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MOTIVATION Coexisting clones within a tumor microecology lead to tumor heterogeneity and modulate
response to treatment. Capturing protein-based signal-transduction events and druggable alternations
within these clones remains challenging from a technical perspective. To address this issue, we have devel-
oped an immune-guided laser-capture microdissection workflow coupled with a reverse-phase protein mi-
croarray to isolate coexisting and underrepresented clones within the tumor microenvironment and
generate functional kinase-based signaling profiles.
SUMMARY
Clonal evolution and lineage plasticity are key contributors to tumor heterogeneity and response to treatment
in cancer. However, capturing signal transduction events in coexisting clones remains challenging from a
technical perspective. In this study, we developed and tested a signal-transduction-based workflow to
isolate and profile coexisting clones within a complex cellular system like non-small cell lung cancers
(NSCLCs). Cooccurring clones were isolated under immunohistochemical guidance using laser-capture
microdissection, and cell signaling activation portraits were measured using the reverse-phase protein mi-
croarray. To increase the translational potential of this work and capture druggable vulnerabilities within
different clones, we measured expression/activation of a panel of key drug targets and downstream sub-
strates of FDA-approved or investigational agents. We isolated intermixed clones, including poorly repre-
sented ones (<5% of cells), within the tumor microecology and identified molecular characteristics uniquely
attributable to cancer cells that undergo lineage plasticity and neuroendocrine transdifferentiation in
NSCLCs.
INTRODUCTION

The introduction of targeted anti-cancer drugs has revolution-

ized treatment in oncology. Even so, the therapeutic effects of

targeted approaches are often temporary, as tumor cells

commonly acquire resistance through clonal evolution and

adaptation to alteredmicroenvironments and therapeutic effects

(Worsley et al., 2016). Among these adaptive responses, neuro-

endocrine (NE) transdifferentiation (TD) and histological switch

(HS) are emerging as sharedmechanisms of acquired resistance

and poor prognosis across epithelial tumors of different origins

(Farrell et al., 2017; Kleist and Poetsch, 2015; Marcoux et al.,

2018; Patel et al., 2019; Sekkate et al., 2021; Shia et al., 2002;

Vlachostergios and Papandreou, 2015). Deciphering the molec-
Cell Rep
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ular events that define NE-TD/HS and identifying druggable vul-

nerabilities of these aggressive subclones is emerging as a prior-

ity in cancer research and treatment (Rubin et al., 2020).

NE lineage plasticity and HS as a mechanism of resistance to

treatment in cancer has been described mostly in castration-

resistant prostate cancers and epidermal growth factor receptor

(EGFR)mutant non-small cell lung cancers (NSCLCs) (Quintanal-

Villalonga et al., 2020; Shaurova et al., 2020; Tiwari et al., 2020).

Complementary data from these two distinct tumor types have

demonstrated that emerging NE-like cells retain the molecular

characteristics and features of the primary tumors, such as so-

matic driver mutations and markers of adenocarcinomas (Lee

et al., 2017; Oser et al., 2015). Recent data suggest that NE-

TD and HS almost exclusively manifest in pre-existing and
orts Methods 2, 100271, August 22, 2022 ª 2022 The Author(s). 1
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initially underrepresented subpopulations of cancer cells in

response to selective pressure in a favoring microenvironment

(Quintanal-Villalonga et al., 2020). In NSCLCs, NE-TD and HS

have mostly been reported in EGFR mutant tumors. However,

it has recently been described in patients treated with EML4/

ALK and immuno-checkpoint inhibitors, suggesting that NE-TD

may be a broader mechanism of resistance than previously real-

ized (Arakawa et al., 2020; Bar et al., 2019; Fujita et al., 2016;

Miura et al., 2020; Sehgal et al., 2020). The number of patients

diagnosed with NE-TD and HS is expected to escalate signifi-

cantly in the years to come due to increased awareness of these

mechanisms of resistance and a broader use of targeted inhibi-

tors designed to overcome on-target resistance (Rubin et al.,

2020).

According to the World Health Organization recommenda-

tions, the presence of NE+ cells in NSCLCs should not be

routinely examined unless an NE morphology is also detected

(Travis et al., 2021). However, Roper et al. have recently reported

that NE-TD in EGFRmutant NSCLCs resistant to Osimertinib can

be found in the absence of HS and that the clinical outcome of

transdifferentiated tumors without HS matches those of patients

with an SCLC transdifferentiated phenotype (Roper et al., 2020).

This suggests that NE-TD without HS most likely represents an

earlier event in NE clonal selection with potentially important

diagnostic and clinical implications.

From a biological perspective, NE transdifferentiated NSCLCs

and primary SCLCs present with similar morphological and mo-

lecular characteristics (Lee et al., 2017; Marcoux et al., 2018;

Niederst et al., 2015; Nyquist et al., 2020; Offin et al., 2019; Quin-

tanal-Villalonga et al., 2020, 2021; Sherr and McCormick, 2002).

While intense research efforts have attempted to capture molec-

ular events associated with NE-TD/HS in cancer, most of the ge-

netic changes identified along with many RNA-based bio-

markers of lineage plasticity still remain largely ‘‘undruggable’’

targets (Crea et al., 2016; Ostano et al., 2020; Ramnarine et al.,

2019).

Laser-capture microdissection (LCM) is a sample enrichment

tool for tissue-based biomarker analyses and precisionmedicine

studies (Espina et al., 2007; Liotta et al., 2021). A recent study by

Rajaram et al. is an excellent example of how LCM-based enrich-

ment from small amounts of biological material (�2,500 cells)

can recover sufficient and well-preserved amounts of DNA and

RNA for next-generation sequencing analyses (Rajaram et al.,

2019). Microdissection techniques, including LCM, are a

growing component of clinical next-generation sequencing

(NGS) workflows and have recently been assigned CPT codes

(e.g., 88380 and 88381), confirming their significance in clinical

studies and practice. In brief, LCM allows the isolation, under

direct visualization, of cell subpopulations from complex and

heterogeneous tissues for downstream genomic, transcrip-

tomic, and proteomic analyses (Espina et al., 2006). Cells are

commonly identified based on histomorphological characteris-

tics. However, when morphology or histologic characteristics

alone are insufficient to guide accurate isolation of cell subpop-

ulations, cell immunophenotyping via immunohistochemistry

(IHC) can be used to guide sample enrichment via LCM. This

technique, known as immuno-LCM, has been used in a handful

of studies to capture immune cell subpopulations within the tu-
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mor microenvironment (Buckanovich et al., 2006; Chai et al.,

