of PCSK5 and selected polyclonally for hygromycin resistance. B,
Sequence-confirmed knockout alleles of MCF10DCIS.com clone 3D8. The PCSK5 coding sequence
(CDS) is shown with annotations for the signal peptide (SP, purple), proprotein sequence (Pro, green),
and peptidase domain (blue) including its catalytic triad (yellow stars). The protospacer adjacent motif
(PAM) of sgPCSKS5 is just upstream of the first triad amino acid, and deletions (white, Allele 1) or
insertions (pink, Allele 2) induce frameshift mutations (gray) removing the first amino acid in the catalytic
triad (black outlined stars) and producing premature stop codons (red). C, Quantification of reconstituted
PCSKS5 alleles by calibrating against recombinant V5-containing Multitag protein at the indicated copies
per cell (59,68). Cells were treated with 1 ug/ml doxycycline for 24 hours, and total protein from counted
cells was immunoblotted for V5 with tubulin and p38 used as loading controls for cells. Copy number
estimates are: PCSK5"", 136,000 + 11,000 copies per cell; PCSK5"4%?' 164,000 + 6,000 copies per cell;
PCSK5™# 176,000 + 15,000 copies per cell (N = 4 independent samples).
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Figure 4.

Impaired anterograde transport of catalytically deficient PCSK5 alleles in PCSK57~ MCF10DCIS.com
cells.

A, Immuno-colocalization of V5 epitope tag (magenta) with the endoplasmic reticulum (ER) marker PDI
(green) for the indicated PCSK5 addback allele. B, Whole-cell V5-PDI colocalization quantified by
Manders colocalization coefficient as a fraction of total per-cell V5 immunoreactivity in N = 348 (wildtype

PCSK5), 322 (PCSK5M*?) and 324 (PCSK5'%%%) cells. C, Immuno-colocalization of V5 epitope tag
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(magenta) with the cis Golgi marker GM130 (green) for the indicated PCSK5 addback allele. D, Whole-
cell V5-GM130 colocalization quantified by Manders colocalization coefficient as a fraction of total per-
cell V5 immunoreactivity in N = 398 (wildtype PCSK5), 373 (PCSK5M45?') and 431 (PCSK5"2%F) cells. E,
Immuno-colocalization of V5 epitope tag (magenta) with the trans Golgi marker TGN38 (green) for the
indicated PCSK5 addback allele. F, Whole-cell V5—-TGN38 colocalization quantified by Manders
colocalization coefficient as a fraction of total per-cell V5 immunoreactivity in N = 361 (wildtype PCSKS5),
358 (PCSK5™452)) and 324 (PCSK5™%P) cells. For (A), (C), and (E), cells were immunostained for the
indicated targets along with tubulin for cell segmentation, counterstained with DAPI (blue), and imaged
on a laser-scanning confocal microscope followed by adaptive image deconvolution. Scale bars are 5
pum (upper) and 1 um (lower). For (B), (D), and (F), arcsine-transformed coefficients were analyzed by
multiway ANOVA with PCSK5 genotype as a fixed effect. Significant factors were followed up pairwise

by Tukey-Kramer post hoc analysis.
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Figure 5.

PCSKS5 activity promotes rounded multi-cell organization in 3D matrigel cultures of MCF10DCIS.com.
A, Spheroid growth rates for the indicated PCSK5 addback lines estimated by nonlinear least-squares
regression of cross-sectional area (49) at 4, 8, and 12 days from N = 8 biological replicates (gray dashed).
B and C, Reduced multi-cell circularity of MCF10DCIS.com upon loss of PCSK5. For (B), the scale bar
is 100 um. For (C), circularities were calculated from N = 1819 (DCIS.com) and 2028 (PCSK5™)
segmented spheroids collected from 4 biological replicates at 16 days. Arcsine-transformed circularities
were analyzed by two-sample homoscedastic t test. D and E, Multi-cell circularity of PCSK5™ cells is
restored by wildtype PCSK5 or addition of recombinant GDF11, but not PCSK5"4%2 or PCSK5™%%" For
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(D), the scale bar is 100 um. For (E), circularities were calculated from N = 5503 (wildtype PCSK5), 5016
(PCSK5M452!) 3495 (PCSK5'%8) and 3815 (PCSK5™%P+GDF11) segmented spheroids collected from
8 biological replicates at 8 days, and arcsine-transformed circularities were analyzed by multiway ANOVA
with PCSK5 genotype as a fixed effect. Significant factors were followed up pairwise by Tukey-Kramer
post hoc analysis. F and G, PCSKS5 alleles do not alter the differentiation phenotypes of MCF10DCIS.com
cells in 3D matrigel culture. Cultures in (A) plus PCSK5'#%+GDF11 cultures were lysed and
immunoblotted for CDH1, TP63, and VIM with vinculin, tubulin, ERK1/2, and p38 used as loading
controls. For (G), data from N = 4 biological replicates were normalized to the mean of wildtype PCSK5
cultures, and the three unstimulated genotypes were Box-Cox-transformed and compared by multiway
ANOVA with PCSKS5 genotype as a fixed effect.
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Figure 6.

PCSKS5 activity promotes comedo and stromal phenotypes in MCF10DCIS.com intraductal xenografts.
A, Representative hematoxylin—eosin images of wildtype PCSK5 lesions exhibiting small (less than 300
pum; left), punctate (yellow; middle), or large (greater than 300 um; right) comedo necrosis at 54 days
post-injection. B, Prevalence of comedo necrosis phenotypes among lesions from N = 6-8 animals per
PCSK5 genotype. C, Representative hematoxylin—eosin images of wildtype PCSKS5 lesions exhibiting
hypercellular stroma (left), irregularity at the peripheral DCIS-stromal interface (middle), or intraductal
stromal proliferation (right) at 54 days post-injection. D, Prevalence of stromal phenotypes among lesions
from N = 6-8 animals per PCSK5 genotype. For (A) and (C), the scale bar is 100 um. For (B) and (D),
arcsine-transformed fractions were analyzed by multiway ANOVA with PCSK5 genotype and sub-
phenotype as fixed effects. Significant differences by genotype were followed up by Tukey-Kramer post
hoc analysis.
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