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MOTIVATION Proteomics allows for direct measurement of cellular machinery, allowing for interrogation of
a variety of biological systems. Many low-input proteomic methods only support specific study designs or
require specialized equipment. To address this limitation, we have developed an accessible low-input pro-
teomic method for studying rare populations of cells: droplet-based one-pot preparation for proteomic
samples (DROPPS).
SUMMARY
Deep proteomic profiling of rare cell populations has been constrained by sample input requirements. Here,
we present DROPPS (droplet-based one-pot preparation for proteomic samples), an accessible low-input
platform that generates high-fidelity proteomic profiles of 100–2,500 cells. By applying DROPPS within the
mammary epithelium, we elucidated the connection between mitochondrial activity and clonogenicity, iden-
tifying CD36 as a marker of progenitor capacity in the basal cell compartment. We anticipate that DROPPS
will accelerate biology-driven proteomic research for a multitude of rare cell populations.
INTRODUCTION

The mammary gland is a dynamic organ that substantially trans-

forms during pubertal development, sex-hormone-triggered

reproductive cycling, and pregnancy.1–3 The mammary epithe-

lium that forms the branching system of ducts and alveolae con-

stitutes 10%–15% of the overall volume of the mammary gland

and contains cells of heterogeneous function including hor-

mone-sensing, secretory, stem, and progenitor activity.1–3

Stem and progenitor cells essential for mammary ductal expan-

sion constitute <5% of the epithelium.4 These rare cells are the

cells of origin for the most aggressive, deadly subtypes of breast

cancers (i.e., triple-negative, basal-like, and claudin-low sub-

types).5–7 An attractive prevention strategy for breast cancer is

to develop therapeutic modalities to monitor and target the

oncogenic precursors as they arise.8 Though various markers

have been reported to enrich stem/progenitor capacity,9–12 there

remains no consensus regarding the exact trajectory of mam-

mary epithelial cells and how the cells enriched by distinct

markers relate to each other. Improving our knowledge of the

features and regulation of stem/progenitor cells has the potential

to improve clinical outcomes for patients with breast cancer.

In-depth proteomic interrogation of cells, tissues, and fluids

is often performed with bottom-up mass spectrometry (MS)

workflows where proteins are extracted and enzymatically di-
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gested to obtain peptides.13–15 Despite advances in instru-

ment sensitivity—which enable deep proteomic profiling

from <1 mg—the analysis of rare cell populations or other

sample-limited systems is impeded by the loss of material

incurred by sample preparation. Accordingly, proteomic

methods often call for 10,000s–1,000,000s of cells (roughly

10s–100s mg) as starting material.16 Recent single-cell or

low-input proteomic methods typically leverage low-volume

and minimal manual manipulation to reduce losses during

sample preparation.17–19 Despite these technical advances,

many low-input methods only support specific study designs

(e.g., isobaric labeling with booster channel) or require

specialized equipment (e.g., microfabrication capabilities, mi-

crofluidic cell isolation systems). To address this limitation, we

have developed an accessible low-input proteomic method

for studying rare populations of cells, droplet-based one-pot

preparation for proteomic samples (DROPPS), that is simple

to implement and easily integrates with fluorescence-acti-

vated cell sorting (FACS). DROPPS utilizes commercially

available and economical materials to enable reproducible

and biologically informative proteomic analysis of small

numbers of cells (100s–1,000s of cells, or 20 ng–1 mg) from

in vitro and in vivo systems.

We previously generated proteomic profiles of FACS-purified

luminal and basal compartments of the mouse mammary
orts Methods 4, 100741, April 22, 2024 ª 2024 The Author(s). 1
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. DROPPS workflow for low-input protein digestion

Cells are deposited onto Teflon-coated slides by fluorescence-activated cell sorting or standard pipette. Cell transfer buffer is evaporated, and slides can be

optionally stored at�80�C. Cell lysis and protein digestion are performedwithMS-compatible reagents in a simple humidity chamber. Samples are transferred to
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See also Figure S1 and Tables S1, S3, and S4.
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epithelium and discovered differences in preferred metabolic

pathways.20 Investigating the functional consequences of these

differences revealed a positive relationship between mitochon-

drial membrane potential (DJM) and clonogenicity, particularly

in the basal compartment.20 Here, we expand upon those find-

ings by applying DROPPS to subpopulations of mammary

epithelial cells FACS purified according to DJM to investigate

the proteomic features of enhanced clonogenic activity. Strik-

ingly, in basal cells, high mitochondrial activity is associated

with proliferation pathways and adhesion-dependent signaling.

We identify CD36 as a marker for basal cells with high mitochon-

drial potential, increased fatty acid abundance, and enhanced

clonogenicity. These findings further define the relationship be-

tween energy metabolism and progenitor cell capacity,

providing insights into mammary basal cell compartment func-

tional heterogeneity. Overall, we demonstrate that DROPPS is

an accessible proteomics workflow to enhance and accelerate

biological discovery for rare cell populations.

