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Spatially-Resolved Proteomics: 
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Laser Capture Microdissected 
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Laser capture microdissection (LCM)-enabled region-specific tissue analyses are critical to better 
understand complex multicellular processes. However, current proteomics workflows entail several 
manual sample preparation steps and are challenged by the microscopic mass-limited samples 
generated by LCM, impacting measurement robustness, quantification and throughput. Here, we 
coupled LCM with a proteomics workflow that provides fully automated analysis of proteomes from 
microdissected tissues. Benchmarking against the current state-of-the-art in ultrasensitive global 
proteomics (FASP workflow), our approach demonstrated significant improvements in quantification 
(~2-fold lower variance) and throughput (>5 times faster). Using our approach we for the first time 
characterized, to a depth of >3,400 proteins, the ontogeny of protein changes during normal lung 
development in microdissected alveolar tissue containing only 4,000 cells. Our analysis revealed seven 
defined modules of coordinated transcription factor-signaling molecule expression patterns, suggesting 
a complex network of temporal regulatory control directs normal lung development with epigenetic 
regulation fine-tuning pre-natal developmental processes.

Proteomics studies are typically performed on whole tissues or organs allowing for the detection and the quantifi-
cation of thousands of proteins from a single liquid chromatography-mass spectrometry (LC-MS) analysis. While 
this approach has proven useful in helping to extend current biological knowledge, proteomes generated from 
lysates of whole tissues or organs represent a blend of cells from disparate anatomical regions with diverse cell 
subpopulations in different cellular contexts, unavoidably producing an averaging effect that hinders the elucida-
tion of deeper biological insights. Thus, it is now becoming increasingly recognized that to gain a deeper, more 
refined understanding of complex biological processes such as normal development of multi-cellular organisms 
and the aberrant states from which diseases arise, global protein profiling of specific spatially defined regions and/
or cell types of tissues (i.e., spatially-resolved proteomics) is required and essential1–3.

Mass spectrometry imaging approaches are promising and have been used to provide spatial localization 
information on proteins in tissues, however the extent of proteome coverage is limited to a few hundred identified 
proteins and prone to matrix effects challenging quantification4,5. Laser capture microdissection (LCM) is an 
elegant approach that enables microscopic isolation of specific cell types or defined regions from a tissue preserv-
ing crucial spatial information, which is not available when dispersed cells from the tissue are used. However, 
LCM-enabled spatially-resolved proteomics is challenged by the small, mass-limited samples generated by 
LCM, typically on the order of a microgram of protein or less. Advancements in commercial mass spectrometry 
instrumentation6,7 and informatics8,9 now allow effective label-free quantitative proteomics. Application towards 
microscopic LCM samples, however, fails to benefit from these improvements, because sample preparation/
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handling results in significant samples losses and poor reproducibility. Indeed the vast majority of bottom-up 
proteomics sample preparation/handling workflows are performed manually, include numerous steps and sub-
sequently are subject to considerable sample losses, contamination, low throughput and variability10–13. For 
example, the non-specific adsorption of biological material on surfaces is a well-known problem14 and becomes 
more problematic as the protein amount is reduced15. Hence, new approaches are critical and necessary for effec-
tive spatially-resolved proteomics at microscopic scale. Recent studies have shown that the reduction of sample 
handling improves the sensitivity and the reproducibility of subsequent proteomics analysis for ultrasensitive 
global proteome measurements (defined as less than 5,000 cells starting material and proteome coverage more 
than 3,000 proteins)10,13,16. Wiśniewski et al. developed the filter-aided sample preparation (FASP) protocol, now 
widely utilized. In this approach, all the steps of sample preparation are performed in the same vessel, a filtration 
unit, which acts as ‘proteomic reactor’17. Recently, this ‘proteomic reactor’ strategy has been modified to various 
supports such as a stop-and-go extraction tip11, or by using paramagnetic beads to immobilize the sample inside 
a single test-tube during all the preparation steps16. Nevertheless, these proteomic reactor strategies require sev-
eral manual steps during sample processing/handling and entail long processing times, challenging throughput, 
reproducibility and quantification accuracy for ultrasensitive proteomics applications18–20.

The potential of immobilized enzyme reactors (IMERs) for providing rapid protein digestion has been broadly 
established in the literature21,22. Furthermore, a variety of different configurations employing IMERs have con-
vincingly demonstrated compatibility with low protein loadings under 1 μ g23,24. Here we efficiently couple LCM 
to a nanoproteomics IMER platform augmented with increased LC operating pressure and reduction of column 
internal diameter. Thus decreasing sample size requirements and consumption, while increasing ionization effi-
ciency25,26 for better sensitivity and quantification relative to a prior iteration27 enables the LCM work described 
here. The platform employs online digestion and desalting that reduces manual sample handling to the extreme 
with only a single manual sample handling step that allows for the analysis of sub-microgram quantities of pro-
teins with high reproducibility and throughput. Benchmarking against the current state of the art in ultrasensi-
tive global proteomic analysis approaches demonstrated significant improvements in quantification accuracy 
(approximately 2-fold lower coefficient of variation) and throughput (more than 5 times faster); suggesting that 
our LCM-proteomics platform provides a powerful approach for enabling spatially-resolved ultrasensitive pro-
teomics analyses in clinical and developmental biology applications where quantification accuracy, sensitivity, 
and throughput are critical.