2018; Fend et al., 1999) or subgroups of cells within the nervous

system (Demarest et al., 2012; Macdonald et al., 2008; Simpson

et al., 2018; Tagliafierro et al., 2016). Transcriptional profiling and

mass-spectrometry-based downstream analyses have been

successfully coupled with immuno-LCM analysis (Rupp et al.,

2006; Liu et al., 2010). Buckanovich et al. and Chabrat et al.

have shown that immuno-LCMprotocols can be adapted to suc-

cessfully prevent RNA degradation and hydrolysis during the

sample enrichment process (Buckanovich et al., 2006; Chabrat

et al., 2015). Thus, this approach is suitable for multi-omic-based

investigations. Given the urgency to find tools to dissect tumor

heterogeneity and clonal evolution in cancer, we have conduct-

ed a proof-of-concept analysis to assess the feasibility of using

immuno-LCM as an enrichment method to isolate underrepre-

sented clones within the tumor ecology and capture the activity

of FDA-approved targets and downstream substrates. Although

the RPPA is not the only platform that can be coupled with im-

muno-LCM for molecular analyses of different clones, we

selected this immunoassay for our readout because, as a prote-

omic technique, it does not rely on amplification of the input ma-

terial and can directly capture low-abundant kinases hard to

dissect in mass-spectrometry-based analyses (Gallagher and

Espina, 2014). Our work demonstrated that coexisting and het-

erogeneously distributed clones within a tumor specimen, in

our case NE-like cancer cells within NSCLCs, can successfully

be isolated using immuno-LCM and be used for molecular

profiling (Figure 1A). To our knowledge, this is the first study

where an immuno-LCM-based workflow has been used to

dissect molecular profiles, and kinase-driven signaling networks

specifically, of coexisting clones in patient-derived tissue

samples.

RESULTS

SYN+ and SYN� clones are present in surgical
biospecimens collected from patients with NSCLC
We first measured synaptophysin (SYN) expression by IHC on

two independent sets of NSCLCs comprising 238 samples, of

which 50 were surgical specimens prospectively collected

from chemonaı̈ve patients with NSCLC and 188 were retrospec-

tive cases analyzed in a tissue microarray (TMA) format. Surgical

specimens included stage I–IV tumors, and samples included in

the TMA were collected from patients affected by stage I–III

NSCLCs. Clinical, pathological, and outcome data are available

for the first set only (Table S1). SYN+malignant cells in sets 1 and

2 were identified using IHC following a standardized protocol

commonly used for the diagnosis of SCLCs. In set 1, nine sam-

ples (18%) contained SYN+malignant cells, of which seven were

adenocarcinomas (77%) and two were squamous cell carci-

nomas (22%) (Tables S1 and S2). Of the 188 cases included

on the TMA, only 6 (3.2%) presented with SYN+ tumor cells

including four adenocarcinomas (66%) and two squamous

(44%) cell carcinomas. Staining intensity across the 238 samples

ranged between 1 and 3 and percentage of positive cancer cells

between <0.2% and 40% (Tables S2 and S3). SYN+ cells were

mostly found in clusters that were located at the aggressive

edge of the tumor in 33% of cases or within the air spaces in



Figure 1. Study workflow and clinical-pathological and molecular characteristics of SYN+ NSCLCs

(A) Diagram capturing the steps of the immuno-LCM workflow developed for this study. SYN+ clones were first identified using standard IHC. SYN+ and SYN�
clones were isolated under direct visualization using an infrared (IR)-based LCM system. Expression/activation of 57 signal transduction molecules were

measured on a continuous scale using the RPPA and compared across different clones to identify signaling events that were uniquely attributable to SYN+ cells.

(B) Examples of SYN+ cells identified by IHC in a primary tumor (left site) and a lymph node metastasis (right panel) in patients with NSCLC; SYN+ cells differ in

degrees of distribution: from a few to 70% of metastatic cells.

(C) Higher rates of distant metastases (p = 0.03), recurrence (p = 0.03), and poorer prognosis (p = 0.05) were detected in patients whose tumor contained SYN+

cells. Bar graph illustrating frequency of distant metastases and outcome of patients with NSCLC with and without SYN+ neuroendocrine-like cells.

(D) Bar graphs displaying changes in SYN expression inmicrodissectedmatched SYN+ andSYN� cancer cells. IHC intensity staining for each sample is reported

along with the RPPA-based fold change values.

(E) Selected examples of IHC staining matching the samples displayed in the bar graph in (D).

(F) Boxplot illustrating significant changes in SYN expression between matched SYN+ and SYN� microdissected clones (p = 0.02).
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11% of cases (Figures S1A and S1B). For 23 of the 50 cases,

SYN expression was also evaluated in matched lymph nodeme-

tastases (Table S3). Of the 23 lymph node metastases, 5 had

SYN+ cells. In four cases, SYN+ cancer cells were present in

both primary tumors and matched lymph node metastases,

which affected patients’ outcome (Figures 1B and 1C).

Matched SYN+ and SYN� clones can be successfully
isolated from complex tissue samples using immuno-
guided LCM
Of the 238 samples screened for this analysis, 15 had SYN+

cells. However, in seven samples, the amount of SYN+ cells

per tissue section was less than 1% (Table S3), and the number

of cells per section ranged between 6 and 60. A few examples

are shown in the Figures S1C–S1E. Of note, such small numbers

of cells are difficult to profile even for single-cell technologies

and digital spatial profiling platforms (Lähnemann et al., 2020).
Eight of the 15 samples (53%) had at least 1% SYN+ cells in

each tissue section and were included in this pilot analysis.

SYN+ staining intensities in these samples ranged from 1 to 3,

and the percentage of positive cells was between 1% and

70% (Table S3). SYN+ and SYN� subclones within the same tis-

sue section were then isolated using immuno-guided LCM. In

brief, freshly cut slides were stained using a mouse anti-SYN

antibody following a standardized IHC protocol. SYN+ and

SYN� clones were immediately isolated under direct micro-

scopic visualization (Figure 1A). SYN� tumor cells were isolated

at an average distance of 500 mm from SYN+ cells (Figure 2).

