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Abstract

Probably, the most important factor for the survival of a melanoma patient is early

detection and precise diagnosis. Although in most cases these tasks are readily

carried out by pathologists and dermatologists, there are still difficult cases in

which no consensus among experts is achieved. To deal with such cases, new

methodologies are required. Following this motivation, we explore here the use of

lipid imaging mass spectrometry as a complementary tool for the aid in the diagno-

sis. Thus, 53 samples (15 nevus, 24 primary melanomas, and 14 metastasis) were

explored with the aid of a mass spectrometer, using negative polarity. The rich

lipid fingerprint obtained from the samples allowed us to set up an artificial

intelligence-based classification model that achieved 100% of specificity and pre-

cision both in training and validation data sets. A deeper analysis of the image data

shows that the technique reports important information on the tumor microenvi-

ronment that may give invaluable insights in the prognosis of the lesion, with the

correct interpretation.
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What's new?

Here, the authors evaluate the potential of matrix-assisted laser desorption/ionization lipid

imaging mass spectrometry (LIMS) together with classification models built using artificial intelli-

gence to classify samples of nevus, melanoma, and metastatic melanoma. They find that, looking

at the alterations in the lipid profile of the tissues and having built a library of lipid signatures

using LIMS, it is possible to automatically detect the presence of tumor cells and even determine

if the sample is a primary tumor or a metastasis. The findings pave the way for the development

of fast, accurate, and automatized protocols for the screening of melanoma samples.

1 | INTRODUCTION

Although cutaneous melanomas represent only 5% of all skin cancers,

it is the most lethal due to its high rate to metastasis and the lack of

effective treatments in advanced stages. In clinical practice, prognosis of

melanoma is based on the Breslow index, the presence of ulceration, and

sentinel node evaluation.1 Around 10% of melanoma recurrences within

5 years of follow-up have been described2 for early stage lesions (I and II

stages according to AJCC 8th edition).3 Furthermore, a recent study

showed that in a cohort of 784 melanoma patients, 53.8% of all meta-

static patients had an I–II initial stage.4 These facts support the view that

many early melanomas with a biological ability to metastasize are not

identified by classical pathological markers.

Detection of melanoma, even at early stages, is routinely performed

in the diagnosis services by pathologists and dermatologists. However,

the steady raise in the number of possible cases of melanoma is increas-

ing the pressure in such services. Furthermore, despite the accuracy of a

well-trained pathologist, there are still complex cases in which diagnosis

is not simple.5 Therefore, developing new complementary methodologies

that may help with the diagnosis and prognosis is a very active research

field. For example, in the last years several optical and proteomic

approaches have appeared,6,7 aiming at improving diagnosis.