Proper lung development and function are essential for terrestrial life. In the lung, the critical functions of 
gas exchange and production of lung surfactant are performed by cells in the alveoli, tiny anatomical structures 
localized at the termini of the branched airways28,29. Here we applied our LCM-proteomics platform to profile the 
alveolar proteome during normal lung development from laser capture micro-dissected alveolar parenchymal 
samples containing 4,000 cells. While a number of gene expression analyses describing normal lung development 
have been reported30,31, there is only a single report of normal lung development at the proteome level utilizing 
whole tissue lysate30,32. Using our LCM-proteomics platform the proteome here is profiled to a depth of more 
than 3,400 proteins across three developmental time-points relevant to alveologenesis including 350 transcrip-
tion factors and signaling molecules. The results enabled a first protein-level view of coordinated transcription 
regulator-signaling molecule expression. The demonstrated utility of our high throughput LCM-proteomics 
measurement strategy for gaining biological insight should promote broader adoption and application of 
spatially-resolved proteomics approaches33.

Results and Discussion
A high-throughput LCM-proteomics platform for ultrasensitive analysis. There is considerable 
interest in proteomic analysis of LCM dissected tissues, as they promise to offer spatially-resolved insights into 
tissue-specific mechanisms and signaling that are obscured in bulk proteomics1,11,33. However, current bottom-up 
proteomics workflows require several manual processing steps to generate peptides for LC-MS/MS analysis, 
incurring significant sample losses and subsequently are not readily amenable to the minute samples generated 
by LCM. Furthermore, each step in the analytical process has an associated technical variability and their contri-
butions to the total variance are multiplicative34. In order to address the above challenges, improve the robustness 
and the sensitivity of bottom-up proteomics of LCM samples, and enable routine, reproducible, high throughput 
spatially-resolved proteomics we describe here an approach that efficiently couples LCM to a nanoproteomics 
IMER platform. The simple platform design we present comprises a commercially available IMER digestion 
column and solid phase extraction desalting column (SPE) directly connected to a commercial LC system and 
interfaced with a Q-Exactive mass spectrometer. Importantly the platform is augmented with a doubling of the 
LC operating pressure and a 2-fold reduction of the analytical column volume relative to an earlier variant we 
described prevously27 improving measurement sensitivity (Fig. 1). The platform employs a minimalist concept for 
sample handling where following sample resolubilization (in a denaturing solution) the entire procedure of sam-
ple processing prior to LC-MS/MS (i.e., tryptic digestion and peptide clean-up/desalting) occurs in automated 
fashion on-line. The entire workflow occurs in 50 minutes, compared to the current state-of-art in ultrasensitive 
proteomics (i.e., FASP workflow) that is more than five times longer (approximately 6 hours) (Fig. S1), substan-
tially reducing sample losses and significantly increasing throughput. Additionally, since the digestion process 
is automated, labor time is significantly reduced and each individual sample spends a fraction of the time at 
elevated temperatures reducing unwanted side reactions. A disadvantage of this approach is that digestion is now 
carried out serially, reducing the time savings for larger sample batches. Work is in progress to add a second digest 
column and SPE to the system, allowing for digestion of the subsequent sample during LC-MS/MS analysis of 
the preceding sample and thus fully exploiting the reduced sample handling time for increased throughput. This 
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Figure 1. High-throughput LCM-proteomics platform for ultrasensitive analysis. Schematic of the LCM-
proteomics workflow. Lung tissue is sliced and the microdissection is performed on a slice. The top panel is a 
representative LCM cut of the alveolar tissue from a sample obtained at postnatal day 7. The left image is the 
schematic of the cutout. The top-right image is the tissue leftover after the cutout; the bottom-right image is 
showing the tissue excised onto the LCM cap. The protein are then extracted from the microdissected tissue 
and injected onto the IMER column for on-line proteolysis. Contaminating substances are removed via on-line 
SPE trap and neat peptide is transferred on-line to C18 analytical column for MS analysis. “LCM-Prot; LCM-
proteomics platform”.
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significant advance in throughput should be of particular benefit in enabling ultrasensitive proteomics studies 
with large cohorts such as in clinical applications.

