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Single-cell chemoproteomics identifies metastatic
activity signatures in breast cancer

Kavya Smitha Pillai'?

Olufunmilayo I. Olopade®, Savas Tay*>*, Raymond E. Moellering

Protein activity state, rather than protein or mRNA abundance, is a biologically regulated and relevant input to
many processes in signaling, differentiation, development, and diseases such as cancer. While there are numerous
methods to detect and quantify mRNA and protein abundance in biological samples, there are no general ap-
proaches to detect and quantify endogenous protein activity with single-cell resolution. Here, we report the devel-
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opment of a chemoproteomic platform, single-cell activity-dependent proximity ligation, which uses automated,
microfluidics-based single-cell capture and nanoliter volume manipulations to convert the interactions of family-
wide chemical activity probes with native protein targets into multiplexed, amplifiable oligonucleotide barcodes.
We demonstrate accurate, reproducible, and multiplexed quantitation of a six-enzyme (Ag-6) panel with known
ties to cancer cell aggressiveness directly in single cells. We further identified increased Ag-6 enzyme activity across
breast cancer cell lines of increasing metastatic potential, as well as in primary patient-derived tumor cells and or-

ganoids from patients with breast cancer.

INTRODUCTION

Recent advances in multi-omics profiling methods and platforms have
enabled the detection and quantitation of biomolecules involved in
signal regulation at each step of the central dogma. DNA- and RNA-
centered measurements have led the way due to the maturity and
availability of enzymatic oligonucleotide amplification, reverse tran-
scription, and sequencing technologies (I-4). One area of particular
growth has been the development of single-cell transcriptional pro-
filing technologies and their application in diseases like cancer (5),
where heterogeneity exists within the tumor compartment, circulat-
ing tumor cell populations, and the surrounding cells of the tumor
microenvironment. While these technologies are powerful, it is well
characterized that there are poor correlations between DNA, RNA,
and protein levels in model organisms (6, 7), including humans
(8, 9), and even within the same clinical samples (10). Therefore, the
development of high-resolution technologies capable of interrogat-
ing protein abundance, and if possible, protein activity state, remains
an area of great importance.

The functional states of endogenous proteins are subject to extensive
posttranslational regulation, which can result in significant disparity be-
tween protein abundance and protein activity. These regulatory events
include posttranslational modifications (11, 12), protein-protein (13, 14)
or protein-metabolite interactions (15, 16), impacts of the surrounding
chemical environment (17, 18), spatial compartmentalization (19), and
even mechanical forces (20). As a result, activity-based protein profiling
methods have been developed to integrate chemical probes upstream of
liquid chromatography tandem mass spectrometry (LC-MS/MS) or gel-
based protein separation to specifically detect and quantify only ac-
tive subpopulations of the proteome of interest (21-23). Family-wide
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chemical proteomic probes are particularly powerful as they can report
on the activity of large swaths of the active proteome simultaneously,
with published examples available for numerous enzyme families, gen-
eral reactive functionalities and specific posttranslational modifications
(22, 24-32). While ideal for discovery-mode profiling, the use of gel-
and MS-based detection strategies requires relatively large cellular sam-
ple input, extensive and expensive processing workflows, relatively low
sample throughput, and may lack the sensitivity to detect many low-
abundance proteins or proteoform pools. Moreover, many of the con-
textual features of cellular samples, such as heterogeneity and spatial
relationships, are completely lost in the homogenization of thousands to
millions of cells during sample processing. Together, these limitations
can prevent the application of activity-based profiling methods to areas
of fundamental and translational science.

To address some of these limitations, we recently developed an
alternative chemical proteomic detection platform, activity-dependent
proximity ligation (ADPL), which integrates modular, family-wide
chemical probes (including those previously reported for MS- and
gel-based readouts) (23) with proximity-dependent oligonucleotide
amplification (33) to quantify active proteins in native contexts with
high spatial resolution (34, 35). Specific probe-protein complexes can be
detected by protein recognition reagents (e.g., antibody-oligonucleotide)
and probe-directed (e.g., streptavidin-oligonucleotide) recognition
elements to convert the probe-target labeling event into barcoded
oligonucleotide amplicons. One can “write” and “read” barcoded
amplicons directly on fixed cells or tissues for quantitative visualiza-
tion of active proteins with fluorescence imaging techniques. Alter-
natively, barcoded amplicons can be templated and quantified in
whole cell proteome (e.g., lysate) via soluble (s)ADPL for ultrasensi-
tive quantification by reverse transcription quantitative polymerase
chain reaction (RT-qPCR; fig. S1). This latter approach permits mul-
tiplexed measurement of many active protein targets with stream-
lined sample processing, minimal sample input, and high quantitative
accuracy. In principle, the signal amplification and barcoding af-
forded by sADPL could be extended to detect distinct active pro-
teins, or multiplexed activity “signatures” from isolated single cells,
regardless of their origin. However, in its current form, sADPL is
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limited by manual sample processing and concomitant issues with
practical volume manipulations and sensitivity.

Herein, we present an automated microfluidic pipeline for single-
cell isolation and “on-chip” sSADPL processing for multiplexed pro-
tein activity measurements on isolated single cells. By applying the
single-cell ADPL (scADPL) workflow to cancer cell lines and sam-
ples from patients with primary breast cancer (BC), we identify a
cancer-aggressiveness activity signature that correlates with meta-
static BC progression.