RESULTS

Droplet digestion for proteomic profiling of low-input
samples
Recognizing the benefits that could be attained from digestion in

a droplet (e.g., reduction in surface area contact and enhanced

enzyme kinetics), we sought to develop an accessible platform

for low-input proteomic sample preparation (Figure 1). We de-

signed a microscope slide with a �20 mm coating of polytetra-

fluoroethylene (i.e., Teflon)—a hydrophobic, chemically inert

polymer—to contain aqueous droplets of %10 mL. The slides

were procured from a commercial vendor with well spacing to

match 96-well plates, enabling the use of standard multichannel

pipettes. We designed and 3D printed an adapter composed of

polylactic acid that has the same footprint as a standard 96-well
2 Cell Reports Methods 4, 100741, April 22, 2024
plate (available at NIH 3D: 3DPX-020483; https://3d.nih.gov/

entries/3DPX-020483). This allowed us to easily transfer and po-

sition four DROPPS slides within plate-compatible flow cytome-

ters, allowing parallel processing of 96 samples.

To determine the range of sample input that can be processed

by DROPPS with high reproducibility, we evaluated the perfor-

mance of DROPPS over a range of starting materials (10–2,500

FAC-sorted cells, n = 3) (Figure S1A) from MCF10A, a human

mammary epithelial cell line. As expected, the number of input

cells drastically affected the depth of proteomic coverage and

variability in measurements (Figures S1B–S1E). Protein intensity

was linear across the 100–2,500 cell range, supporting the utility

of DROPPS for quantitatively profiling rare populations of cells

(plot shown for the luminal epithelial marker KRT18, median R2

among all proteins was 0.97; Figures S1F–S1G). We evaluated

DROPPS reproducibility by having three operators perform inde-

pendent tryptic digestion of 500 MCF10A cells (n = 8) (Fig-

ure S1H). To emulate typical workflows used for cellular biology,

cells were counted by hemocytometer and deposited on the

glass slide by pipette. The method was highly reproducible,

with similar numbers of proteins and peptides detected in sam-

ples prepared by each operator (Figures S1I and S1J). Technical

variability from sample handling was low (median peptide coef-

ficients of variation [CVs] ranging from 12.4% to 14.5% and pro-

tein CVs ranging from 8.3% to 9.9% per operator) (Figures S1K

and S1L). The proteomic depth and variance obtained by

DROPPS are significant improvements over surfactant-assisted

one-pot sample processing at the standard volume coupled with

MS (SOPs-MS)19—a comparable one-pot low input proteomic

method performed in a standard 96-well plate—emphasizing

the advantage of the droplet-based digestion (Figure S1M–

S1P). Notably, DROPPS does not need pre-incubation of sample

plates and requires far less processing time (2.5 h incubation

compared to two overnight incubations for SOP). As for

https://3d.nih.gov/entries/3DPX-020483
https://3d.nih.gov/entries/3DPX-020483
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accessibility, SOP and DROPPS both utilize commercially avail-

able consumables—the estimated additional cost per sample for

DROPPS is <$0.03. Overall, these results demonstrate that

DROPPS can be used to reproducibly generate quantitative pro-

teomic profiles of 100–2,500 cells using common methods of

sample handling.

Biological differences of breast cancer cell lines are
recapitulated by DROPPS profiles
We next evaluated the ability of DROPPS to repeatably detect

biological differences among three human triple-negative breast

cancer (TNBC) cell lines (HCC1187, MDA-MB-157, and Hs-578-

T) across three batches of 500 cell replicates (n = 7–8 per batch)

(Figure 2A). To rigorously assess DROPPS performance across

batches, every step of the workflow (i.e., cell culture, cell sorting,

protein digestion,MS)wascompletedondifferent days. Variance

in quantitation was low across batches despite differences in the

depth of proteomic coverage (Figures 2B, 2C, S2A, and S2B).

TNBC cell line protein profiles were highly similar within and be-

tween batches with median Spearman’s r values of 0.984 and

0.970, respectively (Figure S2C). Principal-component analysis

(PCA) distinctly separates the cell lines (Figure 2D). Differences

between cell lines were larger than differences between batches

for the majority (80%) of proteins (Figure 2E). These results show

thatmost of the observed protein variance is due to biological dif-

ferences between cell lines rather than experimental variance.

Importantly, proteomic profile differences acquired by DROPPS

were highly similar to proteomes acquired in two independent

bulk proteomic datasets13,14 (Spearman’s r values of 0.62 and

0.64, both p < 2.23 10�16) (Figures S2D and S2E). Furthermore,

our data also successfully clustered breast cancer cell lines into

molecular subtypes of TNBC,21 indicating that the profiles gener-

ated by DROPPS accurately reflect previously described pheno-

typic differences (Figures 2F and S2F; Table S1). These data indi-

cate that our platform consistently and accurately recapitulates

biological features of TNBC from 500 cells.

Profiles of mammary epithelial compartments can be
obtained from individual mice
The mammary epithelium is a ductal structure composed of an

inner layer of luminal cells encompassed by basal cells—the

cells from luminal and basal compartments have distinct molec-

ular phenotypes, which reflect their different functions.20,22 Here,

by applying DROPPS, we obtained improved depth of proteomic

profiles for FACS-purified luminal and basal compartments from

individual mice than had previous been achieved22 by pooled

samples (Figures 3A and S3A–S3D). Proteins uniquely detected

in DROPPS were less abundant and detected in fewer mice,

highlighting heterogeneity amongmice uncovered by the capac-

ity to analyze �60-fold fewer cells than our previous study22

(Figures S3E and S3F). As expected, differential expression anal-

ysis revealed pronounced differences between luminal and basal

cells that were highly correlated to our previous study22

(Figures 3B and S3G). The cell surface proteins used to distin-

guish luminal from basal cells,23–25 ITGA6 (CD49f) and EPCAM,

were among the most significantly different, along with other

described lineage markers22 (e.g., KRT5/14 and KRT8/18/19)

(Figure 3B). These results show that DROPPS enables the inves-
tigation of mammary epithelial subpopulations (of at least 2,000

cells) from individual mice—a significant advance enabling the

investigation of proteomic heterogeneity within and between

samples.