A different approach to the problem of achieving an accurate diagno-

sis is offered by lipid imaging mass spectrometry (LIMS). This technique

enables direct exploration of tissue sections using a mass spectrometer.8

The starting point is a fresh frozen sample, which is sectioned using a cryo-

microtome (Figure 1). The sections, usually 10–20 μm-thick, are deposited

in a microscope glass slide and covered with a matrix that enables the

extraction of the molecules with the aid of a laser. Then, a grid of coordi-

nates is defined, which will become the pixels in the final images. The mass

spectrometer scans the sample, acquiring a mass spectrum at each coordi-

nate. The result is the distribution map of each of the analytes extracted

from the tissue, without the need of a previous labeling.9 When the tar-

geted molecules are lipids, the technique becomes a kind of digital molecu-

lar histology that enables visualization of each cell type in a given tissue,

ultimately in base to their metabolic signature.10,11

Certainly, lipids, which are not genetically encoded, are, directly

or indirectly, primarily or secondarily, involved in all main metabolic

processes of a cell: from structure to signaling, apoptosis, and so

forth.12–15 Therefore, each cell in a given metabolic stage presents a

well-defined, tightly regulated, lipid fingerprint.16 In other words, sub-

tle variations in the metabolic status of a cell involve modifications in

lipid expression. For example, we demonstrated in the past that the

maturation of the colonocytes as they differentiate along the crypts

involves a quantifiable modification of the lipidome.17 Some of the

species exhibit a gradient along the crypt that is maintained among

individuals and that is different from the lipid fingerprint of the cells in

the lamina propria. Furthermore, the fingerprint of the colonocytes is

strongly altered in a sample of neoplastic tissue and therefore, it may

serve for early detection of the disease.18,19

We have also demonstrated recently that it is possible to establish

at least seven different segments in the nephron according to the lipid

fingerprint and that the, in some case subtle, differences in lipid profile

between these segments are preserved among individuals.20 Similar

observations were also made regarding nevus.21 In that case, we dem-

onstrated that epidermis, dermis, and melanocytes present also well-

defined fingerprints. Deep analysis of the results from nevi pointed to a

difference in the lipid expression between superficial melanocytes and

those that have migrated to deeper areas of the dermis. Very likely,

such variation is due to the maturation process of the melanocytes.22,23

We exploit here the malignancy state-associated changes in lipid

metabolism of melanocytic cells for diagnostic benefit and explore the

use of LIMS to classify patient samples into nevus, primary melanoma,

and metastasis from melanoma. Previous works already explored the

metabolite expression in sections of primary melanoma using mass

spectrometry,24 demonstrating that the technique enables extracting the

metabolic signature from different cellular populations: melanoma cells,

connective tissue, macrophages, and lymphocytes, although the spatial

resolution at which images were recorded, 50 μm/pixel, limited some-

how precise extraction of such signatures. In a recent work, Lazova et al

used mass spectrometry to probe different points across sections and

TMA cores of nevus and primary melanoma, concluding that it is possible

to build classifiers using the protein fingerprint recovered directly from

the tissue.25 Using the same approach, Lazova et al. demonstrated that

the technique is also able to identify proliferative nodules within a benign

congenital nevus26 and to distinguish between Spitz nevi from Spitzoid

malignant melanoma.27 Using DESI in a reduced cohort of samples, Qi

et al. identified cholesterol as a possible biomarker in human melanocytic

nevi,28 although the conclusions reached in that study need further vali-

dation in a larger collection of samples and their technique did not offer
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F IGURE 1 Flow diagram of the protocol used in this work in LIMS experiments. Samples are fresh-frozen, trying to avoid the use of OCT or
any other substance that may alter the lipid distribution. Then, 16 μm-thick sections are obtained with the aid of a cryomicrotome and are

deposited on a plain glass slide. Next, they are covered with 1,5-diaminonaphthalene and introduced in the MALDI source of the mass
spectrometer, where they are scanned following a grid of coordinates separated 25 μm. The spectrometer acquires one mass spectrum at each
coordinate. The original distribution of the detected species is reconstructed by integrating each m/z and representing its intensity against the
coordinates. Finally, a segmentation analysis is performed to determine the lipid fingerprints (= cell populations) in the section.

714 HUERGO-BAÑOS ET AL.
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enough spatial resolution to associate cholesterol changes to cell popula-

tions. Other studies using techniques without spatial localization also

reported the possibility of using lipid biomarkers for detection of mela-

noma.29 As it can be seen, none of those previous studies included sam-

ples from nevi, primary melanoma, and metastatic melanoma. On the

other hand, our own studies in cell cultures point to a differential lipid

profile of benign and tumor melanocytic cells, and between the latter,

depending on their proliferation potential.30 Demonstrating that LIMS is

not only able to classify samples into tumor and non-tumor but also to

identify if a sample is a metastasis or a primary tumor is of paramount

importance, because it would set the foundations for the development

of new and powerful diagnostic techniques.