RESULTS

Quantifying active proteins in isolated single cells

with scADPL

Soluble ADPL is capable of quantifying active protein subpopulations
in as little as 10 pg of whole proteome (36). Published estimates of the
total protein content within a single epithelial human cell (e.g., a HeLa
cell) is approximately 2 ng (37). We therefore reasoned that it should be
possible to perform sADPL measurements, perhaps for many tar-
gets in parallel, at the single-cell level. We first sought to automate,
streamline, and optimize our sSADPL method by developing a micro-
fluidic device-based protocol capable of (i) isolating, culturing, and

1. Treatment with

imaging live single cells from diverse biological samples; (ii) automat-
ed delivery and manipulation of nanoliter volumes to achieve suitable
working proteome concentrations (36) for optimal ADPL barcoding
and amplification; and (iii) reduce dead volume to maximize sensitiv-
ity and reproducibility (Fig. 1A) (38). We therefore adapted a previ-
ously developed microfluidic device (38) for single-cell isolation and
chemical processing of cells, and then developed and integrated chemical
protocols that enabled single-cell protein activity measurements in
each cell. In our on-chip scADPL workflow, single cells, pulse labeled
with ADPL-compatible activity probes, are subjected to capture in
individual nanochambers, where they are lysed and incubated with
ADPL barcoding reagents (Fig. 1A and fig. S1). This system requires
compatibility of all reagents for “one-pot” proximity barcoding and am-
plification within the whole proteome, as we validated previously for
sADPL, followed by amplicon retrieval and quantification by qPCR or
digital droplet PCR (ddPCR; Fig. 1A).

Building on our previous microfluidic designs (38), we first tested
the scADPL workflow for detection of both a soluble protease (CTSL)
using an ADPL-compatible cathepsin family-wide chemical probe
(Cat-Bio) (36, 39) and an integral membrane hydrolase (NCEH1) with
an ADPL-compatible serine hydrolase family-wide chemical probe (FP-
Bio) (22, 23, 33, 36) in single SKOV3 cancer cells. We first performed
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Fig. 1. Microfluidics-coupled single-cell activity-dependent proximity ligation (scADPL). (A) Microfluidic chip design for automated scADPL. One unit of assay cham-
bers is shown in detail (not to scale), including input fluid artery (1); single-cell trapping chamber (1I); cell lysis chamber (Ill); proximity barcoding element incubation in
whole proteome (IV); and proximity barcode ligation (V). Output retrieval containing ligated amplicons can be quantified by off-chip gPCR. Bright-field and fluorescence
micrograph image shows isolation of a single cell labeled with FITC-labeled anti-CD45 antibody in an assay chamber (arrow tail). (B) ddPCR quantification of relative ca-
thepsin L (CTSL) activity in isolated SKOV3 cells treated with 5 pM cathepsin targeting probe (Cat-Bio) or vehicle only-treated cells. (C) gPCR quantification of relative
NCEH1 activity in isolated SKOV3 cells treated with 2 uM serine hydrolase family targeting probe (FP-Bio), with or without 2 pM selective NCEH1 small-molecule inhibitor
(JW480) or vehicle only-treated cells. Box plots represent the median and quartiles; the whiskers go down to the smallest values and the highest values. Individual data
points each represent a single measurement from an isolated cell. Data are representative of n = 2 (B) and n = 3 (C) independent biological replicates. Student’s two-way

t test, *#**P < 0.0001.
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validation of optimal conditions for scADPL, including streptavidin-
oligo and antibody-oligo concentrations, lysis buffers, chip tempera-
ture, and ADPL barcoding conditions, arriving at a working window
that was similar to that found in our previous “bulk” sSADPL assay
(36), albeit scaled down for volume (fig. S2). Family-wide probe con-
centrations and durations mirrored previous imaging and soluble
ADPL studies (36, 39). Using these conditions, we used scADPL to
measure CTSL signal in isolated SKOV3 cells using ddPCR to detect
and quantify barcoded amplicons. The average scADPL signal was
54-fold higher in Cat-Bio-treated cells relative to vehicle-treated cells,
confirming that single-cell activity measurements could be detected
by ddPCR (Fig. 1B). In parallel, we measured the scADPL signal for
active NCEH1 in cells treated with FP-Bio or vehicle followed by qPCR
quantification, resulting in a similar ~64-fold higher signal. Moreover,
pretreatment of FP-Bio-treated cells with a selective NCEH1 inhibitor,
JW480, significantly inhibited the signal increase, confirming the tar-
get specificity of the scADPL signal similar to our previously report-
ed imaging and bulk sADPL systems (Fig. 1C) (33, 36). As chemical
probes like FP-bio are intentionally developed to interrogate families
of tens to hundreds of protein targets, it is important to validate
target-selective signal generation through inhibitors such as JW480.
ddPCR measurement of NCEH1-dependent scADPL signal clearly
showed probe-dependent signal production but with significantly
lower signal-to-noise ratio relative to qPCR (fig. S2). Because we in-
tended to use a detection and quantification method that is robust
across different types of protein targets and amenable to multiplex-
ing, we chose to use qPCR from that point forward. Collectively,
these data identified general working windows for automated, single-
cell ADPL and supported the potential for robust measurement of
active proteins in whole, soluble proteome from isolated single cells
with scADPL.