When SYN+ cells were found in clusters, the external margin of

the cluster was used as a reference point for capturing SYN�
cells. Cell lysates were then immobilized onto 65 nitrocellu-

lose-coated glass slides using an automated system and probed

with 57 antibodies targeting unmodified or post-translationally

modified epitopes.
Cell Reports Methods 2, 100271, August 22, 2022 3



Figure 2. Representative example of the

spatial distance between matched dissected

SYN+ and SYN� clones

The image shows SYN+ immunohistochemical

staining of a lung adenocarcinoma with solid pre-

dominant architectural pattern and acinar second-

ary pattern. SYN� clones were taken at least

500 mm from the edge of the SYN+ cancer cells.
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Using a rabbit anti-SYN antibody, we first assessed whether

ourmethod can successfully be used to isolate coexisting clones

within the same tissue sample. As expected, the SYN amount

was significantly higher in the SYN+ clone, with SYN expression

increasing up to 3.9-fold compared with matched SYN� tumor

cells (p = 0.02) (Figure 1F). SYN expression for individual cases

is shown in Figures 1D, 1E, and S2. To assess whether the addi-

tion of the IHC step to the LCM process affects non-specific

background signal on the RPPA, for one sample with a high per-

centage of SYN+ cells (70%) (Figure S3A), we compared the

background signal generated by cells collected using a standard

LCM protocol with those isolated using the developed immuno-

LCM workflow. The addition of the IHC step to the LCM process

did not affect the background signal of the RPPA data once the

data were normalized to the total number of shots collected

(Mann-Whitney U test; p > 0.05; Figure S3B). Next, we compared

protein yield between the immuno-LCM sample and a cohort of

formalin-fixed paraffin-embedded (FFPE) core needle biopsies

collected from patients with NSCLC where tumor cells were iso-

lated with a standard LCM protocol (Espina et al., 2007). As

shown in the Figure S3C, protein yield for immuno-LCM sam-

ples, although at the lower end of a reference curve, was within

the detection range of the microdissected sample and above the

internal controls (Baldelli et al., 2017). Taken together, these data

suggest that immuno-guided LCM can be used to isolate coex-

isting clones within the same tissue section providing a tool for

exploring molecular events between coexisting subpopulations

of tumor cells.

SYN+ cells are characterized by unique signaling
profiles compared with matched SYN� tumor cells
We next quantified signaling events in SYN+ and SYN� clones

using the RPPA on cell lysates generated from six of the

dissected samples (samples 2–7). Our analysis focused on

post-translationally modified proteins known to be involved in

tumorigenesis, drug targets and downstream substrates of

FDA-approved or investigational agents, and molecules known

to be involved in NE-TD in cancer. While RPPA intra- and inter-

assay reproducibility has been previously described (Rapkiewicz

et al., 2007; Pierobon et al., 2014), coefficient of variations be-
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tween technical replicates (n = 3) ranged

between 1%and 15.9%across the 57 an-

alytes measured by the RPPA.

We used unsupervised hierarchical

clustering analysis to capture patterns

across samples (Figure 3A). Of interest,

matched SYN+ and SYN� cells collected

from the same patient clustered together
only for one of the six samples (Figure 3A, dark green sample).

From a biological perspective, SYN+ cancer cells from different

patients were mostly contained within the same cluster (Fig-

ure 3A, red branches of the dendrogram). These samples were

characterized by increased phosphorylation of Rb at the S780

residue, which translates into reduced activity of the tumor sup-

pressor, a molecular event known to be associated with NE-TD

in cancer and in SCLC carcinogenesis (Quintanal-Villalonga

et al., 2020, 2021). Decreased Rb activity was detected in five

of the six samples in the SYN+ tumor cells compared with

matched SYN� (Figures 3A, 3C, and S4A), and this reduction

was statistically different (p = 0.02) even in such a small sample

set (Figures 3B and 3C). Taken together, these data indicate that

SYN+ and SYN� clones, even within the same tumor, have

unique molecular profiles. The ability to isolate and profile

them as unique entities may offer novel opportunities for under-

standing NE-TD in cancer and for identifying early events poten-

tially preceding HS.

Expression and activation of known regulators of NE-TD
differ between matched SYN+ and SYN� tumor cells
We then calculated the fold change betweenmatched SYN+ and

SYN� clones of each of the 57 proteins measured by RPPA and

focused on analytes that showed similar directionality in four or

more samples (Figures 3B, 3C, and S4A). AKT and Cdk6 were

increased in the SYN+ clones compared with their SYN� coun-

terparts in all six samples (Figures 3B, 3C, and S4A). Expression

of the AKT downstream substrates 4EBP1 and beta-catenin was

also increased in the SYN+ component for five of the six sam-

ples. Expression and post-translationally modified cell-cycle

regulators like Cdk2, Cdk4, and Rb phosphorylated at the

S780 residue, along with proteins involved in DNA-damage

repair, including ATM S1981, Chk1 S345, and Chk2 S33/35,

were also increased in the SYN+ clone compared with the

SYN� cancer cells. In this small population of samples, selected

changes like phosphorylation of Rb S780 and expression of

Cdk6 reached statistical significance, with Rb S780 retaining

its significance even when a pairwise comparison was conduct-

ed (Figures 3B and 3C). Lastly, the fold change between

matched samples showed increased expression and activation



Figure 3. Expression and activation of 57 signaling molecules in matched SYN+ and SYN� clones isolated from the same tissue section

(A) Unsupervised hierarchical clustering analysis using theWard’s method of matched SYN+ and SYN� clones. Intensity values are displayed on a scale ranging

from burgundy to blue, where burgundy indicates high levels and dark blue indicates low levels of expression/activation. On the x axis are listed proteins

measured by RPPA; on the y axis are displayed SYN+ (red) and SYN� (blue) clones. Matched samples are identified by the same color on the left side of the panel.

(B) List of proteins that increased in four or more samples in matched SYN+ and SYN� cancer cells. Proteins that were increased in four, five, or six samples are

color coded in red, blue, and green, respectively. Proteins that were statistically different between SYN+ and SYN� cancer cells are indicated in bold. Samples

where significance was retained in pairwise comparisons are indicated in italic.

(C) Box plot displaying mean and 95% confidence intervals of fold change in SYN+ cancer cells compared with the SYN� clone. Asterisks highlight changes that

were statistically significant; proteins were color coded based on their function.

(D) Unsupervised hierarchical clustering analysis using the Ward’s method for one case where SYN+ cancer cells (red) were isolated along with proximal (blue)

and distal (green) SYN� cells. Proteins are grouped based on their expression/activation across the three matched samples; in the red box are grouped proteins

that increased in SYN+ cells, in yellow the one increased in SYN+ and proximal SYN� cells, and in blue the one increased in distal SYN� cells.

Report
ll

OPEN ACCESS
of transcription factors like c-Myc and STAT3 S727, along with

its regulator Jak1 post-translationally modified at the Y1022/

1023 residue (Figures 3B and 3C). Because many of the mole-

cules emerging as differentially expressed or activated in this

analysis are known modulators of NE-TD in tumors of epithelial

origin, this proof-of-concept study confirms that the workflow

proposed may be a tool for capturing and comparing signaling

events from coexisting clones within the complex tissue micro-

ecology of human biospecimens.