Performance evaluation of high-throughput LCM-proteomics platform for ultrasensitive anal-
ysis. To evaluate the sensitivity of our platform for analyzing LCM samples, we injected samples of varying cell 
counts from 50 to 8,000 cells (Fig. 2A, Dataset S1). As expected, only few proteins were identified at 50 injected 
cells and increasing the number of injected cells increased the number of identified proteins. After 2,000 injected 
cells, the number of new protein identifications started to plateau, increasing by only 14% with a 4-fold higher 
amount of injected cells (i.e., 8,000 cells). Next, we evaluated the reproducibility of our platform by making five 
replicate injections of 2,000 cells each, originating from the same sample. Figure 2B, Fig. S2 and Dataset S1, show 
that injection replicates are highly correlated with Pearson correlations greater than 0.99, demonstrating the 
reproducibility of the platform for sub-microgram samples. Currently, the number of studies coupling micro-
dissection and proteomics is limited; however, FASP has been shown to achieve similar protein coverage to our 
platform for samples containing as few as 3,000 cells35. Despite good protein coverage, FASP entails a complex 
multi-step workflow, long processing times (over 7 hrs of sample preparation time, including protein digest, for 
FASP relative to less than 1.5 hrs sample preparation time, for our platform) and concerns regarding its reproduc-
ibility have been suggested in literature18–20. Thus, we compared 3 equivalent samples processed with FASP and 
with our platform and evaluated the reproducibility of the resultant data both at the peptide and protein level. 
Figure 2C shows reproducibility of the peptide-level data across all three LC-MS analyses for each method. With 
FASP, less than 30% of identified peptides were observed in all 3 analyses (resulting in substantial missing data). 
Conversely, with our method more than 70% of peptides have a measured intensity in all replicates. Furthermore, 
measured intensities had lower variance when using our platform (Fig. 2D). Median coefficient of variance (CV) 
for peptides using FASP was 51%, compared to 27% with our platform. To ensure fair estimates of variance, CV’s 
were calculated using only peptides with intensities observed in all 3 datasets. A similar trend was observed at the 
protein level with less than 40% of proteins having a protein abundance value for all 3 FASP analyses, compared 
to nearly 80% of identified proteins with our platform (Fig. 2E) Protein abundances were determined using the 
LFQ (Label Free Quantification) approach as implemented in the Maxquant software package9. Using the LFQ 
approach to roll-up to protein abundances, as expected, the variance observed at the peptide-level was signifi-
cantly reduced for both methods (Fig. 2F). However, the analysis with our platform still notably yielded improved 
quantitative reproducibility with a median CV of 17% across 1,219 proteins compared to 23% across only 647 
proteins for FASP. This suggests more consistent sample handling is achieved by reducing manual operations and 
carrying out digestion and desalting online. The physico-chemical nature of the peptides resulting from FASP 
and our platform were found to be similar in terms of isoelectric point, molecular weight and hydrophobicity 
(Fig. S3). Nevertheless, some differences were observed between FASP and our platform generated peptides: the 
number of miscleaved peptides was found to be higher for our platform (Fig. S3); the number of semi-tryptic 
generated peptides was higher for the FASP method (data not shown); the number of contaminant attributed 
peptides was observed to be higher in FASP (Fig. S3). We speculate that the higher contamination (especially 
from human keratins) results from the multi-step manual handling required in FASP. Further, the number of mis-
cleaved peptides can be controlled using this methodology by adjusting the flow rate or increasing the bed volume 
of the digestion column. Taken together, these results suggest that our platform enables improved in-depth, ultra-
sensitive global proteomics with high reproducibility for LCM samples. Therefore, we hypothesize that our plat-
form will enable unique biological insights from LCM tissue samples not obtainable using other existing methods.