Multiplexed activity profiling in isolated single cells

After establishing the ability to measure active proteins quantitatively
and sensitively in single cells with scADPL, we sought to test whether
our scADPL pipeline was capable of multiplexed quantification of active
target proteins. We focused on profiling a six-enzyme panel composed
of four serine hydrolase family members (NCEH1, MGLL, FAAH, and
uPA) and two cathepsins (CTSL and CTSB) with strong ties to cancer
cell aggressiveness (Ag6 panel) (36, 40-44). Because of the family-wide
targeting of Cat-Bio and FP-Bio, this panel can be profiled by pulsed
labeling of single cells with just these two probes. We adapted our
single-plex scADPL workflow to include orthogonal, target-specific
barcoding sequences within the forward primer sequence to enable
universal ligation and amplification of all target enzymes, but target-
specific quantification on unique barcode channels in qPCR; all other
conditions from our single-plex workflow remained the same (fig. S2).
We first performed probe versus no-probe experiments in SKOV3 cells
and measured the activity signal of each target in the Ag6 panel from the
same cell (i.e., six orthogonal qPCR measurements of different targets
from every isolated cell). Highly significant and target-dependent ac-
tivity levels were measured, with relatively high activity for NCEH],
MGLL, and CTSL (>20-fold over no probe background) and lower but
detectable activity for FAAH, CTSB, and uPA (Fig. 2A). The specific-
ity of these multiplexed scADPL measurements was confirmed using
selective inhibition of NCEH1 by JW480, which inhibited NCEH1-
specific scADPL signal by >90% but had no significant effect on
the scADPL activity measurement of the other targets (Fig. 2B).
Multiplexed scADPL quantification was reproducible across replicate
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samples run on different microfluidic devices and subsequent days
(Fig. 2C; Pearson r = 0.9981). In addition, quantification was accurate
relative to known activity of the Ag-6 panel in SKOV3 measured by bulk
sADPL (i.e., aggregate of many cells) (36) and previously published im-
aging ADPL studies (33). We also compared the activity signatures from
our bulk sADPL pipeline to that from our scADPL pipeline and ob-
served a highly significant correlation between the data collected via
these two workflows. (Fig. 2D; Pearson r = 0.9288). Together, these ex-
periments validate the potential for multiplexed profiling of protein ac-
tivity states within single cells, which enables the identification of single
target or aggregate activity signatures for molecular phenotyping of
diverse cellular samples.

Multiplexed scADPL detects heterogeneous activity
signatures within and between different cell lines

Averaged activity signatures obtained via traditional (e.g., gel or
mass spectrometry based) as well as our bulk sSADPL method re-
quire mixtures of thousands (via the sensitivity afforded by sADPL)
to millions of cells upstream of the activity-based processing and
analysis workflow. This fundamentally limits the ability to profile
many sample types, such as small patient samples or circulating
cells, and precludes bona fide measurement of protein activity with-
in single cells. While useful for intersample comparisons, the inherent
heterogeneity within clinical samples cannot be detected or quanti-
fied using these workflows. We therefore sought to test whether our
scADPL workflow can be used to reliably detect specific protein ac-
tivity differences and aggregate signatures between distinct single-
cell populations. We compared disparate signatures both between
and within cell lines. To do so, we compared single-cell activity pro-
files of the 6-enzyme panel in cells originating from different tissues
[kidney human embryonic kidney (HEK) 293T versus ovarian
SKOV3 cells], as well as tissue-matched cell lines with established
differences in aggressive phenotypes (ovarian cancer SKOV3 versus
OVCAR3). We observed significant differences in the aggressive en-
zyme activity of all targets in SKOV3 relative to HEK293T cells
(Fig. 3A). Multiplexed scADPL analysis also identified significantly
increased activity of all Ag6 enzymes, with the highest change in
NCEH]I, in SKOV3 cells relative to the less aggressive OVCAR3
population (Fig. 3B). The scADPL-generated activity profiles of the
ovarian cancer cell lines were in agreement with previous measure-
ments made by imaging or soluble bulk ADPL, as well as gel profil-
ing (36). We compared these relative active protein measurements
to standardized mRNA abundance (via the Human Protein Atlas
Database). While several targets exhibited similar trends between
mRNA and active protein levels, others, like FAAH and CTSB, demon-
strated discordant profiles that could stem from posttranscriptional and
posttranslational regulation of activity (Fig. 3C and fig. S3). Last,
a unique feature of the single-cell activity profiles acquired with
scADPL is the ability to quantify protein activity heterogeneity
between single cells of the same origin. This is seen in Fig. 3 (D and
E), where columns capture the heterogeneity among target protein
activity across single cells within and between a cell population, as well
as detection of enzyme activity heterogeneity across the Ag-6 panel
within a single cell (across rows), which shows unique profiles. Prin-
cipal components analysis (PCA) confirmed that scADPL profiles
could be used to cluster cells according to their molecular phenotype,
as in the case of aggressive (SKOV3) and nonaggressive (OVCAR3)
ovarian cancer cell lines (Fig. 3F). Together, these data capture
the enzyme heterogeneity that exists both across single cells for an
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Fig. 2. Multiplexed scADPL quantification of activity signatures in isolated, single cells. (A) Simultaneous quantification of six enzyme targets from two families in
dual-probe-treated (e.g., “Probe,” 5 uM Cat-bio and 2 pM FP-bio) versus vehicle-treated SKOV3 cells. Each point represents a single gqPCR scADPL measurement for that
target in an isolated cell (all measurements shown are in the same n = 8 single cells). Mean relative scADPL signal shown as horizontal line. (B) scADPL quantification of
six enzyme targets as shown in (A) with or without pretreatment with a selective inhibitor of one target, NCEH1, highlighted in red. Individual data points represent single
scADPL target measurements from isolated single cells; all measurements are in the same n =7 and n = 8, 2 M JW480-treated and untreated cells, respectively. Bar graphs
represent the mean relative ADPL signal normalized to 100 for dual-probe-treated samples without pretreatment of JW480. (C) Correlation plots of relative multiplexed
scADPL activity measurements on dual-probe-treated SKOV3 cells on two separate days. Spearman’s r = 0.9881. (D) Correlation plots of relative multiplexed activity
measurements determined for each target in SKOV3 cells using scADPL or bulk SADPL measurement from many cells. Plots depict the average AACy value for each target
comparing dual-probe-treated cells and vehicle-treated cells measured on different days (C) or comparing scADPL and bulk sSADPL workflows (D). SADPL and scADPL data
points in (D) represent the mean from n = 2 and n = 1 technical replicate measures, respectively, each from a representative biological experiment repeated three times.