2 | MATERIALS AND METHODS

Samples and data from patients were collected from 2017 to 2020 and

provided by the Pathology Departments of Cruces (Barakaldo, Spain) and

Galdakao-Usansolo (Galdakao, Spain) University Hospitals, and by the

Department of Dermatology of the Arnau de Vilanova University

Hospital (Lleida, Spain). Disease stages were classified according to

AJCC, 8th edition.3 Clinical and diagnostic data for each patient

were collected retrospectively from centralized electronic and/or

paper medical records. A total of 15 nevi, 24 primary melanomas

and 14 metastasis were collected, along with the clinical informa-

tion, including gender, age at the primary tumor, localization of the

primary melanoma, localization of metastasis, stage, and histologi-

cal subtypes (SSM—superficial spreading melanoma, NM—nodular

melanoma, ALM—acrolentiginous melanoma, LMM—lentigo maligna

melanoma, Table 1).

The age of the patients ranged from 19 to 96 years, with a similar

gender distribution. Regarding the histopathological classification,

most of the nevus were intradermal (n = 11), although a compound

nevus and a junctional nevus were also included. The primary mela-

noma samples corresponded to SSM (n = 19), NM (n = 2), LMM

(n = 1), and ALM (n = 2). Finally, all metastasis samples were diag-

nosed as locoregional in transit metastasis.

2.1 | Immunohistochemistry

Biopsies were frozen at �80�C, avoiding the use of OCT or any other

compound that could perturb the original lipid distribution. Stepwise

sectioning of the frozen tissues was conducted by a conventional

cryomicrotome. First, 4 μm-thick sections were collected for

hematoxylin-eosin (H&E) staining (Geminis AS Automated Stainer,

Einhoven, Netherland) and for Immunohistochemistry (IHC) of Melan

A and HMB45 melanocyte biomarkers. Melan A, also known as

MART-1 (melanoma antigen recognized by T cells) marks both mela-

nocytes from nevi and melanoma, while HBM45 specifically marks

melanoma cells. IHC was performed using the EnvisionTMGj2 Sys-

tem/AP kit. Optical images were recorded using a NanoZoomer S210

Digital slide scanner (Hamamatsu C13239-01). Melan A (Anti-MelanA

antibody [EP1422Y]) and MB45 (Anti-Melanoma gp100 antibody

[EPR4864]), both from Abcam (Cambridge, CB2 0AX, UK) were used

to identify melanoma cells because they recognize the group of pro-

teins gp-100/Pmel-17 specific to melanosomes. Second, sections of

16 μm thickness were obtained for LIMS. The areas to be scanned

were selected using the H&E and IHC optical images. One must take

into account that the whole area of the sections could not be

explored, due the speed of the mass spectrometer (see below), and

lipid propensity to oxidation. Finally, the sections explored by LIMS

were stained with H&E, so the pathologists could annotate the histo-

logical areas and structures in order to correlate them with the seg-

ments obtained from the analysis of the LIMS images. In a small

number of cases, the post-MALDI H&E could not be used because

technical problems (mainly, the tissue folded during staining,

because the glass slides did not have any fixation to avoid altering the

original lipid distribution). In those cases, the H&E of a consecutive

section had to be used, which slightly complicated the annotation of

the segmentation images.

TABLE 1 Clinical information of the patients included in
this work.

Nevus Melanoma Metastasis

Number 15 24 14

Age (range) 19–84 32–96 25–91

Gender

Female 8 11 5

Male 7 13 9

Localization

Head and neck 2 2 2

Trunk 7 7 4

Upper extremity 1 6 2

Lower extremity 0 5 3

Hand and foot 4 4 1

ND 2

Histology

Intradermal 11

Compound 3

Junctional 1

LMM 1 1

SSM 19 1

NM 2 3

ALM 2 2

ND 7

Stage (AJCC)

In situ 1

I 4

II 16

IV 3

Abbreviations: ALM, acrolentiginous melanoma; LMM, lentigo maligna

melanoma; ND, not determined; NM, nodular melanoma; SSM, superficial

spreading melanoma.
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2.2 | LIMS experiments