Interactions between signal transduction molecules
differ between matched SYN+ and SYN� tumor cells
To capture the degree of interactions between signaling mole-

cules in SYN+ and SYN� clones, we next used the continuous

RPPA data to calculate pairwise correlation coefficients across

all 57 analytes. To display interconnections with a high degree

of association, we generated network maps that included only

interactions with a Spearman’s Rho correlation coefficient

greater than 0.85. The maps were designed so that the dimen-

sion of each node is proportional to the number of interconnec-

tions a given analyte has. Network maps of SYN� cancer cells

included a higher number of interconnections (128) compared
with SYN+ clones (84) (Figure 4). A total of 9 (10%) negative cor-

relations were included in the network of the SYN+ cells

compared with 26 (20%) in the SYN� cells. Of interest, the inter-

acting network of SYN+ cancer cells had one main cluster con-

taining a number of cell-cycle regulators. These included the

highly interconnected Chk1 S345 along with Cdk2, Cdk4, and

Cdk6 (Figure 4A). Phosphorylated Rb, however, was contained

in a small network and had low numbers of interactions. The

network of the SYN� cells, on the other hand, was more convo-

luted with a number of clusters. Phosphorylated Rb had a large

number of interconnections, while Cdk2, Cdk4, and Cdk6 were

scattered between clusters andwere poorly interconnected (Fig-

ure 4B). Taken together, these data confirm that at the signaling

level, SYN+ cancer cells within NSCLCs are characterized by

unique interacting signaling networks and molecular profiles

compared with SYN� tumor cells.

Molecular profiles of SYN� cells differ based on their
proximity to the SYN+ clone
To further dissect heterogeneous behaviors of different

clones within the same tissue ecology, for one of the samples,

we also captured SYN� tumor cells directly surrounding the
Cell Reports Methods 2, 100271, August 22, 2022 5



Figure 4. RPPA-based maps capturing paired correlations between signaling proteins in matched SYN+ and SYN� clones isolated via

immuno-LCM

(A and B) Correlation maps display proteins with positive or negative Spearman’s rank-order correlation coefficientsR0.85; node dimensions are proportional to

the number of interconnections of each protein. Correlations in SYN+ and SYN� tumor cells are displayed in (A) and (B), respectively. Pink circles indicate

proteins belonging to the Cdk family, blue circles denote cell-cycle regulators, and the yellow circle designates phosphorylated Rb.
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SYN+ cancer cells. This proximal population was collected

within 100 mm from the SYN+ tumor cells and compared with

the other two clones using unsupervised clustering analysis

(Figures 3D and S4B). Of interest, SYN+ tumor cells had a higher

degree of similarity with the SYN� proximal component

compared with the distal clone (Figures 3D and S4B). However,

a number of analytes were uniquely elevated in SYN+ tumor cells

including phosphorylated Jak1 Y1021/1022, ERK 1/2 T202/

Y204, and anti-apoptotic proteins like BAD and Bcl2, as well

as unmodified and post-translationally modified Aurora kinases.

Rb phosphorylation levels showed a progressive increase from

SYN� distal tumor cells to the SYN� proximal tumor cells and

SYN+ cells (Figure S4B). In contrast, distal cells had a high

expression level of p53 compared with SYN+ and SYN� prox-

imal cells. However, phosphorylation levels of p53 were

increased in the proximal and SYN+ clones (Figure S4B). Taken

together, these data suggest that key changes known to be

associated with NE-TD in cancer like loss of Rb and p53 activ-

ities can be detected not only in cells expressing the NE marker

SYN+ but also in the nearby SYN� cells. Capturing changes

within these two clonesmay help dissect early events associated

with NE-TD in tumors of epithelial origin.

DISCUSSION

In this pilot study, we developed and tested a workflow for

isolating NE+ and NE� clones from the complex tissue ecology

and generating protein-based signaling profiles. While tissue

heterogeneity and the coexistence of different clones play a
6 Cell Reports Methods 2, 100271, August 22, 2022
large role in cancer evolution and response to treatment, finding

new ways to dissect and uncover the molecular landscape and

behavior of different clones within the tissue microenvironment

remains a priority for developing more effective therapeutic ap-

proaches. Single-cell technologies have opened new opportu-

nities for capturing molecular events associated with different

subpopulations of cells within a complex tumor environment,

especially at the DNA and RNA levels. However, the highly het-

erogeneous nature of tumors, the low abundance of druggable

molecules and their level of activation, the varying percentage

of NE-like tumor cells in human specimens, and the spatial dis-

tribution of NE+ and NE� clones within the tissue ecology

make dissecting druggable molecular events uniquely attribut-

able to the NE-TD challenging, even for single-cell technologies

(Labib and Kelley, 2020; Lähnemann et al., 2020). Emerging

technologies (e.g., CODEX, MIBI) play a prime role in generating

detailed cellular profiles and have a higher spatial resolution than

the proposed method. However, the workflow proposed pre-

sents some advantages and can be complementary to these

technologies. First, the immuno-LCM uses a light-microscopy-

based system, which remains the elective method in the diag-

nostic process. Although a number of deep-learning algorithms

are under development to implement digital pathology, auto-

mated single-cell segmentations remain challenging, especially

for underrepresented cell subpopulations (Cui and Zhang,

2021; Baxi et al., 2022; McAlpine et al., 2021). Thus, these sys-

tems still need implementation to achieve the accuracy neces-

sary for clinical diagnostics (McAlpine et al., 2021). Second,

the RPPA platform has been amply validated in independent
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studies, including a number of investigations where it was

coupled with sample enrichment via LCM (Mueller et al., 2019;

Pierobon et al., 2014; Baldelli et al., 2021). Although individual ar-

rays can only be probed with one antibody targeting a protein of

interest, the RPPA can measure hundreds of analytes, including

post-translationally modified residues, from a few thousand

cells. For example, full signaling profiles have been generated

from microdissected core needle biopsies collected in precision

medicine clinical trials using a few tissue sections (Wulfkuhle

et al., 2018; Wolf et al., 2020; Pierobon et al. 2014, 2022;

Jameson et al., 2014). Lastly, because microdissection tech-

niques are a growing component of clinical workflows with as-

signed CPT codes and the RPPA is currently offered in commer-

cial laboratory as a CLIA/LDT test, the workflow here described

has high translational potential and can easily be integrated in

future precision medicine efforts. It is known that tumors of

epithelial origin utilize a variety of sophisticated mechanisms

of resistance to targeted treatments, including the acquisition

of NE features and HS to small-cell carcinomas. While historical-

ly, the acquisition of SCLC-like characteristics in NSCLCs has

been defined as a mechanism of acquired resistance to targeted

anti-EGFR treatment, recent findings suggest that this phenom-

enon has broader implications that may even span beyond

response to targeted therapeutics (Bar et al., 2019; Fujita et al.,

2016; Quintanal-Villalonga et al., 2021; Rubin et al., 2020; Sehgal

et al., 2020). However, because longitudinal sampling after diag-

nosis is not performed universally, the true incidence and clinical

impact of NE-TD and HS in NSCLCs is most likely underesti-

mated and hard to predict.