Data in (A) and (B) compared with Student’s two-way t test; n.s., not significant.

enzyme target and within an isolated single cell for the Ag6 panel,
which can be used to differentiate cell type, tumor of origin, and
tumor aggressiveness.

Single-cell profiling of samples from patients with BC
identifies an activity signature correlated with

metastatic phenotype

We next applied scADPL to measure activity signatures in complex,
sample-limited tumor biopsies and isolated tumor cells from patients.
We first chose to profile the activity of our six-enzyme aggressiveness
panel (Ag-6) in live patient-derived organoids (PDOs) from primary and
metastatic tumors obtained from either (i) six patients with triple-
negative breast cancer (TNBC), enabling “between-patient” com-
parisons; or (ii) multiple tumors from one hormone refractory,

Smitha Pillai et al., Sci. Adv. 10, eadp2622 (2024) 23 October 2024

estrogen receptor—positive (ER+) BC patient with metastatic BC, en-
abling “within-patient” comparison (Fig. 4A). We chose to use PDOs
as a model to compare single-cell and bulk ADPL measurements with
the same samples as a proof of concept.

We first profiled the Ag-6 panel in four distinct cell lines (MC-
F10A and TNBC cell lines HCC70, MDA-MB-231, and BM1), each
representing a different stage in the continuum from noncancerous
breast epithelium to metastatic lesion [MCF10A as noncancerous
breast epithelium, HCC70 as normal BC, MDA-MB-231 as aggres-
sive tumor cells having undergone epithelial-to-mesenchymal tran-
sition (EMT), and BM1 as a formed metastatic lesion] (45-47). We
observed relatively low levels of Ag-6 enzyme activity in MCF10A
and HCC70 cells, with a significant spike in activity in the MDA-
MB-231 cell population (Fig. 4B). Activity levels of NCEHI1 and
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Fig. 3. scADPL quantifies multi-protein activity signatures and heterogeneity in single cells. (A and B) Multiplexed scADPL measurements in cell lines from different
tissues of origin [i.e., HEK293T versus SKOV3 (A)] or the same tissue of origin [i.e., SKOV3 versus OVCAR3 (B)]. Each point represents a single qPCR scADPL measurement for
that target in an isolated cell (all measurements shown are in the same dual-probe-treated single cells). Mean relative scADPL signal shown as horizontal line normalized
to activity level in HEK293T (A) and OVCAR3 (B). Measurements are normalized to RPE internal control for each cell. Individual data points represent individual cells and
the horizontal line represents activity mean. Each graph is representative of two independent biological replicates, with each target consisting of n > 10 isolated single
cells. (C) Plots of relative mRNA abundance and active protein levels of the Ag-6 panel between the cell lines SKOV3 and OVCAR3 (B). mRNA measurements were obtained
from the online repository, The Human Protein Atlas (https://proteinatlas.org) (57) and protein activity (in blue) of each Ag-6 panel member measured using scADPL.
(D and E) Heatmaps of scADPL activity measurement Z scores within single cells. Each row within the heatmap represents activity measurements in the same cell; columns
show activity across cells for a single target protein of interest. (F) PCA dimensional reduction performed using scADPL activity profiles in SKOV3 and OVCARS3 cells from
(B). Clusters are highlighted in blue and red, with each data point representing a single cell. Data in (A) and (B) compared with Student’s two-way t test; n.s., not significant.

uPA remained high while the activity of the other four members was
reduced in the already-metastasized BM1 cells relative to their par-
ent MDA-MB-231 cells. We also compared the activity level profiles
to mRNA abundance reported in The Human Protein Atlas for these
cell lines. Similar to the previous cell line case above, we observed
that mRNA and active protein levels were generally correlated for
some targets, while others showed starkly different profiles (fig. S4).