Deep ultrasensitive proteomics of LCM alveolar tissue during lung development. To demon-
strate the utility of our approach for providing biological insights we applied it to analyze microdissected alveolar 
tissues to investigate the molecular mechanisms underlying normal lung alveolarization which remains poorly 
understood, but is critical for improving diagnosis and treatment outcomes during early lung growth and func-
tional development. Lung alveolarization is a complex biological process involving various finely tuned and tem-
porally and spatially resolved mechanisms29,31. Lung air-exchange tissue formation begins during the canalicular 
stage of development, from the embryonic day 16.5 (E16.5) to E17.5, in mice when each terminal airway duct 
starts to form an acinus28. During the saccular stage, from E17.5 to the post-natal day 5 (PND5), clusters of sacs 
are formed on the terminal bronchioles. As the interstitium between sacs is thinning, capillarization and cell 
differentiation occur. The cells composing the terminal sacs differentiate into Type I pneumocytes (Type I cells) 
involved in gas exchange and into Type II surfactant producing pneumocytes (Type II cells)32,36. Finally, during 
the last step of lung development: the alveolar stage (PND5-PND30), alveoli are formed from the terminal end-
ings of the sacculi, their size increases and secondary septa are formed28,37. To date, the vast majority of global 
molecular profiling studies on normal lung development have been performed on whole lung lysates utilizing 
almost exclusively transcriptomics31,38,39; with only a single study in the literature32 reporting proteomics analysis 
of whole lung lysate during lung development30. To our knowledge, no global molecular profiling study (either 
proteomics or transcriptomics) has focused on the spatially-resolved analysis of the pathways/processes coor-
dinating normal alveolar formation. In the present work, we have analyzed the ontogeny of protein changes in 
micro-dissected alveolar tissue (containing 4,000 cells) located at the termini of the respiratory tree during nor-
mal lung development. LCM samples from mouse lungs were obtained from three distinct developmental ages; 
the canalicular stage at E16.5, early alveolar stage at PND7 and late alveolar stage at PND28. The micro-dissected 
alveolar tissues contain numerous cell types, including Type I and Type II cells, endothelial cells, fibroblasts, 
lymphatic cells, myofibroblasts and (postnatally) increasing numbers of immune cells that interact during alveol-
ogenesis. For each time point, five equivalent micro‐dissected biological replicates originating from five different 
animals were analyzed using our platform. Across all the samples analyzed a total of 3,446 protein groups were 
identified with at least two peptides and a false discovery rate below 1% (Sup. Table S1). 2,800 of these were found 
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Figure 2. Performance evaluation of high-throughput LCM-proteomics platform on mass-limited LCM 
samples. (A) Chart showing number of identified proteins scales with number of cells represented in LCM 
sample. Increase in protein identifications begins to plateau after 2,000 cells. All the LCM cuts used for this 
figure were obtained from mice at the embryonic day 16.5. (B) Pearson’s correlation matrix demonstrating the 
reproducibility of the SNaPP platform at the protein level. Reproducibility was assessed utilizing 5 identical 
sample injections. The 5 replicate injections were performed from the same sample containing homogenate 
from 3 LCM cuts obtained at the post-natal day 7. The scatter plots representing the pairwise correlation plots 
for the proteins are shown in Fig. S2. (C–F) The comparison between FASP and our platform were performed 
in triplicate for each method and from LCM cuts obtained from mice at the post-natal day 28. (C) Percentage 
of identified peptides with measured intensity in all replicates for our platform and FASP. (D) Coefficient of 
variation for measured peptide abundance in our platform and FASP. (E) Percentage of identified proteins with 
measured intensity in all replicates for our platform and FASP. (F) Coefficient of variation for measured protein 
abundance in our platform and FASP. LCM-Prot; LCM-proteomics platform.
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with quantitative information in at least three out of the five replicates for at least one of the selected time points: 
2,529 for E16.5; 2,231 for PND7; and 1,689 for PND28 (Fig. 3A; Sup. Table S1). The proteome coverage reported 
here represents one of the deepest for small-scale samples less than 5000 cells equivalent to or better than prior 
reports12,16,35. Pearson correlation analysis, shown in Fig. 3B, indicates that the samples within each time group 
were correlated with correlation values ranging from 0.60 to 1.00. As expected, the samples from the canalicular 
stage were less correlated to the samples from the alveolar stages (correlation values ranging from 0.26 to 0.50) 
than the samples from the two alveolar stages were to each other (correlation values ranging from 0.58 to 1.00). 
Similarly, the hierarchical clustering shows that samples originating from PND7 and PND28 were more closely 
related than the samples from E16.5. Nevertheless, the two alveolar samples were still distinguishable by the 
developmental age when collected. A principal component analysis performed on the generated dataset indicated 
that the first component alone (explaining 43.5% of the variance) was sufficient to differentiate the samples by 
developmental age (Fig. 3C). Taken together, these results show that our LCM-proteomics platform enables effi-
cient reproducible detection of sample type-specific protein signatures from small sample concentrations (4,000 
cells/sample in this case).

Function-specific remodeling of alveolar proteome during lung development. To elucidate the 
pathways/processes coordinating normal alveolar formation, we subjected the proteomics data to an ANOVA 
analysis. 1,369 of the quantifiable proteins (approximately 49%) were found to significantly change in abundance 
over time (one-way ANOVA pvalue <  0.01). For these proteins a k-mean (k =  6) clustering of normalized intensi-
ties revealed various protein abundance behaviors across the selected developmental ages (Fig. 4., Sup. Table S1). 
All the behaviors described below were further confirmed by pairwise Student tests (at least 70% of the proteins 
belonging to a given cluster had a t-test pvalue <  0.05 for the described behaviors, Sup. Table S1). The proteins of 
cluster 1 (314 proteins) were found to be more abundant at the canalicular stage than during either alveolar stage. 
Similarly, the proteins belonging to clusters 2 and 3 were found to be more abundant at the canalicular stage and 
decreased in abundance over time during the alveolar stage (530 proteins). The proteins of cluster 4 (225 proteins) 
were found lower in abundance in PND28 compared to the two earlier developmental ages (E16.5 and PND7). 
Cluster 5 (85 proteins) includes proteins that were more abundant at PND7 than at either E16.5 or PND28. 
Finally, the proteins of cluster 6 (215 proteins) were lower in abundance at the canalicular stage (E16.5) than at 
the alveolar stage (PND7 and PND28).