Roper and colleagues have recently shown that NE-TD in

EGFR mutant NSCLCs resistant to Osimertinib can lack HS

and suggested that the acquisition of NE markers without

morphological changes may precede a full HS to SCLCs in

lung cancers of epithelial origin (Roper et al., 2020). Previous

studies have also suggested that NE-transformed clones are

present at diagnosis in approximately 20% of patients; however,

the clinical implications of these cells remain controversial (Feng

et al., 2016; Howe et al., 2005; Ionescu et al., 2007; Kriegsmann

et al., 2021; Pelosi et al., 2003). Although our analysis is based on

a small number of samples and a relatively low number of tumors

harboring SYN+ cancer cells (3% and 18% in sets 1 and 2,

respectively), NE-like cells were found at the invasive margin of

the tumor in 33% of cases, and these tumors were associated

with a higher incidence of distance metastases. In addition,

44% of primary tumors containing SYN+ malignant cells had

NE-like features also in matched lymph node metastases. Un-

derstanding the molecular events that drive NE-TD in lung can-

cer, even in such early stages, may offer new opportunities for

understanding tumor progression, identifying factors within the

tumor ecology that may promote NE-TD and HS in response to

treatment and devising targeted diagnostic and therapeutic so-

lutions for individual patients.

From a molecular perspective, SYN+ cancer cells were char-

acterized by unique molecular profiles and interactive signaling

networks compared with the matched SYN� counterpart (Fig-

ures 3 and 4). However, in a previous analysis conducted by

our group assessing intratumor heterogeneity of signaling events

using an LCM-RPPA-based approach, we detected remarkably
opposed trends (Parasido et al., 2017). Unsupervised clustering

analysis of microdissected, but unselected, populations of can-

cer cells collected from spatially distinct areas within the same

tissue section showed a high degree of similarity with almost

70%of matched samples presenting with overlapping molecular

characteristics (Parasido et al., 2017). On the contrary, when we

used our immuno-LCM workflow to capture SYN+ and SYN�
cancer cells, the two components rarely clustered together.

Thus, our data suggest that the presence of NE-like cells in the

tumor ecology is an important source of intratumor heterogene-

ity and that sample enrichment is necessary to accurately cap-

ture molecular events uniquely attributable to these subpopula-

tions of cancer cells.

A recent work by Quintanal-Villalonga and colleagues has

provided a comprehensive multi-omic characterization of the

molecular events that are associated with HS to SCLCs in

lung adenocarcinomas (Quintanal-Villalonga et al., 2021). Loss

of Rb expression measured by IHC was present in all but one

of the analyzed samples even in the absence of genomic alter-

ations of the RB1 gene, confirming that genomic-independent

events may modulate Rb expression in NE-TD. In line with

these findings, we detected a significant deactivation of this tu-

mor suppressor in the SYN+ cancer cells compared with SYN�
cells. However, SYN� cells proximal to the NE-like cells

showed phosphorylated Rb levels similar to the SYN+ clone.

Along with a reduction in Rb activity, all six samples had

greater expression of the Rb regulator Cdk6. Four and five

samples, respectively, also had increased expression of Cdk2

and Cdk4 in SYN+ cancer cells compared with matched

SYN� clones. Taken together, these data suggest that

genomic-independent mechanisms may modulate not only

Rb expression but also its activation during NE-TD and HS in

NSCLCs and that these molecular changes may already be es-

tablished in early stages of the TD. A recent paper by La Mon-

ica and collogues has suggested that phosphorylation of Rb is

increased in EGFR mutant NSCLC cell lines that acquire resis-

tance to Osimertinib, regardless of the underlying mechanisms

of resistance (La Monica et al., 2020). These preclinical data

also suggest that inhibition of the Cdk4/6 axis may modulate

response to Osimertinib in NSCLCs, and these findings are

currently being evaluated in an ongoing clinical trial (Clinical-

Trials.gov: NCT04545710). Validating the role of malfunctioning

Cdk/Rb signaling events in NE-like cells and in surrounding

SYN� cells may have important diagnostic and therapeutic im-

plications for identifying patients with NSCLC at risk for devel-

oping NE-TD and HS or for preventing its occurrence.

With an increasing use of targeted anti-cancer compounds

and the development of potent inhibitors designed to overcome

on-target resistance, deciphering the molecular mechanisms

that drive clonal evolution and resistance to treatment in can-

cers remains a high priority for advancing precision oncology.

Within this paradigm, the immuno-LCM workflow here

described may find broad applicability for dissecting spatially

intertwined and underrepresented clones (<5% of cells) within

complex and heterogeneous cancers and for deciphering mo-

lecular mechanisms that provide some clones within the tumor

ecology with a fitness advantage and hasty cancer progres-

sion. For example, as an expansion of this work, this workflow
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can be applied to profile SYN+/� cells in tumors of NE origin

like SCLCs or NE tumors. This enrichment method can also

be used to isolate and separately profile intertwined clones

with different degrees of expression or activation of oncogenes

(e.g., HER2 or EGFR), tumor suppressors (e.g., PTEN, p53), or

mismatch repair proteins.

Limitations of the study
While this proof-of-concept work highlights the role of immuno-

LCM in guiding the isolation of coexisting clones within the het-

erogeneous molecular landscape of solid tumors, our work is

based on a small number of observations with limited statistical

power. Thus, drawing decisive conclusions on the biological

events that drive NE-TD and potentially HS in NSCLCs is prema-

ture. However, the high level of concordance between our find-

ings and previously reported data suggests that the immuno-

LCM-based workflow proposed represents a tool for capturing

signal-transduction events, drug targets, and downstream sub-

strates across different clones coexisting within a complex

cellular system like a tumor. In addition, our approach over-

comes the need for a clear spatial separation between different

clones within the same tissue, which is required when molecular

analyses are coupled with conventional microdissection tech-

niques (Quintanal-Villalonga et al., 2021).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-4E-BP1 Cell Signaling Technology Cat# 9452; RRID: AB_331692

Rabbit polyclonal anti-phospho-4E-BP1

(S65)

Cell Signaling Technology Cat# 9451; RRID: AB_330947

Rabbit polyclonal anti-phospho-Acetyl-

CoA Carboxylase (S79)

Cell Signaling Technology Cat# 3661; RRID: AB_330337

Rabbit polyclonal anti-Akt Cell Signaling Technology Cat# 9272; RRID: AB_329827

Rabbit polyclonal anti-phospho-AKT (S473)