Smitha Pillai et al., Sci. Adv. 10, eadp2622 (2024) 23 October 2024

Having established a baseline in TNBC cell lines, we next profiled
Ag-6 activity in organoids derived from primary and metastatic tu-
mor resections from patients with TNBC (table S1). We observed
higher Ag-6 activity in all metastatic cells relative to primary tu-
mor cells, with the highest activity observed in two liver metastases
(Fig. 4C and fig. S5). Next, we profiled organoids derived from two
pleural effusions (i.e., disseminated cancer cells) and one established
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Fig. 4. scADPL detects enzyme activity signatures in tumor organoids derived from patients with BC. (A) Primary or metastatic tumor biopsies from several patients
with TNBC (left) or a single ER+ patient (right) were used to generate heterogeneous organoids before bulk SADPL on organoid mixtures (top) or scADPL profiling of dis-
sociated single cells (bottom). (B) Multiplexed sADPL quantification of the Ag-6 panel activity in four TNBC cell lines. Normalized activity is plotted for each target relative
to activity measured in MCF10A cells from n = 3 biological replicates. (C) Multiplexed sADPL quantification of Ag-6 panel target activities in six different fresh PDOs derived
from patient primary and metastatic tumor sites, as listed. Heatmap depicts relative activity Z scores obtained from n = 4 independent replicates. (D) Heatmap depiction
of Ag-6 target activity levels (Z scores, representative of n = 2 biological replicates) measured by multiplexed sADPL and scADPL profiling of intact organoids and isolated
single cells, respectively. Pleural effusion and lymph node metastasis samples were collected from the same ER+ patient. Individual target quantifications in each SADPL
reaction or single-cell measurements were normalized to spike-in control R-phycoerythrin (RPE); relative activity Z scores in (C) and (D) were calculated by normalizing
within each target to Primary—PDO1 and Lymph met samples, respectively. (E) Heatmaps of scADPL activity measurement Z scores in the left and right pleural effusion
and the lymph metastasis. Each row within the heatmap represents a single cell, with columns plotting the activity of the indicated target within that cell. (F) General
schematic depiction of Ag-6 activity signature changes in BC cell progression supported by data in this study. Ag-6 activity signature increases in cells that have under-
gone EMT or that have increased metastatic potential, and either remain elevated or slightly decrease in established metastatic BC lesions.
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lymph node metastatic lesion taken from the same patient with ER+
BC. We performed multiplexed Ag-6 profiling with bulk sSADPL, but
to confirm measurement in tumor cells only, we also analyzed sam-
ples by scADPL. A key benefit of the scADPL platform is the on-chip
staining and real-time visualization of cell morphology and/or other
molecular markers. Here, we detected CD45+ cells as a filter to pre-
vent inadvertent activity signature contamination from isolated im-
mune cells. This is only possible with microfluidics-aided scADPL
and could be expanded out to other cellular markers to identify a
variety of cell types within biological samples (fig. S6). We observed
the highest Ag-6 activity profile again in organoid cells established
from pleural effusion relative to the organoid cells established from
lymph node metastatic lesion. This generally agrees with the cell line
studies showing the highest activity in disseminating MDA-MB-231
cells that were derived from a patient pleural effusion (Fig. 4, D and
E, and fig. S7) (48), and this general trend was observed in both the
single-cell and bulk ADPL measurements. The left pleural effusion
was obtained before the right pleural effusion and the lymph node
biopsy, likely during the early stages of metastasis detection, and
this sample exhibits greater intertarget heterogeneity among the three
PDO samples and a significant increase in CTSL activity. A general
increase in Ag-6 activity and a decrease in variability between targets
is observed in right pleural effusion sample, which was collected at
a later stage in disease progression. A similar reduction in variability
is also observed in lymph node metastases. In addition, mirroring our
findings from cell culture analysis, the lymph metastasis also dem-
onstrated a general decrease in Ag-6 activity, although the true tu-
mor progression timeline within this patient is unknown (Fig. 4E and
fig. S7). Together, these data confirm that scADPL and bulk ADPL
profiling can be applied directly to low-abundance patient samples
and isolated single cells for high-resolution molecular phenotyping.
Moreover, we have identified an Ag-6 enzyme panel that correlates with
metastatic and/or EMT in both BC cell lines and primary patient
tissues (Fig. 4F).