Histological sections from 53 different samples were prepared and

analyzed by LIMS as described in Garate et al.21 A schematics of the

protocol may be found in Figure 1. Briefly, 1,5-diaminonaphthalene

(DAN) was used as matrix and deposited with the aid of our in-house

designed sublimator.31 The sections were scanned in negative polar-

ity, using the orbitrap analyzer of a MALDI-LTQ-Orbitrap XL (Thermo

Fisher, San Jose, CA, USA), equipped with a modified MALDI

source.32 Previous works have demonstrated that such polarity

enables the detection of a larger number of lipid classes, with less

interference of adducts formation.33

Data were acquired with a mass resolution of 60,000 at m/

z = 400. Two microscans of 10 laser shots were averaged for each

pixel using a 25 μm raster size. With these settings, the spectrometer

recorded one pixel every 2 s, and therefore, it was necessary to limit

the area of the sample to be scanned, to avoid long exposures of the

tissue to room temperature conditions. Spectra were processed using

in-house developed software, built in Matlab (MathWorks, Natick,

USA). Lipid assignment was carried out using the m/z value, the on-

tissue MS/MS and MS3 (whenever the signal intensity permitted it)

data and UHPLC/ESI-MS/MS results obtained from the analysis of

the extracts from the same samples. With this procedure, in most

cases it was not possible to distinguish between ether and vinyl-ether

lipids.

Data from each section were analyzed using a segmentation algo-

rithm (HD-RCA)34 to isolate and identify the lipid signatures of each

histological area in the section. To establish the number of segments

on each image, a heuristic approach was used: the initial number of

segments was set to 10 for nevus and melanoma and 5 for metastasis.

Then, the segments suggested by the algorithm were verified by

examining their correlation: those segments with correlations higher

than 95% were grouped together, because such a high correlation

seems to indicate that they define similar histologic areas. Each seg-

ment was colored using a color scale bar and the correlation between

segments. The two segments with the lowest correlation

between their lipid signatures were assigned the colors at both ends

of the scale and the rest of the segments received colors according to

their correlation. Thus, those segments that present colors that are

closer in the scale, present more similar lipid fingerprint. Besides, each

section presents a unique composition and therefore, similar colors in

different sections may correspond to different cell populations. The

signatures from the segments obtained from each section were later

used in subsequent multi-experiment statistical analysis.

The spectra were filtered before statistical analysis, to avoid

introduction of excessive noise. Of the 488 mass channels, only

90 exhibited a SD lower than their mean intensity in the three condi-

tions. Then, the MS/MS and MS3 (if available) spectra of each species

was analyzed to provide a sound assignment. To evaluate the statisti-

cal significance of the differences in the lipid fingerprints among

nevus melanocytes, primary melanoma and metastasis, Levene test,

ANOVA univariate statistical analysis and Tukey/Games Howell post

hoc were computed using SPSS Statistics 17.0 (IBM, Armonk, NY,

USA). The Levene test determines the homogeneity of variance

(H0 = groups have equivalent variance) to choose the post hoc

method: Tukey if Levene p ≥ .05 and Games-Howell if Levene p ≤ .05.

PCA analysis and classification models were carried out using Orange

Biolab V.2.7.8 (Ljubljana, Slovenia).

3 | RESULTS

3.1 | Identification of melanoma histological
structures by LIMS

Understanding the histology of a nevus using the lipid fingerprint pro-

vided by a LIMS experiment is relatively simple. Nevus are usually

well-organized and structured lesions in which epidermis, dermis, and

melanocyte-rich regions are readily identified. This is clearly seen in

Figure 2, where the comparison between the H&E image of a nevus,

the segmentation of a LIMS experiment and the distribution of three

representative lipids is shown.