XP

Cell Signaling Technology Cat# 4060; RRID: AB_2315049

Rabbit polyclonal anti-phospho-AKT (T308) Cell Signaling Technology Cat# 9275; RRID: AB_329828

Rabbit monoclonal anti-phospho-

AMPKalpha (T172) (D79.5E)

Cell Signaling Technology Cat# 4188; RRID: AB_2169396

Rabbit polyclonal anti—phospho-

AMPKalpha1 (S485)

Cell Signaling Technology Cat# 4184; RRID: AB_390759

Rabbit polyclonal anti-ATG5 Cell Signaling Technology Cat# 2630; RRID: AB_2062340

Rabbit monoclonal anti-phospho-ATM

(S1981) (D6H9)

Cell Signaling Technology Cat# 5883; RRID: AB_10835213

Rabbit polyclonal anti-phospho-ATP-

Citrate Lyase (S455)

Cell Signaling Technology Cat# 4331; RRID: AB_2257987

Rabbit polyclonal anti—phospho-ATR

(S428)

Cell Signaling Technology Cat# 2853; RRID: AB_2290281

Rabbit monoclonal anti-Aurora A (T288)/B

(T232)/C (T198) (Clone D13A11)

Cell Signaling Technology Cat# 2914; RRID: AB_2061631

Rabbit polyclonal anti-Aurora A/AIK Cell Signaling Technology Cat# 3092; RRID: AB_2061342

Rabbit polyclonal anti-Bad Cell Signaling Technology Cat# 9292; RRID: AB_331419

Rabbit polyclonal anti-phospho-BAD

(S112)

Cell Signaling Technology Cat# 9291; RRID: AB_331417

Rabbit polyclonal anti-phospho-BAD

(S136)

Cell Signaling Technology Cat# 9295; RRID: AB_2258874

Rabbit monoclonal anti-Bak (D4E4) Cell Signaling Technology Cat# 12105; RRID: AB_2716685

Rabbit polyclonal anti-Bax Cell Signaling Technology Cat# 2772; RRID: AB_10695870

Rabbit polyclonal anti-Bcl-2 Cell Signaling Technology Cat# 2872; RRID: AB_10693462

Rabbit polyclonal anti-phospho-Bcl-2 (T56) Cell Signaling Technology Cat# 2875; RRID: AB_2243462

Rabbit polyclonal anti-Bcl-xL Cell Signaling Technology Cat# 2762; RRID: AB_10694844

Rabbit polyclonal anti-Beclin 1 Cell Signaling Technology Cat# 3738; RRID: AB_490837

Rabbit polyclonal anti-BIM Cell Signaling Technology Cat# 2933; RRID: AB_1030947

Rabbit polyclonal anti-phospho-c-Abl

(T735)

Cell Signaling Technology Cat# 2864; RRID: AB_331066

Rabbit polyclonal anti-Caspase-3, cleaved

(D175)

Cell Signaling Technology Cat# 9661; RRID: AB_2341188

Rabbit polyclonal anti-Caspase-9, cleaved

(D330)

Cell Signaling Technology Cat# 9501; RRID: AB_331424

Rabbit polyclonal anti-Catenin (beta) Cell Signaling Technology Cat# 9562; RRID: AB_331149

Rabbit polyclonal anti-CDK2 (clone 78B2) Cell Signaling Technology Cat# 2546; RRID: AB_2276129

Rabbit monoclonal anti-CDK4 (clone

D9G3E)

Cell Signaling Technology Cat# 12790; RRID: AB_2631166

Rabbit monoclonal anti-CDK6 (D4S8S) Cell Signaling Technology Cat# 13331; RRID: AB_2721897

(Continued on next page)
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Rabbit polyclonal anti-phospho-Chk-1

(S345)

Cell Signaling Technology Cat# 2341; RRID: AB_330023

Rabbit polyclonal anti-phospho-Chk-2

(S33/35)

Cell Signaling Technology Cat# 2665; RRID: AB_10831817

Rabbit polyclonal anti-c-Myc Cell Signaling Technology Cat# 9402; RRID: AB_2151827

Rabbit monoclonal anti-phospho-c-Myc

(S62) (E1J4K)

Cell Signaling Technology Cat# 13748; RRID: AB_2687518

Rabbit monoclonal anti-phospho-Cofilin

(S3) (clone 77G2)

Cell Signaling Technology Cat# 3313; RRID: AB_2080597

Rabbit polyclonal anti-phospho-Cyclin D1

(T286) XP

Cell Signaling Technology Cat# 3300; RRID: AB_2070561

Rabbit monoclonal anti-Cyclin D2 (clone

D52F9)

Cell Signaling Technology Cat# 3741; RRID: AB_2070685

Rabbit polyclonal anti-phospho-ERK (T202/

Y204)

Cell Signaling Technology Cat# 9101; RRID: AB_331646

Rabbit polyclonal anti-EZH2 Cell Signaling Technology Cat# 5246; RRID: AB_10694683

Rabbit polyclonal anti-phospho-GSK-3beta

(S9)

Cell Signaling Technology Cat# 9336; RRID: AB_331405

Rabbit polyclonal anti-phospho-Histone H3

(S10) Mitosis Marker

Upstate Cat# 06-570; RRID: AB_310177

Rabbit polyclonal anti-phospho-Jak1

(Y1022/1023)

Cell Signaling Technology Cat# 3331; RRID: AB_2265057

Rabbit polyclonal anti-phospho-mTOR

(S2448)

Cell Signaling Technology Cat# 2971; RRID: AB_330970

Rabbit polyclonal anti-N-Cadherin Cell Signaling Technology Cat# 4061; RRID: AB_10694647

Rabbit polyclonal anti-phospho-NF-

kappaB p65 (S536)

Cell Signaling Technology Cat# 3031; RRID: AB_330559

Rabbit polyclonal anti-p53 Cell Signaling Technology Cat# 9282; RRID: AB_331476

Rabbit polyclonal anti-phospho-p53 (S15) Cell Signaling Technology Cat# 9284; RRID: AB_331464

Rabbit polyclonal anti-PD-L1 (28-8) Abcam Cat# ab205921; RRID: AB_2687878

Rabbit polyclonal anti-phospho-PKC a/BII

(T638/641)

Cell Signaling Technology Cat# 9375; RRID: AB_2284224

Rabbit polyclonal anti-phospho-PKC zeta/

lambda (T410/403)

Cell Signaling Technology Cat# 9378; RRID: AB_2168217

Rabbit polyclonal anti-phospho-Rb (S780) Cell Signaling Technology Cat# 3590; RRID: AB_2177182

Rabbit polyclonal anti-phospho-RSK3

(T356/S360)