CD36 identified as a marker of basal mitochondrial
potential
The ability to monitor and target oncogenic precursors could

improve clinical outcomes for patients with breast cancer.8 As

stem/progenitor cells give rise to the deadliest breast cancer

subtypes,5–7 it is of particular interest to identify biomarkers

and molecular vulnerabilities of these cell types. We previously

identified a positive correlation between DJM—measured by

MitoTracker Red (MTR)—and clonogenicity within mammary

epithelial compartments.20 Luminal and basal compartments

both had significantly diminished clonogenicity within MTRlow

fractions. MTRhigh fractions demonstrated a modest increase

of clonogenicity in the luminal compartment and a significant in-

crease in the basal compartment. As clonogenicity is an estab-

lished trait of stem/progenitor cells, we applied DROPPS to

FACS-purified MTRhigh, MTRlow, and total cell fractions from

basal and luminal compartments to interrogate how DJM het-

erogeneity relates to clonogenicity within the mouse mammary

epithelium (2,000 cells per fraction, n = 6) (Figures 3A and

S3A). Overall, we detected a total of 5,576 proteins (a mean of

4,423 proteins per sample) (Figures S3B and S3D). As expected,

we revealed a substantial overlap in the proteomes with some

known compartment markers demonstrating compartment-spe-

cific detection (e.g., FOXA1,23,27 OXTR28,29) (Figures 3C;

Table S1). Unsurprisingly, the epithelial compartment was the

largest source of sample variance (Figure S3H).

The proteins correlated with DJM were completely indepen-

dent between the luminal and basal cells (Spearman’s r of

�0.011, p = 0.52), suggesting compartment-specific pathways

associated with MTRhigh and MTRlow populations (Figure 3D).

We performed differential expression analysis to interrogate

which pathways are associated with MTRhigh in each compart-

ment. Luminal MTRhigh cells are enriched in oxidative phosphor-

ylation—the cellular process that generates the proton gradient

component of DJM (Table S2). In contrast, basal MTRhigh cells

are enriched in various proliferation, survival, adhesion-sensitive

growth, and pluripotency pathways (Table S2; select terms in

Figure 3E). These results align with the previously described20

differences, namely a larger effect on clonogenicity in the basal

compartment for MTRhigh populations. The accessibility of sur-

face proteins makes them attractive markers and drug targets.

As basal MTRhigh cells are highly clonogenic and have progenitor

associated pathways, we used SurfaceGenie26 to rank potential

cell surface markers, revealing CD36 as a high-priority, differen-

tially expressed candidate (Figures 3F and S3I). We validated

that CD36 expression was positively correlated with DJM by

live-cell flow cytometry (Figure 3G) and observed significantly

different frequencies of CD36high cells between MTRlow, total,

and MTRhigh subsets (Figures 3H and 3I). These results clearly

depict a relationship between DJM and CD36 in basal epithelial

cells. Overall, these results demonstrate how DROPPS can be

applied to generate insights into mammary biology and to iden-

tify cell surface markers for desired epithelial subpopulations.
Cell Reports Methods 4, 100741, April 22, 2024 3
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(A) Workflow for testing inter-batch variation by DROPPS. Sorted cells (500 cells) from three TNBC cell lines were processed separately on different days. Each
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(B) The protein counts of the individual runs.
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(D) First two principal components of PCA.

(E) The percentage of variance explained by cell line and batch from two-way ANOVA (i.e., omega-squared).

(F) Z scored log2(intensity) of TNBC signature proteins21 using data acquired by DROPPS.

Boxplots show the median, interquartile ranges, and 95% confidence interval estimate. TNBC, triple negative breast cancer.

See also Figure S2 and Tables S1 and S4.
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Basal progenitors are enriched by CD36
We next investigated whether CD36 was associated with

enhanced clonogenicity, or solely DJM, by comparing

CD36high cells to the total basal population using a colony-form-

ing assay (Figure 4A). CD36high cells had enhanced clonogenicity

shown by significantly more colonies (paired t test, p = 0.039)

and larger colonies (paired t test, p = 0.048) (Figures 4A–4C

and S4A). We then analyzed CD36high basal cells by DROPPS

to determine which pathways were associated with the

enhanced clonogenicity detecting a mean of 4,187 proteins

per sample (2,000 cells per mouse, n = 8) (Figure S4B). We de-

tected 49 proteins significantly enriched in CD36high compared
4 Cell Reports Methods 4, 100741, April 22, 2024
to the total basal population—including CD36 (Figure 4D).

CD36 expression was associated with enriched proliferation

(e.g., growth and development, cell division, stem cell prolifera-

tion), various signaling pathways (e.g., Notch, MAPK, Rho, nu-

clear factor (NF) kB), and metabolism (e.g., organic hydroxy

compound transport, monocarboxylic acid transport, and lipid

homeostasis)—all potentially contributing to the enhanced clo-

nogenicity of the CD36high population (Table S2; clustered terms

in Figure 4E). A major function of CD36 is the uptake of long-

chain fatty acid, which has been tied to survival, metabolic rewir-

ing, and epithelial-to-mesenchymal transition in breast can-

cer.30–32 We investigate whether CD36 was associated with
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(B) Differences in log2(intensities) of proteins from the total basal and total luminal populations. Points are colored by significance, and known compartment

markers are labeled.
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increased fatty acid accumulation in basal epithelial cells using

imaging flow cytometry with a fluorescent long-chain fatty acid

analog, BODIPY-dodecanoic acid (Figures 4G–4I and S4D).