The nevus section shows slight papillomatous growth, at the

expense of melanocytes in the dermis, with growth in more superficial

aggregates. Melanocytes in the dermal depth tend to separate or to

be more diffusely arranged. A certain fibrosclerosis in the papillary

dermis is also observed. The epidermis is thin and an annex to the

middle dermis can be identified. The segmentation image is built

grouping together pixels with similar lipid fingerprint and assigning

each group (segment) a color, using the color bar in the figure. The

resulting image highlights the tissue's architecture from a molecular

point of view. For example, clear difference between the epidermis

(white segment) and the rest of the tissue is readily seen. The melano-

cytes and the surrounding stroma exhibit a high degree of heteroge-

neity, highlighted by their division in several segments that follow the

melanocytic aggregates (light blue, yellow, and orange) and the sur-

rounding stroma (black and dark blue). Ultimately, the segmentation

images reflect the differential spatial distribution of the lipid species

detected. As an example, the distribution of three representative spe-

cies is shown in the figure. Sphingomyelin (SM) 34:1 presents a higher

abundance in the stroma of nevus, while is slightly less abundant in

melanocytes. Conversely, phosphatidylethanolamine (PE) 36:2 follows

the opposite trend, being more abundant in the epidermis of nevus.

The concentration of phosphatidylinositol (PI) 38:3 is also more abun-

dant in the stroma, but with a different distribution, pointing to

changes in expression between cell populations. Actually, the segmen-

tation image in Figure 2 is a sort of summary of these lipid distribu-

tions: each cell population presents a well-defined lipid profile.

Consequently, when the pixels in the LIMS image are grouped based

on their lipidome, as in the segmentation image, the whole tissue

architecture emerges. In some sense, LIMS is a kind of molecular

histology.

Figure 2 (and Figure S1 of the supplemental material) also show

examples of melanoma and metastasis sections. The primary tumor

presents an epidermal component that affects the hair follicle at a

level deeper than the infundibular portion. The most eye-catching

716 HUERGO-BAÑOS ET AL.
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feature of the image is the hair follicle with cystic dilation in addition

to keratin and brown pigment. The follicular epithelium is hyperplastic

and occupied by a disorderly growth of individual melanocytes, form-

ing thecae. The tumoral part that affects the dermis shows large

aggregates, with a diffuse growth of epithelioid melanocytes with

some pigment, melanophages, and occasionally intratumoral lympho-

cytes. The LIMS image faithfully follows the histology in the H&E

image. On the left side of the segmentation image, the dilated hair fol-

licle appears in black, while its luminal keratin and even the keratin of

the stratum corneum appear as a white segment. Tumor melanocytes

are predominantly in the blue segment, both in dermal aggregates and

in the epidermis. Moreover, a peritumoral region can be identified of

tumor melanocytes and stromal tissue with different lipid profile. The

stroma is coincident with the red and orange segments. In this latter

segment, lymphocytes and melanophages appear as spots. When fur-

ther segments are created (not shown), the immune cells become

more evident. In addition, perifollicular collagen regions can also be

detected.

The example of metastasis in Figure 2, is a collagenous-rich

stroma infiltrated by a tumor with scattered and heterogeneous pres-

ence of pigment. Tumor cells are distributed almost continuously,

sometimes forming vertical trails. Collagen and other elements of the

stroma, such as blood vessels, can be seen between these trails. In

the segmentation image, the melanocytes appear as green and brown

patches and the stroma in blue and white. Correspondence between

histological and segmentation images is not straightforward because

the H&E corresponds to a consecutive section and the differences

between histological regions is more evident in the segmentation

image. The striking contrast between the colors of the segments

increases the visibility of the small color differences in the H&E image.

A look at the distribution of the three lipid species shown as

example in Figure 2, highlights once more that the segmentation

analysis is a reflection of the differences in lipid profile among the

cells composing the tissue. SM 34:1 presents a strong difference in

relative abundance between stroma and tumor cells in the melanoma

section, while it presents lower concentration in metastatic cells. PE

36:2 is more abundant in tumor cells in the melanoma section and is

maximized in metastatic tumor cells. Meanwhile, PI 38:3 also shows a

different trend: its relative abundance strongly increases in the tumor

nodules in melanoma and shows a relatively higher abundance in the

stroma of metastasis and in the tumor cells that correlate with

the green segment, highlighting the existence of different tumor cell

populations.