We performed a Gene Ontology (GO) enrichment analysis for each one of the above clusters using the DAVID 
bioinformatics resources40. Lists of manually curated Biological Process GOs enriched within each cluster are 
shown in Fig. 4. The biological processes that were enriched in the clusters 1 to 3 were mainly related to cell 
proliferation, energy production and nucleic acid and protein production suggesting that the cells contained 
in tissue harvested at E16.5 were more proliferative than post-natal cells. Cluster 4 was enriched in proteins 
related to signaling in response to wounding, hormonal stimuli or regulating cell death suggesting a regula-
tory reorganization between the developmental ages PND7 and PND28. Notably, various pro-inflammatory 
and pro-proliferative proteins were present in this cluster. For example, PRDX1 was recently shown to promote 
inflammation by increasing the abundance of pro-inflammatory cytokines41. Another example is the co-repressor 
carboxyl-terminal-binding protein (CtBP1) which is known for its proliferative role during tumorigenesis42 
and to strongly interact with two of the key regulators of lung ontogeny: Foxp2 and Foxp143,44. The biological 
functions enriched in cluster 5, which includes proteins higher in abundance at PND7, were all related to actin 

Figure 3. High-throughput LCM-proteomics platform enables effective comparative proteomics of 
mass-limited LCM samples. (A) Venn diagram of proteins quantified in at least three out of five replicate in 
one of the three developmental ages (E16.5, PND7, PND28) examined. (B) Pearson Correlation matrix and 
hierarchical clustering of the samples based on the protein LFQ intensities. (C) Principal components analysis 
(PCA) of the LCM samples at the three developmental ages (E16.5, PND7, PND28) examined; the percentage in 
the parenthesis represents the percentage of variance explained by the first and the second Principal Component 
(PC1 and PC2).
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polymerization and de-polymerization; appearing to indicate cytoskeleton-driven tissue reorganization. Notably, 
the intermediate filament protein vimentin45,46 and the actin de-polymerization protein cofilin-147,48 which are 
often used as Epithelial-Mesenchymal Transition (EMT) markers are higher at PND7 compared to E16.5 and 
PND28 (T-test pvalue <  0.01)48,49. The functions enriched in the proteins that were higher in abundance postna-
tally relative to in-utero (cluster 6) include oxidative stress response, likely upregulated as exposure to air with 
respiration has begun, and immune response related proteins, probably triggered by the exposure of the lungs 
to microorganisms in the ambient environment after birth or recruitment of bone marrow-derived cells into 
the lung. Other biological functions such as cell adhesion and cytoskeleton organization were also found to be 
enriched.

A complex network of temporal regulatory control directs normal lung development. The 
complex succession of temporally defined events observed strongly supports the existence of a finely tuned reg-
ulatory network during development. Thus, we next extracted using the manually curated database available in 
Ingenuity Pathway Analysis the 396 transcription/translation regulators and signaling molecules that were quan-
tifiable in our dataset (i.e., transcription factors [179 total proteins]; translation factors [48 total proteins]; kinases, 
phosphatases, growth factors, G-protein coupled receptors [169 total proteins]) and specifically examined their 
coordinated temporal expression during lung development. We note that these molecules are often challenging to 
detect and quantify because of their low abundance50 in samples, nevertheless our ultrasensitive platform enabled 

Figure 4. Proteins and biological functions significantly changing during alveolarization. The heatmap 
shows the 1,369 proteins that are changing in abundance over time (one-way ANOVA pvalue <  0.01). The color 
scale of the heatmap represents Z-scores of log2(normalized intensities). K-means clustering algorithm was used 
to classify the proteins into six clusters depending on their temporal behavior. For each cluster, the NIH DAVID 
Bioinformatics Resource was used to perform functional enrichment of the Biological Function GOs. Manually 
curated enriched Biological Functions are represented.
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their analysis here. Utilizing a one-way ANOVA, 305 of the 396 regulatory and signaling proteins were signifi-
cantly (pvalue <  0.05) changing in abundance over time, representing ~77% of regulatory and signaling molecules 
detected. More conservatively, at a pvalue <  0.01, 220 proteins (approximately 56% of regulatory and signaling 
molecules detected) were significantly changed and further at a pvalue <  0.001, 164 proteins (approximately 41% 
of regulatory and signaling molecules detected) were significantly changed. The large fraction of regulatory and 
signaling molecules changing reflects the significant architectural/regulatory and functional remodeling that 
must take place during lung development to ensure appropriate respiratory functions.

Temporal expression analysis of significantly changing proteins defined seven groups of coordinated expres-
sion patterns supporting further the notion that a complex network of temporal regulatory control drives appro-
priate normal lung development (Fig. 5). Prior to this spatially-resolved proteomic profiling of the developing 
alveoli, only few of the low-abundance transcription factors were shown to be affected in abundance at the protein 
level. Notably, key regulatory proteins in lung organogenesis are described below.