Our analyses revealed that CD36 expression in basal cells was

associated with significantly increased BODIPY signals, indi-

cating a potential mechanism by which CD36 contributes to

increased DJM and enhanced progenitor capacity (Figures 4J

and 4K). Taken together, these discoveries exhibit how

DROPPS can provide insights into the underlying biology of

rare cell populations.

DISCUSSION

Unraveling the mechanisms underlying development, proper

function, and disease will require understanding the dynamic

changes and interactions of myriad cell types including those

that are rare. Here, we developed and validated DROPPS, a pro-

teomic workflow designed to democratize the capacity to profile

rare cell populations without compromising data quality.

DROPPS generates high-fidelity proteomic profiles from sam-

ples comprising as low as 100 cells and is amenable to facile

integration with FACS. DROPPS performance is robust across

operators and sample processing batches, and it is easy to

implement—relying exclusively on common or affordable labo-

ratory equipment. Notably, DROPPS outperforms other recently

described accessible low-input proteomic methods19,33–38

(Table S3). Provided access to liquid handling systems, automa-

tion of DROPPS should be practical, as it involves very limited

sample handling and straightforward transfer steps. The capac-

ity to rapidly generate protein profiles of rare cell populations en-

ables experimental designs that were previously inaccessible or

impractical.

There remains a discrepancy regarding the exact differentia-

tion hierarchy of mammary epithelial cells and how to identify

and enrich for populations of different functions along the lineage

trajectory. Here, we applied DROPPS to examine the proteomic

correlates of a previously described20 relationship betweenDJM

and clonogenic potential in lineage-defined mouse mammary

epithelial cells. Specifically, basal MTRhigh cells demonstrated

a significant increase in clonogenicity compared to the total

basal population. MTRlow cells in both basal and luminal com-

partments had significantly diminished clonogenicity. DROPPS

revealed that differences in DJM were reflected in the proteome

in a compartment-specific manner. Basal MTRhigh cells were en-

riched in pathways associated with proliferation and adhesion-

dependent signaling. We uncovered CD36 as a candidate

marker for basal cells with elevated DJM and enhanced clono-

genicity. This work contributes to our understanding of the rela-

tionship between molecular phenotype and clonogenicity in the

mammary basal epithelium and provides a marker, CD36, by

which primary cells with progenitor capacity can be enriched

and studied.
(G) Representative scatterplot depicting the relationship between CD36 and MTR

(H) Representative histograms depicting the distribution of CD36 flow cytometry

(I) The percentage of CD36high cells in different MTR fractions of basal cells show

Boxplots show the median, interquartile ranges, and 95% confidence interval es

See also Figure S3 and Tables S1, S2, S4, and S5.
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CD36 is a multifunction cell surface glycoprotein that acts as a

receptor for a broad range of ligands including proteins and

lipids. In this study, we found that CD36was associated with clo-

nogenicity, increased fatty acid abundance, and enrichment of

myriad growth, signaling, and metabolic pathways in primary

basal epithelial cells. The putative association between

increased fatty acid uptake and progenitor capacity aligns with

our single-cell RNA sequencing analysis of human mammary

basal epithelial cells in which higher oxidative phosphorylation

was associated with a less differentiated cell state.20 In another

study that characterized features ofmousemammary stem cells,

CD36 is among the proteins associated with the mammary stem

cell signature.39 The expression of CD36 is associated with

increased free fatty acid uptake and metabolic rewiring in a vari-

ety of biological systems including hepatocellular carcinoma, he-

matopoietic stem cells, and breast cancer.30,40,41 CD36 has also

been implicated in enhancing proliferation, migration, and

epithelial-to-mesenchymal transition in multiple types of can-

cer.32,42,43 In anMMTV-PyMTmouse breast cancer model, dele-

tion of CD36 diminished high-fat-diet-induced metastasis.44

CD36 positivity in circulating epithelial tumor cells is highly corre-

lated with disease progression in patients with breast cancer.45

Our study identifies CD36 as a marker for progenitor capacity

in the basal mammary epithelium that may function to metabol-

ically reprogram cells toward a less differentiated and prolifera-

tive state. Our findings contribute to the growing body of evi-

dence that CD36 represents a target of interest for therapeutic

intervention in breast cancer.

Limitations of the study
For biological questions that require experiments of <100 cells,

further experimentation would be required to quantify whether

the increased variance in measurement beneath 100 cells is

due to technical limitations of the materials/methods or random

sampling of biological variability. Though a benefit of DROPPS is

its accessibility, more sophisticated equipment could potentially

improve performance. For example, access to an improved hu-

midity chamber could extend digestion beyond the 2 h currently

used to minimize evaporation. Future efforts will aim to increase

the specificity and selectivity for desired cell populations (e.g.,

multipotent mammary stem cells) by identification of additional

candidate markers and will continue to characterize the relation-

ship between CD36 and the functional potential of mammary

epithelial cells. Improving our knowledge of the proteomic fea-

tures of mammary epithelial progenitor and stem cells may

enable us to understand the relationship between the various

populations of cells enriched by previously reported markers

(e.g., TSPAN8 and PROCR).