The inherent complexity of the tumoral tissues complicates to a

great extent the process of building a classifier, as a single sample very

often presents different tumor cell populations with (sometimes

slightly) different lipid signatures. As a first approximation, we

extracted from each section all those signatures that can be associ-

ated to tumor cells and included them in the classifiers, leaving aside

those lipid fingerprints corresponding to other areas (fibroblasts, scle-

rotic tissue, necrotic areas, etc.). Extraction of lipid signatures was also

guided by the comparison with the Melan A staining experiments.

Figure 3 shows the comparison between example images of H&E

staining, Melan A and the segmentation of a LIMS experiment carried

out over samples of intradermic nevus, primary melanoma and

metastasis.

In the segmentation image of the nevus, the three main histologi-

cal regions are clearly visible: epidermis in white, dermis in yellow and

the melanocyte-rich regions in red and brown. Conversely, melanomas

are, in general, highly heterogeneous, presenting a variable number of

regions in each sample. Figure 3, middle row, shows a histological

section of a superficial spreading primary melanoma in stage IIB.3 The

lesion exhibits an asymmetric growth and a zone of dermal invasion

with large nodules, separated by connective tissue and some

F IGURE 2 Lipid fingerprint highlights the histology of the tissue. H&E optical images, segmentation and distribution images of SM 34:1, PE
36:2 and PI 38:3 over sections of nevus, melanoma and metastasis from melanoma. The LIMS experiment was recorded in negative polarity at
25 μm/pixel of spatial resolution and the segments were colored using the color bar shown in the figure and the degree of correlation between
segments: the proximity of the colors in the scale indicates the correlation between the lipid fingerprint of the segments. Relative abundance of
the lipids follows a black-blue-red-yellow-white scale. Scale bar = 1 mm.
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lymphocytes and melanophages. Tumor nests are clearly defined and

represented in the LIMS segmentation image as violet and white seg-

ments, indicating that at least two different tumor cell populations

exist. Moreover, the lymphocytes surrounding the melanocyte nod-

ules appear as a blue segment. The epidermis matches the red seg-

ment, while other cells such as fibroblasts and stroma in general

appear in green.

Interestingly, heterogeneity is lower in most of the analyzed

metastasis. For example, the metastasis section in Figure 3, bottom

row, clearly shows three regions: tumor nodes (bright and dark red), a

border segment that delimits the tumor nodes that is not evident in

the optical image (green segment) and collagen-rich tissue (white

segment).

3.2 | Differential lipid fingerprint of melanocytic
cells from nevus, primary melanoma and metastasis

Figure 4 shows the scores plot of the principal component analysis

(PCA) of the lipid signatures extracted from the samples using LIMS.

Melanocytic lipid signatures come from nevus sections, while more

than one lipid fingerprint was extracted from each primary and meta-

static melanoma sample. Within each condition, the samples were

randomly divided into training and validation sets and multiple com-

parisons were carried out. When the three conditions were included

in the analysis, Figure 4A,B, a good separation of melanocytic samples

from those of tumor cells was observed in the training set, while

incomplete separation was observed between melanoma and

F IGURE 3 Segmentation images describe the histology of the tissue. Comparison between the images of H&E staining, Melan A biomarker
distribution assessed by IHC and the segmentation analysis of LIMS carried out over the same histological sections. Top row: a nevus section;
middle: primary melanoma and bottom row: metastasis from melanoma. LIMS experiment recorded in negative polarity at a pixel size of 25 μm.
The algorithm automatically detected histological areas based on the lipid composition and assigned colors according to the color bar shown in
the figure, and the correlation between lipid fingerprints. Scale bar = 1 mm.
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metastasis. However, the analysis of the samples in the validation set

using only those lipid species that showed statistically significant dif-

ferences in the training set (potential biomarkers), resulted in a per-

fect separation of the three types of samples (Figure 4B). Three

classification models were tested using the potential lipid bio-

markers: support vector machine (SVM), Naïve Bayes and Logistic

Regression, achieving with the latter a perfect classification of the

samples (see Table S1).