DISCUSSION

Here, we present an automated chemoproteomic method, scADPL,
which uses activity-based probes to detect and quantify endogenous
protein activity state in single cells. To our knowledge, these are the
first multiplexed measurements of this type. The scADPL platform is
inherently modular, such that activity probes (and therefore target
protein families), specific proteins of interest, cell types, multiplexing
schemes, and microfluidic platforms could be interchanged for spe-
cific applications. Here, we focused on a multiplexed panel of previ-
ously interrogated cancer-associated enzymes (the Ag-6 panel) in the
serine hydrolase and cathepsin protease families. We demonstrated
quantitative precision and accuracy by comparing scADPL measure-
ments between known cell types, inhibitor treatments, and across
detection schemes. The microfluidic device used in this work enables
in-line, automated processing of the scADPL workflow from cell cap-
ture to oligonucleotide barcode elution (Fig. 1). In principle, scADPL
should be readily adapted to other microfluidic or robotic devices
and formats, which could further reduce sample processing time and
increase parallel sample processing. Moreover, while we demonstrate
the potential to robustly detect target enzyme activity using qPCR,
future work to increase multiplexed barcode deconvolution in the
same sample reactions should be explored to increase multiplexing
capacity (which was not a goal in this study) and increase throughput.
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There are several limitations to our study. First, the gPCR readout
currently requires splitting of single-cell contents for parallel am-
plicon detection and quantification. This could provide an upper
limit on the number of targets that can be accurately profiled in single
cells. Other quantification methods could likely improve or obviate
this limitation. Second, as with other proximity ligation approaches,
we rely on high-quality barcoded antibodies, which can be a limita-
tion due to availability and performance of antibodies. However, be-
cause the chemical probe(s) used in scADPL already serve to anchor
one-half of the barcoding scheme, we believe that the success rate of
finding a suitable target-specific antibody is higher than finding two
distinct antibodies, as is necessary in proximity ligation approaches
that only measure bulk protein abundance. In all cases, reagent avail-
ability and quality control are important. Last, we demonstrated the
proof-of-concept application of scADPL to two protein classes for
which previous probe designs could be adapted for live-cell treat-
ments and downstream integration into ADPL. Expansion to other
protein families with existing and new probes is supported by the
modularity of the ADPL platform and could extend the range of tar-
gets and biology that can be studied using this method.

Last, we demonstrated the direct molecular phenotyping capa-
bilities of the scADPL platform to identify metastasis-associated ac-
tivity profiles in BC cell lines and PDOs. Using cell lines, we identified
the consistent increase in Ag-6 panel activity in BC cells that have
undergone or are undergoing EMT and/or metastasis (Fig. 4, C to E).
This general profile was also observed in metastatic tumor-derived
cells from the same patient and between a group of tissues collected
from multiple patients. The patient samples used here were not pow-
ered or controlled to confirm the specificity or predictive nature of
this profile but were focused on testing whether scADPL profiling
could accurately and precisely measure activity profiles correlated
with disease state. Future studies to expand this testing cohort in BC
and other cancers are warranted to determine the robust and poten-
tial diagnostic utility of the Ag-6 panel in understanding cancer pro-
gression and treatment. Beyond the specific targets studied here, a
general limitation with averaged protein abundance or activity signa-
tures obtained via traditional (e.g., gel or mass spectrometry based)
or other bulk methods like SADPL is the large cell input requirement
(e.g., thousands to millions of cells) upstream of time-intensive and
low-throughput activity-based processing and analysis workflows.
This fundamentally limits the ability to profile many sample types,
such as small patient sample biopsies or circulating cells. The aggre-
gate analysis of heterogeneous cell mixtures also prevents bona fide
detection of activity profiles from specific cell types, such as the patient-
derived BC cells measured here. The scADPL approach described
here provides a specific solution to many of these issues, as well as a
general framework for expansion to interrogate other additional pro-
tein targets, families, and activity signatures more broadly in basic
and translational settings.

MATERIALS AND METHODS

Reagents and general equipment

All the chemicals were purchased from Sigma-Aldrich, unless otherwise
mentioned and were used as received. NCEHI polyclonal antibody was
previously reported (33, 36). Other commercial antibodies were pur-
chased from Abcam (no. ab58802, anti-cathepsin B; no. ab54615, anti-
FAAH1; no. 24701, anti-MGLL; no. 24121, anti-urokinase; no. 34721,
anti-RPE) and from R&D Systems (no. AF952-SP, anti-cathepsin L).
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Streptavidin was purchased from Leinco Technologies (no. S203) and
R-phycoerythrin was purchased from Thermo Fisher Scientific (no.
P801). SYBR gold nucleic acid stain and NuPAGE Novex 4% to 12% bis-
tris protein gels were purchased from Thermo Fisher Scientific (no.
S11494 and no. NP0322BOX, respectively). Oligonucleotides and Taq-
Man probe for gPCR were purchased from Integrated DNA Technologies.
DSS linker and polyadenylic acid were purchased from Sigma-Aldrich
(no. S11494 and no. P9403, respectively). Bicinchoninic acid (BCA) and
micro-BCA assays were purchased from Thermo Fisher Scientific (no.
23225 and no. 23235, respectively). Immunoglobulin G (IgG) was pur-
chased from Thermo Fisher Scientific (no. 02-6202). Thermo Fisher
Scientific NanoDrop One“ was used for performing absorption measure-
ments. Luna universal probe qPCR master mix (no. M3004E) and Phu-
sion high-fidelity DNA polymerase (no. M0503L) were purchased from
New England Biolabs. Ampligase was purchased from Lucigen (no.
E0001-5D3).

Cell lines

HeK293T, HCC70, BM1, and MDA-MB-231 cells were grown in
RPMI 1640, SKOV3, OVCAR3, and MCF 10A cell lines grown in
Dulbeccos modified Eagle’s medium (DMEM)-F12 supplemented
with 10% fetal bovine serum (FBS; Thermo Fisher Scientific) and 1%
penicillin/streptomycin (Hyclone). All cells except BM1 cells were
procured from the American Type Culture Collection and were not
short tandem repeat (STR) profiled. BM1 cells were kindly provided
by Dr. Marsha Rosner from the University of Chicago. Cells were
grown in a water-jacketed humidified incubator at 37°C with 5%
CO5. All cells tested negative for mycoplasma contamination.