Conclusion
In summary, we present an accessible proteomic platform,

DROPPS, and demonstrate its utility to uncover biological
fluorescent intensity.

signal in MTRlow, total, and MTRhigh basal populations.

n with paired t test p values (n = 8).

timate. MTR, MitoTracker Red.
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Figure 4. Investigating the phenotype of CD36high basal mammary epithelial cells

(A) Schematic of experimental design and FACS gating scheme used to sort subsets of mammary epithelial cells of basal and luminal compartments based on

CD36 expression that were subsequently used for CFC, processed using DROPPS, or analyzed by imaging flow cytometry.

(B and C) Line plots depicting the (B) number and (C) size of the colonies formed by basal cells sorted by CD36 expression shown with median value and paired t

test p values.

(D) Differential protein expression results from total basal and CD36high basal populations. Points are colored by significance and directionality.

(E) The log2(intensity) of CD36 from individual runs shown with the paired t test p value (n = 8).

(F) Cytoscape enrichment map for significantly enriched GO Biological Processes between total basal and CD36high basal populations.

(G) Representative images from imaging cytometry highlighting the surface markers used to distinguish epithelial compartments along with CD36 and the

fluorescent fatty acid analog BODIPY.

(H) Scatterplot depicting the gating scheme used to identify basal epithelial cells.

(legend continued on next page)
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insights of rare epithelial cell populations. DROPPS affords the

capacity to assess mouse-to-mouse variability, differences be-

tween subsets of cells within each mouse, and rare populations

of cells, thus enabling proteomic insights into the functional het-

erogeneity that were precluded by previous sample require-

ments. DROPPS has widespread applicability to various sam-

ple-limited systems and is well positioned to transform our

ability to map the proteomic landscapes of rare cell populations.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC-Cy7 rat anti-mouse CD326 clone G8.8 (EpCAM) BioLegend Cat# 118217; RRID: AB_1501158

PE-Cy7 rat anti-human CD49f clone GoH3 BioLegend Cat# 313622; RRID: AB_2561705

eFluorTM 450 rat anti-mouse CD31 clone 390 ThermoFisher Cat# 48-0311-82; RRID: AB_10598807

eFluorTM 450 rat anti-mouse CD45 clone 30-F11 ThermoFisher Cat# 48-0451-82; RRID: AB_1518806

eFluorTM 450 rat anti-mouse TER-119 clone TER-119 ThermoFisher Cat# 48-5921-82; RRID: AB_1518808

APC Mouse Anti-Mouse CD36 clone CRF D-2712 BD Biosciences Cat# 562744; RRID: AB_2737763

APC rat anti-mouse CD326 clone G8.8 (EpCAM) BioLegend Cat# 118214; RRID: AB_1134102

PE Mouse Anti-Mouse CD36 clone CRF D-2712 BD Biosciences Cat# 562702; RRID: AB_2737732

Critical commercial assays

MTR CM-H2Xros ThermoFisher M7513

BODIPYTM FL C12 ThermoFisher D3822

Deposited data

Raw mass spectrometry data This study MassIVE: MSV000092829

Processed mass spectrometry data This study See Table S4

Experimental models: Cell lines

Human: Hs 578T ATCC HTB-126

Human: HCC1187 ATCC CRL-2322

Human: MCF10A ATCC CRL-10317

Human: MDA-MB-157 ATCC HTB-24

Experimental models: Organisms/strains

Mouse: 8- to 12-week-old virgin female FVB wild-type mice The Jackson Laboratory or Charles River 001800 or 207

Software and algorithms

MSFragger (v.3.8) run using FragPipe (v.20.0) Kong et al.46 and Teo et al.47 N/A

ProteinProphet Nesvizhskii et al.48 N/A

Percolator Käll et al.49 N/A

IonQuant v.1.9.8: Yu et al.50 N/A

Philosopher v.5.0.0 da Veiga Leprevost et al.51 N/A

Other

Orbitrap Fusion Tribrid mass spectrometer Thermo Scientific N/A

EASY-nLC 1000 HPLC system Thermo Scientific N/A

Teflon-coated microscope slides Tekdon N/A

Microscrope slide holder This study N/A

ImageStream AMNIS MKII imaging flow cytometer Cytek Biosciences N/A

FACS ARIA Fusion Flow Cytometer BD Biosciences N/A
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Thomas

Kislinger (thomas.kislinger@utoronto.ca).

Materials availability
The template used to order the DROPPS slides is available upon request. Slide holder template available at https://3d.nih.gov/

entries/3DPX-020483.
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Data and code availability
d All mass spectrometry raw files acquired for this study are publicly available from UCSD’s MassIVE database (MassIVE:

MSV000092829) under dataset identifier MSV000092829. Processed proteomics data are available in this paper’s Table S4.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
All cell lines used in this study were purchased fromATCC, were authenticated using short tandem repeat (STR) DNA profiling identity

at TCAG Facilities (Sick Kids Hospital, Toronto), and were tested for mycoplasma contamination using the ATCC universal myco-

plasma detection kit according to the instructions of the manufacturer. Growth media and supplements were purchased from Gibco

unless otherwise specified. Hs 578T (ATCC HTB-126) and MDA-MB-157 (ATCC HTB-24) cells were cultured in DMEM media sup-

plemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (100 U/mL penicillin, 100 mg/mL streptomycin, Gibco).