Next, the lipid fingerprints of nevus melanocytes were compared

with those of primary melanoma and metastasis (Figure 4C–F). A

perfect separation was achieved all cases, highlighting the strong met-

abolic changes that accompany tumor transformation. The classifica-

tion models also exhibited outstanding performances, both in the

training and validation sets, with logistic regression achieving perfect

separation.

Classification of primary and metastatic samples was not perfect

in the training set (Figure 4G,H), with only two of the metastasis mis-

classified as primary tumors. However, sample classification was per-

fect in the validation group, using the potential lipid biomarkers

(Table S1).

F IGURE 4 Scores plots of principal components
analysis (PCA) of the lipid fingerprints. The samples were
randomly divided into training and validation sets (2/3 and
1/3 of the samples, respectively) before being subjected to
several PCA: (A and B) joint analysis of all samples; (C and
D) analysis of nevus and primary melanoma lipidomes;
(E and F) nevus versus metastasis and (G and H) metastasis
versus primary melanoma. In all cases, a classifier built
using logistic regression and the discriminant lipids

selected in the training set, was able to achieve a perfect
classification of the validation group samples (Table S1 of
the supplemental material).
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4 | DISCUSSION

The results presented herein clearly demonstrate that a substantial

change in the lipid fingerprint accompanies tumor transformation.

Such changes enable building classification models with performances

between 90% and 100% (depending on the algorithm) when biopsies

from nevus, primary melanoma and metastatic melanoma are included

and with perfect performance in binary comparisons. A consequence

of this observation is that LIMS can be used in conjunction with such

classifiers to identify tumor cells directly from tissue sections, opening

the door to the use of this technique in clinics for fast and automated

sample screening.

Comparison of the relative abundance of the main lipid classes

recorded by LIMS may be found in Figure 5, while the potential bio-

markers are collected in Figure S2. There are statistically significant

variations in lysophosphatidylinositol (LPI), phosphatidylcholine/

phosphatidylethanolamine (PC/PE), PC/PE ether/plasmalogens (O/P),

phosphatidylglycerol (PG) and SM classes. PC and PE were grouped

together in a single graphics, due to the existence of isobaric species

contributing to each peak in the mass spectrum. Similarly, PC/PE O/P

were also grouped in a single class. Apparently, there is an increase of

PC/PE in primary melanoma, which is partly reverted in metastasis.

Interestingly, the changes in PC/PE O/P follow an opposite trend to

those of the di-acyl PC/PE species. Also significant is the decrease in

LPI detected in primary melanoma. Finally, there is an increase in PG

and a decrease in SM from nevus to melanoma that are again partially

reverted in metastasis.

Detailed analysis of the relative abundance of the individual spe-

cies may be found in Figure S2 and Table S2. A close look at the PI

class—significantly involved in signaling—shows a decrease in the rela-

tive abundance of arachidonic acid (AA, 20:4)-containing species, and

an increase in the species with mono- and di-unsaturated fatty acids

(MUFA and DUFA) from nevi to primary melanoma. For some of the

species, this trend is reverted in metastasis, which exhibits expression

levels closer to those of nevus. This kind of trans-acylation process

would explain the absence of changes in the relative abundance of

total PI between the three conditions and it was also observed in

other systems.18

A reduced number of LPI and LPI-O/P species presented changes

between samples. The most remarkable variation is the decrease in

the relative abundance of LPI 20:4, which mimics those observed

in AA-containing PI species. It is tempting to speculate that this results

from a higher demand of AA for provision of inflammation-related

eicosanoid mediators.

A limited number of PG and PS species were also detected, but in

both cases, there is an increase in the relative abundance of MUFA/

DUFA-containing species and a decrease in PUFA in primary mela-

noma. Such trend is reversed in metastasis, showing a more similar

composition to that found in melanocytes.

The analysis in Figure 4 may be regarded as a simplified approach.