PDO development and preparation

The procurement of biospecimens for the generation of breast can-
cer (BC) patient-derived organoids (PDOs) has been performed ac-
cording to the approved institution review board protocol (16352A)
with a signed patient consent. All patient samples and clinical in-
formation related to the samples have been deidentified. Fresh core
needle biopsy samples or cells from pleural effusions were remnant
specimens collected without compromising required diagnostic pro-
cedures. PDOs were established as previously described (49). Briefly,
tissue obtained from a core biopsy was enzymatically digested for
1 hour to generate cell suspension. Cells from pleural effusions were
collected by centrifugation at 450¢ for 10 min and washed in Ad-
vanced DMEM-F12 containing 10 mM Hepes, 1X Glutamax, and
penicillin/streptomycin (AdvM+). Pelleted cells were mixed with
Matrigel (MG), plated into prewarmed 24-well plates to allow MG to
solidify at 37°C and supplemented with BC PDO media to grow or-
ganoids (49). To prevent misidentification and cross-contamination,
each PDO sample was cultured in a separate, appropriately labeled
dish, and the identity of PDOs was confirmed by fingerprinting us-
ing the AmpFLSTR Identifier PCR Amplification Kit. All PDOs were
tested for mycoplasma contamination. Once PDOs reached 50 to
100 mm size, they were collected for subsequent experimental pro-
cedures. To dissociate from MG, PDOs were incubated with Dispase
at 37°C for 20 min, washed twice with AdvM+, and centrifuged at
450¢ for 5 min. To obtain a single-cell suspension, the PDO pellet
was incubated with TrypLE at 37°C for 5 to 10 min. Trypsinization
was stopped with 2% FBS, and cells were washed twice with AdvM+,
passed through a 40-mm cell strainer, and centrifuged at 450g for
5 min. Cells were resuspended in 500 pl of BC PDO media and kept
on ice before activity profiling on the chip.
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Preparation of cell lines and PDO lysates for soluble ADPL
measurements as well as standardization measurements on
microfluidic device

Cells were treated with a 5 uM cathepsin family-wide probe for 2 hours
and 2 pM family-wide serine hydrolase probe FP-Biotin for 30 min
at 37°C in RPMI or DMEM supplemented with 10% FBS. Single-cell
PDO suspension in BC PDO media was treated with a 5 pM cathep-
sin family-wide probe for 2 hours and 2 pM family-wide serine
hydrolase probe FP-Biotin for 30 min at 37°C. Cells were washed
with phosphate-buffered saline (PBS) and then lysed in MCP bulfter,
and the protein concentration was determined by a BCA assay.

Preparation of cell lines and PDO for single-cell

microfluidic experiment

(i) Cells and (ii) single-cell PDO suspension were treated as men-
tioned above. Cells and PDOs were washed with PBS. To obtain
single-cell suspension, (i) the cells were then incubated with Trypsin
for 2 min. The digestion was then quenched by adding fresh RPMI
or DMEM supplemented with FBS. The cells were resuspended in
PBS and diluted such that there are around 50,000 to 100,000 cells in
1 ml and they are loaded on the microfluidic device. (ii) The PDOs
were resuspended in PBS supplemented with 2% FBS. The cells were
then incubated with anti-CD45 antibody conjugated to fluorescein
isothiocyanate (FITC) for 30 min on ice, washed twice, and loaded
onto the microfluidic device.

Lysis buffer optimization

For optimization of lysis condition, the cells were lysed in Pierce,
CST, TM, and MCP buffers. MCP lysis buffer was prepared with
25 mM tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
0.5% Triton X-100, and 0.5% sodium deoxycholic. CST lysis buffer
was prepared with 25 mM tris (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, and 1% Triton X-100. Pierce lysis buffer was
prepared with 25 mM tris (pH 7.5), 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% NP-40, and 5% glycerol. TM buffer was prepared
with 10 mM MgSOy, 10 mM tris (pH 7.5), and 5 pM CaCl,.

Single-cell enzyme and bulk activity profiling on chip

Single cells were lysed in MCP lysis buffer with the addition of the
spike in control R-phycoerythrin on the chip. For the bulk experi-
ments on the chip, the cells were lysed in MCP buffer by sonication,
following which the protein concentration was measured by BCA
assay. The lysates were diluted to the same concentration and then
directly loaded into the chip. For on-chip analysis, this is followed
by on-chip conjugate incubation for 2 hours and ligation for 45 min
to give the desired ligation product. In this manner, the no-probe
control sample and probe-treated samples both receive the ligation
oligonucleotide and the probe recognition reagents (ab-conjugates
and SA-conjugates). The ligated product is flushed out using 9 pl of
water and then preamplified using 11 ul of the preamplification
mixture (2.5X buffer, 100 nM primers, 200 pM dNTPs, and 9 U
Phusion high fidelity DNA polymerase). The preamplified product
is then subjected to qPCR analysis as mentioned in the multiplexed
sADPL protocol.