HCC1187 (ATCC CRL-2322) cells were cultured in RPMI media supplemented with 10% FBS and penicillin-streptomycin

(100 U/mL penicillin, 100 mg/mL streptomycin). MCF10A (ATCC CRL-10317) cells were grown in DMEM:F12 media supplemented

with 5% horse serum, 20 ng/mL epidermal growth factor (EGF), 10 mg/mL insulin, 500 ng/mL hydrocortisone, 100 ng/mL cholera

toxin, and penicillin-streptomycin (100 U/mL penicillin, 100 mg/mL streptomycin). All cell lines were incubated at 37�C, 5% CO2.

Mouse experiments
All experiments were performed using 8- to 12-week-old virgin female FVBwild-typemice (The Jackson Laboratory or Charles River).

Mice were ovariectomized bilaterally, then allowed 10-14 days to recover. A slow-release 0.14 mg 17-b oestradiol plus 14 mg pro-

gesterone pellet (Innovative Research of America) was then placed subcutaneously near the thoracic mammary gland for 12–

14 days. This was done to obtain large quantities of viable mammary stem/progenitor cells for subsequent analysis, as previously

reported.22,52 The light cycle in the rooms was set to 12 h on and 12 h off with a 30-min transition. Temperature was set to 21–

23�C and humidity at 30–60%. All animal procedures were in compliance with ethical guidelines established by the Canadian Council

for Animal Care under protocols approved by the Animal Care Committee of the Ontario Cancer Institute.

METHOD DETAILS

Mouse mammary single-cell suspensions
Mammary glands were collected and manually minced with scissors for 2 min, and then enzymatically dissociated using 750 U/mL

collagenase and 250 U/mL hyaluronidase (STEMCELL Technologies, 07912) and diluted in DMEM:F12 for 1.5 h. Samples were vor-

texed after 1 h and 1.5 h. Red blood cells were lysed using ammonium chloride (STEMCELL Technologies, 07850). Cells were then

triturated in prewarmed (37�C) trypsin-EDTA (0.25%; STEMCELL Technologies, 07901) with a 1mL pipette for 2 min. Next, they were

washed in HBSS without calcium or magnesium plus 2% FBS and centrifuged at 350 x g. Finally, cells were further dissociated in

Dispase 5 U/mL (STEMCELL Technologies, 07913) plus 50 mg/mL DNase I (Sigma, D4513) for 2 min, washed in HBBS +2% FBS

and filtered using a 40 mm cell strainer to obtain single cells.

Cell line single-cell suspensions
Single cell suspensions were generated bywashing cells with PBS followed by 3–5min incubation in TryplE. Digestion was quenched

with equal volume of growth media and collected by centrifugation at 300 x g. Cells were washed twice with PBS before incubation

with DAPI. After 10 min incubation, cells were collected by centrifugation at 300 x g and filtered through a 35 mm cell strainer.

Fluorescent activated cell sorting
Cell lines

Dead cells were excluded using DAPI following doublet exclusion.

Mouse experiments

Staining for mitochondrial activity (250 nM MTR CM-H2Xros; ThermoFisher, M7513) was performed before cell-surface-marker

staining protocol by incubating cells at 37 �C for 30 min following the manufacturer’s protocols. For FACS staining, APC-Cy7 rat

anti-mouse CD326 clone G8.8 (EpCAM; BioLegend, 118217; 1:200 dilution), PE-Cy7 rat anti-human CD49f clone GoH3

(BioLegend, 313622; 1:100 dilution), eFluor 450 rat anti-mouse CD31 clone 390 (ThermoFisher, 48-0311-82; 1:200 dilution), eFluor

450 rat anti-mouse CD45 clone 30-F11 (ThermoFisher, 48-0451-82; 1:800 dilution), eFluor 450 rat anti-mouse TER-119 clone TER-

119 (ThermoFisher, 48-5921-82; 1:100 dilution), APC Mouse Anti-Mouse CD36 clone CRF D-2712 (BD Biosciences, 562744; 1:20

dilution) were used. Dead cells were excluded following doublet exclusion using DAPI. Lineage-positive cells were defined as

Ter119+CD31+CD45+. Mouse mammary cell subpopulations were defined as: total basal (Lin�EpCAMlo-medCD49fhi), total luminal

(Lin�EpCAMhiCD49flo) as previously described.23–25 MTRhigh and MTRlow mitochondrial activity populations were defined as top
e2 Cell Reports Methods 4, 100741, April 22, 2024
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10% and bottom 30% of MTR signal, respectively, and applied after gating for total luminal and basal populations. Cell sorting was

performed on a BD FACS ARIA Fusion with FACSDiva (v.8.0.1 and v.6.1.3). Flow data analysis was performed using FlowJo

(v.10.8.1).

Imaging flow cytometry
Incubation of samples in 1 mM BODIPY FL C12 (D3822, ThermoFisher) was performed for 30 min at 37�C for quantification of fatty

acid prior to incubation with cell surface antibodies. Cell surface marker staining was performed using the same antibodies against

CD49f, CD31, CD45, and TER-119 as in fluorescent activated cell sorting experiments. In addition, APC rat anti-mouse CD326 clone

G8.8 (EpCAM; BioLegend, 118214; 1:200 dilution) and PE Mouse Anti-Mouse CD36 clone CRF D-2712 (BD Biosciences, 562702;

1:20 dilution) were used. CD36high was annotated as the top �20% CD36 expressing cells and CD36neg was set using fluores-

cent-minus-one control. Raw imaging flow cytometry files were captured on a Cytek ImageStream AMNIS MKII using INSPIRE soft-

ware and data analysis performed using IDEAS 6.3 software.