The homeodomain-containing transcription factor Nkx2-1 (also known as TTF-1) is a key regulator of early 
lung morphogenesis, regulating a large network of genes important for lung development51. In line with this, we 
observed Nkx2-1 to be most abundant at the earliest time point of development (E16.5) in our analysis (T-test  
pvalue <  0.05, present in Cluster 1 in Figs 5 and 6A). AGER/RAGE is a receptor previously shown to be involved 
in idiopathic pulmonary fibrosis by triggering a TGF-β -dependent epithelial to myofibroblast transition localized 
in the alveolar region52. AGER/RAGE is known to be constitutively expressed in a wide range of organs during 
development with its expression in most organs down-regulated in adults, except in lungs where its selectively 
expressed in type I cells52,53 and its transcription remains high in adults54. Our alveolar region-specific protein 
data also showed AGER/RAGE abundance higher at PND28 which is the nearest condition to the adulthood 
compared to the earlier E16.5 and PND7 development time-points (T-test pvalue <  0.04; Cluster 7 in Fig. 5). 
Smad2 is also part of the TGF-β  signaling pathway and was previously shown to involved in normal lung devel-
opment as well as EMT transition inducing idiopathic pulmonary fibrosis55. During normal development, Smad2 
mRNA abundance was previously described to significantly decrease over time in the lungs from E15 to PND2856. 
In our dataset a similar trend was observed: Smad2 was found higher in abundance at E16.5 relative to PND7 
and PND28 and higher in PND7 compared to PND28 (T-test pvalue <  0.01; Cluster 5 in Figs 5 and 6A). Hopx 
is a homeodomain-containing protein that is involved in the type I type II cell differentiation from multipotent 
progenitors and becomes restricted to type I cells during development57. We observed Hopx to be less abundant 
at E16.5 relative to post-natal samples (T-test pvalue <  0.05; Cluster 7 in Figs 5 and 6A) in agreement with prior 

Figure 5. Regulatory and signaling proteins mediating alveolar formation. 305 proteins significantly 
changing over time (one-way ANOVA pvalue <  0.05) and annotated as a transcription/translation regulator 
or signaling molecule in the curated Ingenuity Pathway Analysis (IPA) database were clustered in 7 temporal 
behavioral groups using K-means clustering algorithm. On the left, the colored lines represent the average 
Z-scores of the cluster centroid over time. The error bars represent the Standard Error; the grey lines are the 
average of each individual protein belonging to a given cluster. Names of transcription/translation regulators 
and signaling molecules present in each cluster are written in the corresponding table.
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reports31. The receptor GPR116 (also known as Adgrf5) is known to be present in surfactant producing Type II 
cells58 and participates in the regulation of surfactant homeostasis58–60. GPR116 as well as all the quantifiable sur-
factant proteins in our dataset (SP-A, SP-B, SP-D) and associated surfactant protein maturation enzymes (includ-
ing Cathepsin H, Napsin-A, convertase ES-2)61–63 were found to increase through development consistent with 
prior surfactant protein biochemical and transcriptome observations64,65 (Fig. 6B). The above examples, concord-
ant with prior reports relevant to lung development validates our dataset and demonstrates that our platform is 
sensitive enough to allow the detection of fine changes in small micro-dissected samples, even for low abundance 
proteins such as transcriptional regulators.

Epigenetic regulation fine-tunes pre-natal developmental processes. The role of epigenetic reg-
ulation in development is increasingly appreciated. The general mechanisms of epigenetic regulation that lead to 
chromatin remodeling and subsequently control gene expression include those involving covalent modifications 
(e.g. DNA methylation, histone post-translational modifications) and those that do not utilize covalent modifi-
cations (e.g. ATP-dependent chromatin remodeling complexes). Several proteins regulating chromatin structure 
and organization via both approaches were observed to decrease from E16.5 to PND7 and PND28 in our anal-
ysis (Fig. 5). These include members of the SWI/SNF protein family (SMARCA4, A5, E1, B1, C1, C2), histone 
deacetylases (HDAC1, 2, 3, 6) and high mobility group proteins (HMGA1, B1, B2). Recent work has shown an 
important role for HDACs in lung development66 and the importance of DNA methylation is also emerging66,67; 
however the role of other epigenetic regulatory mechanisms in lung development remains unclear68.

The HMG proteins are chromatin binding proteins that regulate transcription by modulating the chromatin 
structure at target genes influencing the binding of regulatory factors69. Similarly the SWI/SNF protein family, an 
ATP-dependent nucleosome remodeling complex, also regulates gene expression by modulating the nucleosome 
structure at target genes70. Here our data suggests these additional epigenetic regulatory mechanisms play an 
active role in lung development particularly at early (pre-natal) time-points in alveolar development where our 
data also suggests cellular proliferation is high (Fig. 4). Taken together, the data suggests a mechanism where 
epigenetic processes fine tune the high rate of cell proliferation earlier in lung development that subsides with 
increasing lung maturation. The current study suggests that a multi-omics analysis on LCM tissues, employing 
greater temporal resolution than reported here, may provide deeper insight into the finely tuned mechanisms 
controlling lung development. Indeed such an effort is underway as part of the LungMAP consortium (www.
lungmap.net) and promises to yield further novel insights.