Cell Signaling Technology Cat# 9348; RRID: AB_390805

Rabbit polyclonal anti-phospho-S6

Ribosomal Protein (S235/236) (2F9)

Cell Signaling Technology Cat# 4856; RRID: AB_2181037

Rat monoclonal anti-Snail (SN9H2) Cell Signaling Technology Cat# 4719; RRID: AB_2191760

Rabbit polyclonal anti-phospho-Stat3

(S727)

Cell Signaling Technology Cat# 9134; RRID: AB_331589

Rabbit monoclonal anti-Synaptophysin

(clone D8F6H)

Cell Signaling Technology Cat# 36406; RRID: AB_2799098

Mouse monoclonal anti-Synaptophysin

(clone 27G12)

Leica Biosystems Cat# NCL-L-SYNAP-299; RRID:

AB_442136

Mouse monoclonal anti-Synaptophysin

(clone 27G12)

Biocare Medical Cat# CM371AK; RRID: AB_10581027

Goat Anti-Rabbit IgG Antibody (HL),

Biotinylated

Vector Laboratories Cat# BA-1000-1.5; RRID: AB_2313606

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Primary tumors (n = 50) with 23 matched

lymph node metastases collected from

NSCLC patients undergoing surgical

procedures

Santa Maria della Misericordia Hospital,

Perugia, Italy

N/A

Retrospective samples (n = 188) collected

from NSCLC patients

Santa Maria della Misericordia Hospital,

Perugia, Italy

N/A

Chemicals, peptides, and recombinant proteins

Xylene Sigma-Aldrich Cat# 247642-4L-CB

Ethanol Sigma-Aldrich Cat# E7023-500ML

b-mercaptoethanol Fisher Scientific Cat# BP176-100

Sypro Ruby Protein Blot Stain Invitrogen Cat# S11791

Methanol Fisher Scientific Cat# A412-1

Acetic acid Fisher Scientific Cat# A38-212

Reblot Plus Mild Antibody stripping solution Millipore Cat# 2502

PBS GIBCO Cat# 14190-136

I-block Invitrogen Cat# T2015

IRDye680 dye LI-COR Biosciences Cat# 926-68079

Critical commercial assays

BondTM Polymer Refine Detection system Leica Biosystems Cat# DS9800

Diva Decloaker buffer Biocare Medical Cat# DV2004LX

MACH 2 Mouse HRP-Polymer Detection kit Biocare Medical Cat# MHRP520G

QProteome FFPE Tissue kit Qiagen Cat# 37623

GenPoint kit Agilent Cat# K0620

Deposited data

Reverse phase protein array (RPPA) This paper Zenodo: https://doi.org/10.5281/zenodo.

6857765

Software and algorithms

Micro-Vigene VigeneTech, Inc. http://www.vigenetech.com/MicroVigene.

htm

JMP v16 SAS Institute Inc. https://www.jmp.com/en_us/software/

data-analysis-software.html

GraphPad Prism v. 9.3.0 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

Gephi v0.9.2 Chiechi et al., 2013 https://gephi.org/

Other

Macro LCM caps Arcturus Bioscience Cat# LCM0212

Nitrocellulose-coated glass slides

(ONCYTE AVID 1- 22mm 3 51mm NC Pad

Per Slide Glass, 253 753 1mm, Small Dark

Blue Box)

Grace Bio-labs Cat# RD478691-M
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RESOURCE AVAILABILITY

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

Pierobon (mpierobo@gmu.edu).

Materials availability
This study did not generate new unique reagents.
Cell Reports Methods 2, 100271, August 22, 2022 e3

mailto:mpierobo@gmu.edu
https://doi.org/10.5281/zenodo.6857765
https://doi.org/10.5281/zenodo.6857765
http://www.vigenetech.com/MicroVigene.htm
http://www.vigenetech.com/MicroVigene.htm
https://www.jmp.com/en_us/software/data-analysis-software.html
https://www.jmp.com/en_us/software/data-analysis-software.html
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://gephi.org/


Report
ll

OPEN ACCESS
Data and code availability
d RPPA intensity values used for the analysis are available for download on Zenodo at https://doi.org/10.5281/zenodo.6857765.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Samples collection
A total of 238 samples collected from NSCLC patients treated at the Santa Maria della Misericordia Hospital, Perugia, Italy, were

screened to identify samples containing SYN+ cancerous cells. Samples were collected under voluntary informed consent and pro-

cessed for molecular analyses according to IRB approval collected by the enrolling institution. To preserve the diagnostic process

and maximize tissue usage, only cases with abundant left-over tissues after standard diagnostic evaluation were used. The whole

dataset included two independent sets of samples. Set 1 included 50 primary tumors with 23 matched lymph node metastases

that were collected from NSCLC patients undergoing surgical procedures at the enrolling institution. Set 2 was comprised of 188

retrospective samples collected from NSCLC patients. Biospecimens had previously been processed and included on a tissue mi-

croarray (TMA). Samples were spread across 18 slides and an average of four 2 mm-cores were analyzed for each sample, with four

exceptions where only 2 cores were included.

METHOD DETAILS

Immunohistochemistry
SYN expression data were collected across the two datasets by the enrolling institution using an IHC diagnostic protocol. SYN was

selected as a marker of NE features for the following reasons: A) higher specificity for NE differentiation that can be missed by the

CD56 marker (Pelosi et al., 2003; Yatabe et al., 2019); B) SYN diffuse cytoplasmic stain in NE-tumor cells is less prone to misinter-

pretation compared, for example, to weak, focal, and cytoplasmic faintly granular Chromogranin A stain in high grade neuroendo-

crine tumors (Pelosi et al., 2003), C) SYN is usually expressed in less differentiated NE lung tumors compared to Chromogranin A

(Pelosi et al., 2003), and D) SYN has greater specificity and sensitivity than the Insulinoma-associated Protein 1 (INSM1) in

NSCLC, especially in squamous cell carcinomas and large cell neuroendocrine tumors. Indeed, recent findings have suggested

that INSM1 is a reliable biomarker of differentiation in SCLCs. However, it should be used in conjunction with other NE markers in

NSCLCs (Wang et al., 2021; Kriegsmann et al., 2020). IHC was performed on FFPE archived tissues samples and TMA using the

BOND-III fully automated IHC stainer (Leica Biosystems, Nußloch, Germany). Antigen retrieval was performed using heat induced

epitope retrieval at pH = 6 for 30 min, followed by incubation with a primary anti-Synaptophysin antibody (clone 27G12) (Ready-

to-Use; mouse; Leica Biosystems, Newcastle, UK). Signal detection was performed using the commercially available kit BondTM

Polymer Refine Detection system (Leica Biosystems, Newcastle, UK) following manufacturer’s instructions. Samples were analyzed

by two certified pathologists (MM and GB), evaluating both the immunolabel intensity levels (assessed as 0: absent; 1: mild; 2: mod-

erate; 3: intense) and the percentage of immunostained tumor cells.