Mouse colony-forming cell assay
In total, 350 cells of the specified FACS-purified population were seeded together with 20,000 irradiated NIH 3T3 mouse fibroblasts

per well in six-well plate format. Cells were cultured for 7 days at 5% O2 in EpiCult-B mouse medium (STEMCELL Technologies,

05610) supplemented with 5% FBS, 10 ng/mL human epidermal growth factor (STEMCELL Technologies, 78006), 20 ng/mL basic

fibroblast growth factor (STEMCELL Technologies, 78003), 4 mg/mL heparin (STEMCELL Technologies, 07980) and 5 mM ROCK in-

hibitor (Millipore). Colonies were stained with Wright-Giesma and plates were scanned using the Biotek Cytation 5 Imaging Multi-

modal Reader (Agilent). From scanned images, colonies were counted and sized using Biotek Gen5 software (v3.11).

Proteomic sample preparation
DROPPS

Cells were deposited into wells of Teflon-coated slides (Tekdon, template available upon request) by pipette or directly by FACS. The

solution accompanying the cells was allowed to evaporate at room temperature in a biosafety cabinet and then slides were stored at

�80�C until further processing. For lysis and protein reduction, 2.5 mL of buffer consisting of 30% (v/v) Invitrosol (ThermoFisher,

MS10007), 15% (v/v) acetonitrile, 0.06% (w/v) n-dodecyl-b-D-maltoside (Sigma, 850520P), 5 mM Tris(2-carboxyethyl)phosphine,

and 100 mM ammonium bicarbonate in HPLC grade water. Slides were placed in a 37�C humidity chamber and allowed to incubate

for 30 min. For alkylation and protein digestion, 1 mL of buffer containing 35mM iodoacetamide and Trypsin/Lys-C (Promega, V5072)

was added to each sample. Samples were allowed to digest for 2 h in a 37�C humidity chamber. Digestion was quenched by bringing

samples to 0.1% (v/v) formic acidwith 8 mL of 0.14% (v/v) formic acid in 37�CHPLCgradewater and then sampleswere transferred to

96-well plate. Thewells were washedwith an additional 8 mL of 0.1% (v/v) formic acid and then the plate was transferred to EASY-nLC

1000 System chilled to 7�C.
SOP

SOP-MS protocol was adapted fromMartin et al.19 A 96 well PCR plate was pretreated by addition of 200uL 0.1%DDM for 5 min and

then allowed to dry in chemical fume hood after removal of the 0.1% DDM. Cells were deposited into wells by FACS and then

collected by centrifugation for 3 min at 3000 x g at 4�C. Volumes were brought to 50 mL of 25 mM ammonium bicarbonate in

HPLC grade water. 2 mL of 0.2% DDM in 25 mM ABC was added to each well and then plates were incubated overnight at 4�C. After
DDM incubation, cells were sonicated five times at 1 min intervals in water batch placing plate on ice for 1 min in between cycles. The

plate was then centrifuged for 3 min at 3000 x g at 4�C and then placed in Eppendorf Thermomixer at 75�C for 1 h. After heating, the

plate was centrifuged for 3000 x g at 4�C. 10 ng and 20 ng of Trypsin/Lys-C were added to 100 and 1000 cell replicates, respectively,

and then digested for 16 h at 37�C with mixing at 500 rpm. To quench digestion, 2 mL of 5% formic acid was added to each well. The

sample volumewas reduced to�20 mL by SpeedVac. Samples were then centrifuged for 1 h at 3000 x g at 4�C. The 96-well plate was

sealed with PCR sealing tape and stored at �20�C before analysis.

Mass spectrometry data acquisition
LC-MS/MS analysis was performed on an Orbitrap Fusion MS (ThermoFisher) coupled to EASY-nLC 1000 System (ThermoFisher).

Peptides were washed on pre-column (Acclaim PepMap 100 C18, ThermoFisher) with 60 mL of mobile phase A (0.1% FA in HPLC

grade water) at 3 mL/min separated using a 50 cm EASY-Spray column (ES803, ThermoFisher) ramping mobile phase B (0.1% FA

in HPLC grade acetonitrile) from 0% to 5% in 2 min, 5%–27% in 160 min, 27%–60% in 40 min interfaced online using an EASY-

Spray source (ThermoFisher). The Orbitrap Fusion MS was operated in data dependent acquisition mode using a 2.5 s cycle at a

full MS resolution of 240,000 with a full scan range of 350–1550m/zwith RF Lens at 60%, full MS AGC at 200%, and maximum inject

time at 40ms.MS/MS scanswere recorded in the ion trapwith 1.2 Th isolationwindow, 100msmaximum injection time,MS/MSAGC

at 200%, with a scan range of 200–1400m/z using Normal scan rate. Ions for MS/MSwere selected using monoisotopic peak detec-

tion, intensity threshold of 1,000, positive charge states of 2–5, 40 s dynamic exclusion, and then fragmented using HCD with