Multiplexed soluble activity profiling with sADPL

A threefold dilution series of the lysates were used for the optimization
experiments, and for the experiments with organoids, a final concen-
tration of 0.1 mg/ml was used. The probes were first treated with
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PEG-8000 (polyethylene glycol, molecular weight 8000) to a final
concentration of 5% and then spun down at 4000 rpm for 30 min to
remove any potential assay interference. Lysate (2 pl) was mixed with
2 ul of the ADPL probe mixture such that we ended up with a final
concentration of 200 pM of the enzyme-specific antibody oligo con-
jugate (both for ADPL and PLA) and 4000 pM of the streptavidin
oligo conjugate in PBS containing poly-A (20 pg/ml), 2 mM EDTA,
1% BSA, and 0.05% goat IgG. This mixture was then incubated at
37°C for 1 hour, followed by the addition of 116 pl of the ligation
mixture composed of 100 nM splint oligonucleotide, 0.05 U of amp-
ligase, 0.3 mM NAD*, 10 mM DTT, 20 mM tris-HCI (pH 8.3),
50 mM KCl, and 1.5 mM MgCl,. Ligation incubation occurred at
40°C for 30 min. The ligated products were then subjected to pream-
plification PCR by mixing 5 pl of the ligated mixture to 20 pl of the
preamplification mixture (2.5X buffer, 100 nM primers, 200 pM
dNTPs, and 9 U Phusion high fidelity DNA polymerase) and ampli-
fied for 18 cycles. The preamplified products were extracted using
75 pl of TE buffer and subjected to qPCR. The extracted preamplifi-
cation mixture (4.5 pl) was added to 5.5 pl of gPCR mixture (0.9 pM
primers and 0.45 pM Tagman probe in Luna Universal Probe gPCR
Master Mix). Samples were run on a CFX384 Real-Time System
(384-well plates). After the PCR, the values were either normalized
to PBS (for simpler optimization experiments) or normalized to RPE
(for more complex experiments) (50). Individual cells for scADPL
measurements and replicates for sSADPL measurements with internal
control RPE values that were 2 SDs away from the mean were consid-
ered spurious outliers introduced due to technical errors and were
omitted from further analysis.

Microfluidic chip fabrication

The microfluidic chip molds were designed with AutoCAD (Autodesk,
USA) and were used as blueprints with Heidelberg MLA 150 Direct
Write Lithographer (Heidelberg Instruments Mikrotechnik GmbH,
Germany) to expose UV light on 4-inch photoresist-coated silicon
wafers to define chip features. The microfluidic chip consists of fea-
tures of different photoresist heights: 18-mm AZ40XT (MicroChem,
USA) spun at 1976g, 22-mm SU-8-3025 spun at 1372g, and 70 mm
coated with two layers of SU-8-3025—the first layer spun at 1372g and
the second layer spun at 448¢. The AZ layer forms a rounded dome-like
shape after overnight reflow. The valve-based microfluidic chip consists
of three layers: fluidic layer, control layer, and glass slide at the bottom.
Here, we used a “push-up” chip configuration, in which a fluidic layer
is thick and bonded on top of a thin control layer that is bonded to a
glass slide. The microfluidic chip is made of a polymer material called
polydimethylsiloxane (PDMS). Before casting a PDMS device out of
the molds, the molds were first treated with chlorotrimethylsilane
(cat. no. 92360, Sigma-Aldrich, USA) for 15 min in a fume hood, which
ensured the molds were nonsticky to PDMS, and thus preserve the
features on molds for long-term usage. To cast the thick layer, ~72 g of
PDMS was prepared by mixing the base and the curing agent at 10:1 ratio
(66 g of base and 6.6 g of curing agent). The mixture was then thor-
oughly mixed and degassed automatically (RTV-615, Momentive Spe-
cialty Chemicals, USA). The prepared PDMS was then poured over the
coated mold and degassed again. To cast the thin layer, 11 g of PDMS
was prepared following the same ratio mentioned before. Then, the
PDMS was poured onto coated mold and spun at 448¢ for 1 min. The
PDMS-coated thin layer was placed on a level surface for about 15 min
to let the PDMS reflow and form an even surface. The thin layers were
incubated at 80°C for at least 45 min, while the thick layers were
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incubated overnight at the same temperature. The thick layer was then
peeled off the fluidic layer mold, punched at the fluidic inlets/outlets,
and aligned and bonded onto the thin layer with both bonding surfaces
treated with oxygen plasma for 18 s (oxygen input pressure 860 mtorr,
Harrick Plasma, USA). The aligned assemble was incubated at 80°C
overnight, then it was peeled off the control layer mold, and was
punched again at the control inlets. The retrieval outlets were punched
with a 1930-pum-inner diameter biopsy punch (CR0950765N13R4,
Syneoco, USA), and the rest of the inlets/outlets were punched with a
710-mm-inner diameter biopsy punch (CR0350255N20R4, Syneoco,
USA). Last, the assemble was bonded to a clean and dry glass slide
(127.76 mm X 85.48 mm X 1 mm) with air plasma for 45 s (turn on
the air plasma at a pressure of 800 mtorr, then briefly refill the cham-
ber with air every 10 s). The final bonded device was then incubated
at 80°C for at least overnight to ensure tight bonding.

Supplementary Materials
The PDF file includes:

Figs.S1to S7

Table S1

Legend for data s1

Other Supplementary Material for this manuscript includes the following:
Data S1
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