Conclusion
We present a simple automated proteomic workflow that significantly reduces sample handling by employ-
ing online digestion and desalting that enables sensitive and robust quantitative proteomics analysis of less 
than 5,000 cells from LCM samples with high reproducibility and throughput. Our high-throughput analysis 
of micro-dissected alveolar parenchyma containing 4000 cells yielded a deep proteome coverage (more than 
3,400 proteins) and revealed function-specific remodeling of the alveolar proteome during development, with 
proliferation-related biological processes induced during the saccular stage (E16.5) while immune response 
and structural biological processes were induced postnatally. Our analysis also suggested that epigenetic reg-
ulation is critical for lung development preferentially fine-tuning early processes in development. The demon-
strated utility of our LCM-proteomics approach for gaining biological insight should now broadly enable deep 

Figure 6. Known protein abundance patterns confirmed by LCM-proteomics platform during 
alveolarization. (A) Representation of abundance evolution for known transcription factors involved in 
lung development. Nkx2-1: highest expression at E16.5; Hopx: highest expression at PND28; Smad2: highest 
expression at E16.5. (B) Surfactant proteins and surfactant maturation associated proteins abundance at E16.5, 
PND7 and PND28; the errors bars represent the standard error.

http://www.lungmap.net
http://www.lungmap.net
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spatially-resolved proteomics from mass-limited LCM samples for applications requiring high reproducibility 
and throughput such as clinical studies.

Methods
Mice. All the animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) 
at the University of Alabama at Birmingham (UAB), and carried out in accordance with UAB Institutional Animal 
Care and Use Committee guidelines and regulations. The lung tissues of E16.5 mice used in this study were 
obtained from timed-pregnant C57BL/6 mice at Cincinnati Children’s Hospital Medical Center, and lungs were 
frozen in OCT immediately after removing from the fetal mouse. Lung tissues of postnatal mice used in this study 
were obtained from pups born to C57BL/6 timed-pregnant females purchased from Jackson Laboratories (Bar 
Harbor, ME). Pups were euthanized with isoflurane inhalation at the specified age (PND7, PND28). The lungs 
were inflated to capacity through the trachea cannula with a 50/50 v/v solution of Tissue-Tek OCT in RNAse-free 
PBS. Working in the tissue culture hood using sterile scissors, the heart-lung complex was excised aseptically en 
bloc from the chest cavity and placed on ice. The lungs were placed into TissueTek cryomolds with excess OCT 
and snap frozen in liquid nitrogen. Frozen OCT lung tissues were stored at − 80 °C no longer then one week 
prior to LCM. The MICROM-HM550 cryostat (Thermo scientific) was cleaned with 100% ethanol, and tools and 
surfaces in contact with the tissue were cleaned with RNase Away (Molecular BioProducts; San Diego, CA) to pre-
pare for cryosectioning. 16 μ m sections were collected by cryostat sectioning at − 20 °C onto PEN membrane glass 
slides (Arcturus PEN#LCM0522). Two tissue sections were collected on the same slide and 10–20 slides were cut 
per animal and stored at − 80 °C. Forty μ l of prechilled RNAlater-ICE (Ambion/Applied Biosystems) was pipetted 
directly onto the slide, and the slide was stored flat in a prechilled slide box at − 80 °C.

LCM sections. Using the ArcturusXT Microdissection system the cells were captured by cutting the region of 
interest into the CapSure®  LCM Caps then placed in 500 μ l RNase-free microfuge tube and immediately frozen 
on dry ice or stored at − 80 °C. All CapSure®  LCM Caps have a patented transfer film bonded to the lower cap sur-
face. Using the ArcturusXT Systems an infrared laser pulses through the top of the cap during LCM and interacts 
with the transfer film, which then melts and bonds to the cells or regions of interest. The film absorbs the laser 
radiation – instead of the tissue or cell sample – creating a gentle, non-damaging microdissection that preserves 
the integrity of the captured material. Slides were processed one at a time, taking care that each slide was at room 
temperature for less than 20 min to protect RNA integrity. For this study, only lung alveoli were captured while 
avoiding airways and vessels. For each alveolar region per animal (n =  5–6), sampling was very robust (3–4 tissue 
faces per section, 2 sections per slide, 10 slides) and areas ranging from 3.5 to 4 million μ m2 were collected. All 
alveoli were collected for each section on each slide until 4 million μ m2 were collected and sampling ceased. For 
each animal the entire alveoli sample was collected in a single cap when all LCM sampling occurred in a single 
session. If a break occurred during capture, remaining sample was collected into a new cap and the contents were 
later pooled for further analysis. When sample collection was complete, the tube was frozen at − 80 °C and stored 
or immediately processed for RNA isolation using the RNeasy Plus Micro Kit (Qiagen) using gDNA eliminator 
columns.

Protein extraction from the LCM cap. Samples were prepared by adding the following extraction buffer: 
20 μ L of 8 M urea, 5 mM DTT in 50 mM ammonium bicarbonate directly to the LCM caps. 4% SDS was added in 
this buffer when FASP digestion was used. The buffer was aspirated repeatedly to lose the tissue piece and allow 
its transfer: to a fresh Total Recovery LC-Vial (Waters) for the samples analyzed with our platform; or directly 
in the filtration unit for FASP. The samples were then sonicated in a Hielscher UTR200 bath sonicator for 20 sec 
and incubated at 37 °C for 30 min to extract and denature proteins. Protein extracts for SNaPP were prepared in 
a single batch process and stored at − 80 °C until being loaded into the 4 °C autosampler of the SNaPP system for 
processing.