31% NCE.
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Mass spectrometry raw data analysis
Raw files were analyzed using FragPipe (v.20.0) using MSFragger46,47 (v.3.8) to search against a human (Uniprot, 43,392 se-

quences, accessed 2023-02-08) or mouse (Uniprot, 25,474 sequences, accessed 2021-06-03) proteomes – canonical plus iso-

forms. Default settings for LFQ workflow48,49 were used using IonQuant50 v.1.9.8 and Philosopher51 v.5.0.0 with the following

modifications: Precursor and fragment mass tolerance were specified at �50 to 50 ppm and 0.15 Da, respectively; parameter opti-

mization was disabled; Pyro-Glu or loss of ammonia at peptide N-terminal was included as a variable modification; MaxLFQ min

ions was set to 1; MBR RT tolerance was set to 2 min, and MBR top runs was set to 10. The cell titration and SOP-MS comparison

experiment was searched without MaxLFQ and without normalization. No carbamidomethylation on cysteine was used for SOP-

MS runs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details of experiments (e.g., statistical tests used, exact value of n) can be found in the text and figure legends. Definition of

center, and dispersion and precision measures can be found in figure legends. Significance levels are stated in the main text where

they apply.

Mass spectrometry statistical analysis
All analysis was performed using R programming language (v.4.2.2) with Tidyverse pacakge (tidyverse_1.3.2) unless otherwise spec-

ified. All correlation estimates and p values were calculated using the ‘‘cor.test’’ function. For all experiments except the titration and

SOP-MS comparison experiment, the ‘‘MaxLFQ Intensity’’ columns were extracted from the ‘‘combined_protein.tsv’’ and ‘‘combi-

ned_peptide.tsv’’ output files from FragPipe (Table S4). For the titration and SOP-MS comparison experiment the ‘‘Intensity’’ col-

umns were used. Proteins were filtered out if the Uniprot Accession ID matched one from the MaxQuant contaminants list unless

they belonged to a set of IDs being used for comparison (e.g., TNBC Basal subtype markers or epithelial compartment markers,

Table S1). Coefficients of variation were calculated on intensity measurements with three or more replicates without imputation.

Run-to-run correlations were calculated using Spearman’s correlation on log2-transformed intensities without imputation. Principal

component analysis was performed on log2-transformed intensities imputing missing values to 0. Results from statistical tests are

reported in Table S5.

TNBC cell line analysis

First proteins were filtered for presence in >50% of replicates for at least one cell line and subsequently imputed with lower tail

imputation (downshift of 1.8 s.d. and width of 0.5 s.d.).53 TNBC basal markers21 heatmap generation was clustered using Pretty

Heatmap package (pheatmap_1.0.12) using correlation as a distance metric for proteins, Euclidean distance for samples, and

Ward D2 linkage The GSVA54 package (GSVA_1.46.0) was used to calculated similarity between cell lines and TNBC Basal sub-

types. Omega-squared values were calculated fitting log2-transformed intensities to a two-way ANOVA with batch and cell line as

independent factors. Differential expression was calculated using the Estimated Marginal Means package (emmeans_1.8.4–1) to

calculate group means from a linear model fit with batch as cell line as factors with an interaction term. Mean fold-changes were

calculated from supplementary files from previous bulk proteomic studies13,14 and plotted against mean fold changes from this

study.

Primary total epithelial compartments

First proteins were filtered for presence in >50% of replicates for at least one epithelial compartment and subsequently imputed with

lower tail imputation.53 Differential expression was calculated using Estimated Marginal Means package using a linear mixed model

with compartment as a fixed effect and allowing for a different intercept per mouse. Genes in volcano plot were annotated with ca-

nonical compartmentmarkers as previously described.22 Data fromCasey et al. were accessed from Table S5 and fold changeswere

calculated using the ‘‘LFQ or adj iBAQ’’ values.

Primary epithelial MTR subsets

Data for basal and luminal compartments were analyzed independently. First proteins were filtered for presence in >50%of replicates

for total, MTRhigh and MTRlow subsets and subsequently imputed with random forest algorithm using the MissForest package (mis-

sForest_1.5). Significant differences were detected using repeated measures ANOVA with mitochondrial subset as variable within

mouse as a grouping variable. Fold changes were estimated using Estimated Marginal Means package using a linear mixed model

(lme4_1.1–31) with mitochondrial subset as a fixed effect and allowing for a different intercept per mouse. GSEA was applied using a

preranked list of Gene Symbols sorted based on estimated fold changes against the Mouse Wikipathways gene sets with minimum

and maximum sizes of 25 and 200, respectively. GenieScore was calculated as described26 using mitochondrial subset means as

input values.

Basal CD36 population

First proteins were filtered for presence in >50% of replicates for total and CD36high subsequently imputed using the MissForest

package. Fold changes and significance were estimated using Estimated Marginal Means package using a linear mixed model

with CD36 subset as a fixed effect and allowing for a different intercept per mouse. GSEA was applied using a preranked list of

Gene Symbols sorted based on estimated fold changes against the Mouse Gene Ontology Biological Processes gene sets with
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minimum and maximum sizes of 25 and 200, respectively. Outputs from GSEA were used as inputs to Cytoscape (v.3.9.1). GSEA

gene sets were visualized in EnrichmentMap (v.3.3.4) and AutoAnnotate (v.1.3.5).

Data visualization
Unless otherwise specified, plots were generated using R programming language (v.4.2.2) with Tidyverse pacakge (tidyverse_1.3.2)

with ggthemes_4.2.4, ggpubr_0.5.0, ggplot2_3.4.0, and ggbeeswarm_0.6.0 packages.
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