Immuno-laser capture microdissection and protein extraction for RPPA analysis
FFPE tissues were sectioned at 4 mm and mounted on electrostatically charged glass slides. The morning of the LCM, before

immunostaining, slides were deparaffinized in xylene for 30 min, rehydrated in 100%, 90%, 70% ethanol and washed in water.

Heat-Induced Epitope Retrieval was performed using the Diva Decloaker buffer (Biocare Medical, Pacheco, CA, USA) in a wa-

ter bath at 98�C for one hour. Slides were then rinsed twice with water followed by IHC staining using an automated system

(Dako Cytomation, Carpinteria, CA, USA). Briefly, tissue sections were probed for 30 min with a mouse anti-SYN antibody (Dil

1:50; mouse; Biocare Medical, Pacheco, CA, USA). The MACH 2 Mouse HRP-Polymer Detection kit (Biocare Medical, Pa-

checo, CA, USA) was used as a one-step polymer detection system. Following IHC the slides were dehydrated in ethanol

(70%, 95% and 100%) and xylene (Tangrea et al., 2011). Deparaffinization and hydration steps required for the IHC analysis

match the steps that are conventionally used when FFPE samples are microdissected. To minimize the impact of the IHC stain-

ing on downstream RPPA analysis, a short heat-induced antigen retrieval process (1 h in a water bath at 98�C) was used to

avoid prolonged overnight incubations, limit the effect of the antigen retrieval on antigens and antibody structures, and pre-

serve epitopes for downstream analysis by RPPA. Using a Pixcell II LCM system (Arcturus Bioscience, Mountain View, CA,

USA) equipped with an infrared laser, SYN+ and SYN- malignant cells were collected from each sample from the same tissue

section and captured on CapSure Macro LCM caps (Arcturus Bioscience, Mountain View, CA). SYN- cells were captured at R

500 mm from the SYN+ cells (Figure S4B). A median of 2000 (range from 700-15,300) SYN+ and 3000 (1,300-16,600) SYN-

cancer cells were isolated from six 4 mm sections for each case. Microdissected caps were stored at �80�C until further pro-

cessed. We have previously demonstrated that this procedure does not affect protein integrity and post-translational modifi-

cations providing an excellent enrichment method for downstream analysis of human specimens (Baldelli et al., 2015; Hunt

et al., 2020).
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Samples were lysed in batches using the QProteome FFPE Tissue kit (Qiagen, Hilden, Germany) supplemented with 6% b-mer-

captoethanol as previously reported (Baldelli et al., 2021). In brief, lysis buffer was added to each CapSure Macro LCM Cap. Lysing

samples were then placed on ice for 5 min, boiled in a heating block for 20 min, and incubated at 80�C in a water bath for 2 h. Su-

pernatants were collected and stored at �80�C after they were on ice for 1 min and centrifuged at 14,000xg, at 4�C for 15 min.

Reverse phase protein microarray construction and immunostaining
Before array construction, samples were thawed at room temperature and boiled at 100�C for 2min. Samples were then immobilized

onto nitrocellulose-coated glass slides (Grace Bio-labs, Bend, OR) in technical replicates (n = 3) along with a reference standard, and

internal controls using a 2470 Quanterix Arrayer (Quanterix, Billerica, MA). Dedicated arrays were stained with Sypro Ruby Protein

Blot Stain (Invitrogen, Waltham, MA), following the manufacturer’s instruction to assess protein concentration (Baldelli et al.,

2017). Briefly, arrays were fixed in a 10%methanol and 7% acetic acid solution for 15 min, washed four times for 5 min in deionized

water and incubated with Sypro Ruby Protein Blot Stain for 30 min.

On the day when the immunostaining was performed, remaining arrays were probed with a Reblot Plus Mild Antibody stripping

solution for 15min (Millipore, Burlington, MA), washed in PBS twice, and incubated with in I-block solution (Applied Biosystems, Fos-

ter City, CA) for 4 h (Baldelli et al., 2017). Using an automated system (Dako Cytomation, Carpinteria, CA), arrays then were probed

with a total of 57 rabbit primary antibodies recognizing unmodified or post-translationally modified epitopes. Primary antibodies were

validated before their use as previously reported (Signore et al., 2017). Samples were then probed with a biotinylated anti-rabbit

(1:7500, goat, Vector Laboratories, Burlingame, CA) secondary antibody followed by a commercially available tyramide-based

detection kit (GenPoint, Agilent, Santa Clara, CA) coupled with the IRDye680 dye (LI-COR Biosciences, Lincoln, NE) (Baldelli

et al., 2017). Selected arrays were probed with the secondary antibody only to capture unspecific binding associated with the detec-

tion system. Using the proper wavelength channel, antibody, control, and Sypro Ruby Protein Blot-stained slides were imaged using

a laser PowerScanner (TECAN, Männedorf, Switzerland) (Baldelli et al., 2017).

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis
Image analysis was performed using a commercially available software v5.1.0.0 (Micro-Vigene software, VigeneTech, Inc., Carlisle,

MA) as previously reported (Pin et al., 2014). Briefly, the software is designed to automatically perform spot finding, normalization to

the amount of protein in each sample, background subtraction, and average between technical replicates.

Statistical analysis
Frequency distribution of nominal variables was assessed using the Fisher’s exact test or the chi-square test based on the number of

counts in the compared groups. Continuous signal transduction data generated by the RPPA were displayed using unsupervised

hierarchical clustering analysis generated in JMP v16 (SAS Institute Inc., Cary, NC) where data were normalized according to the

Ward’s method. Fold changes were then calculated between matched SYN+ and SYN- clones and RPPA intensity values of the

57 measured proteins were compared between the two clones using a Student’s T-test. p values <0.05 were considered significant.

RPPA data were displayed using bar graphs, line and boxplots created in GraphPad Prism v. 9.3.0 (GraphPad Software, San Diego,

CA). Correlation maps were generated to capture interconnected signaling molecules in the NE+ and NE-clones. Paired Spearman’s

rank-order correlation coefficients were first calculated across the 57 analytes measured by RPPA in the SYN+ and SYN- clones us-

ing JMP v16. Interactions with positive or negative correlation coefficients R0.85, suggesting a strong direct or inverse correlation

between analytes, were displayed using Gephi v0.9.2, as previously described (Chiechi et al., 2013). In brief, the dimension of each

node was designed to be proportional to the number of interconnections of each protein.
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