FASP sample preparation. Three equivalent biological tissues were prepared by the FASP method using 
commercial kit (FASP Protein digestion Kit, Expedeon) following the supplier recommendations. Briefly, after 
the denaturation step previously described the denaturation buffer was removed by centrifugation at 14,000 g for 
15 min. The sample was alkylated using 100 μ L of 50 mM iodoacetamide in urea for 30 min in the dark, and excess 
alkylation reagents were eliminated by washing twice with 100 μ L of 8 M urea solution (at 14,000 g for 15 min) 
and two more times with 50 mM ammonium bicarbonate (at 14,000 g for 15 minutes). The spin filters were then 
transferred to clean tubes and 50 μ L of digestion solution containing trypsin was added to the filters. The protein 
to enzyme ratio was estimated to be 50:1. The top of the tubes were wrapped in parafilm to minimize evaporation 
and the tubes were placed for 4 h at 37 °C under 500 rpm agitation in a Thermomixer (Eppendorf). The peptides 
were concentrated to 20 μ L using a speedvac vacuum concentrator (Thermo Scientific) and stored at − 80 °C prior 
LC-MS/MS analysis (Fig. S1).

LCM-proteomics platform. After extraction, samples were diluted to a final volume of 60 μ L using 50 mM 
ammonium bicarbonate prior injection. Our online platform is equipped with a Leap autosampler allowing mul-
tiple samples to be queued and stored at 4 °C prior to injection and allowing the system to run unattended. 
Digestion was accomplished by passing the solution through a 150 μ m ID column packed with immobilized 
trypsin beads from Poroszyme (Thermo Scientific) 10 μ M diameter at a flow rate of 500 nL/min. Eluent was 
then captured on a trap column. C18, 5 μ m, porous (300 Å) packed to 5 cm in length in a 100 μ m i.d. capillary. 
Following digestion, the IMER column is washed with 25 μL of 50:50 Acetonitrile/water to reduce sample carry-
over. Digestions were carried out as described previously27, with the following changes: the analytical gradient 
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pump was replaced by a Dionex UltiMate 3000 RSLC nanopump (Thermo Scientific) capable of achieving 12 K psi 
backpressures and allowing the operation of 75 cm capillary columns with 50 μm i.d. (Fig. 1).

Liquid chromatography-mass spectrometry (LC-MS). To increase protein coverage the total gradient 
time was extended to 300 min using an in-house packed, 50 μ m i.d. fused silica capillary columns (Polymicro 
Technologies), 75 cm in length. Columns were slurry packed with 3 μ m, porous (300 Å), Jupiter C18 packing mate-
rial (Phenomenex) using a 1 cm sol-gel frit for retaining media71. Buffer A was water with 0.1% formic acid, and 
mobile phase B was acetonitrile with 0.1% formic acid. The separation gradient started at 5% mobile phase B 
increasing to 8% B at 6 minutes, 12% at 60 minutes, 35% at 225 minutes, 60% at 291 minutes, and 75% at 300 min-
utes. Carryover on the analytical column is addressed by running a “washing” gradient which ramps to 35% B 
twice, followed by a ramp to 95% B and then 2 more ramps to 35% B over 25 minutes. The system was coupled to 
a QExactive Plus mass spectrometer (Thermo Scientific) using a custom ESI interface comprised of 3 cm, chem-
ically etched emitters coupled to the LC column using stainless steel unions (VICI Valco)72. Mass spectra were 
collected from 400–2,000 m/z at a resolution of 70 k followed by data dependent HCD MS/MS at a resolution 
of 17.5 K for the ten most abundant ions. For analysis of samples prepared by FASP, the entire 20 μ L sample was 
injected onto the SPE bypassing the IMER column of the system and facilitating online SPE.

Data analysis. Mass spectrometric raw data were analyzed in MaxQuant, version 1.5.2.8. with a false dis-
covery rate set at 0.018. Proteins were identified with at least 2 peptide of a minimum length of 6 amino acids by 
searching against the Mus musculus Uniprot database (UniprotKB, downloaded in 2015). Carbamidomethylation 
was set as fixed modification and N-terminal Acetylation and oxidation of methionine were included as dynamic 
modifications. Intensities were used for quantification at the peptide level for the comparison of our platform 
and FASP. LFQ quantification9 was used for protein quantification. For the comparison of our platform’s analysis 
of microdissected tissues at different ages, the individual intensities were log2 transformed and median normal-
ized. The missing values were imputed by the minimum value of the resulting table divided by two. Two-tailed 
distribution homoscedastic T-Tests were performed in Microsoft Excel 2010. The Pearson’s correlation, K-mean 
clustering and hierarchical clustering were performed in R using the Stats package. The PCA was performed in 
R (version 3.2.2) using the ‘mixOmics’ package. GO enrichments were performed using DAVID bioinformatics 
resources40 only the groups with at least 5 proteins and a pvalue < 0.05 were considered enriched and are shown 
in the figures. The figures were generated in R or Microsoft Excel 2010 and visually adjusted in Adobe Illustrator 
(version 16.0.5).
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