Certainly, there is still a wealth of information present in the LIMS

data that was not exploited in the present work, such as the presence

of infiltrating cells, areas with necrosis, cell density or the presence of

different clones of tumor cells. Although interpretation is not simple,

creation of a library of lipid fingerprints to automatically annotate the

tissue sections may yield invaluable information for the diagnosis and

prognosis of the disease. Construction of such library would require

of detailed analysis of hundreds of samples and careful comparison

with the LIMS images. Figures S3–S5 constitute a gradient in com-

plexity and illustrate how LIMS is able to highlight the heterogeneity

of tumor samples. The Melan A image of a primary melanoma in

Figure S3 shows very homogenous tumor cells, in brown, forming

nests, surrounded by lymphocytes and some eosinophils in blue. Such

organization is clearly captured by the segmentation image of the cor-

responding LIMS experiment, in which the tumor cells are grouped in

the red segment, while the inflammatory cellularity appears in blue

and the dermis in white. Interestingly, all tumor cells show a similar

lipidome. Actually, increasing the number of segments of the image

did not divide the tumor nodules in different groups, demonstrating

that they truly present non-differentiable lipidomes. The observations

in Figure S3 contrast with the findings shown in Figure S4 from a dif-

ferent primary melanoma. In this second example, the lymphocytes

are grouped forming a lymphoid follicle surrounded by tumor and

appear in the same segment as the sub-epidermal lymphocytes inter-

mixed with the epidermis. Here, the tumor melanocytes are grouped

in three different segments: red, white and brown. Further inspection

F IGURE 5 Significant changes in lipid
fingerprint between conditions. Values are
expressed as the relative abundance of the
corresponding lipid group, 100% being the
abundance in nevus melanocytes. PC and PE are
presented together as “PC” due to the
(presumably) large number of isobaric species
contributing to each mass channel. Likewise, PC-
O/P and PE-O/P are presented as PC-O. *p < .05;

**p < .01; ***p < .001 versus nevus.
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of the H&E sample revealed that the tumor cells grouped in the red

segment present an important amount of melanin in the cytoplasm,

compared to the cells in the other two segments. It would be interest-

ing to use orthogonal techniques to determine if the lipidome of one

of the three segments corresponds with a stronger proliferative

potential.

The sample in Figure S5 corresponds to a metastasis and constitutes a

case in which an extraordinary heterogeneity may be appreciate. A subcu-

taneous nodule dominates the image, with walls with intense fibrosis. Sev-

eral solid tumor nodules are clearly seen, with slightly pleomorphic cells of

middle size (Figure S5C), with epithelioid and plasmacytoid aspect. Nuclei

are mainly hyperchromatic and some present cytoplasmic folding; the cells'

cytoplasm are eosinophil and contain a variable amount of pigment. This

can also be seen in the septa, where some lymphocytes and macrophages

can be identified, together with other stromal cells. The segmentation

image shows a variety of lipid signatures (segments), some of them difficult

to identify, unless both the optical and segmentation images are superim-

posed. Tumoral cells appear divided into several segments: from white to

blue. But also the stromal cells appear divided in several segments: red,

green yellow and orange. In addition, a large fibrotic area correlates with

the dark brown segment and there is also a green segment that correlates

with a portion of the tissue that was lost during H&E staining. Thus, this

sample not only presents heterogeneous tumor cell populations, but also

the stromal cells that compose the microenvironment in which the tumor

is immersed, show a collection of lipid signatures. Understanding why some

tumors present a larger heterogeneity than others and the source of this

variation may be the key for the development of new and more precise

methodologies for tumor prognosis.

5 | CONCLUSIONS

We present here the LIMS analysis of 53 samples of nevus, primary

melanoma and metastatic melanoma. The spatial resolution of the

technique allowed us to extract the lipid signature of the melanocy-

tic cells and isolate them from those of other cell populations in the

biopsies. Using such lipid fingerprints, it was possible to set up sta-

tistical models able to classify the samples attending to their

nature: nevus, primary melanoma and metastasis from melanoma.

Detailed analysis of the histology of the samples and comparison

with the LIMS segmentation images demonstrate that the latter

captured key aspects of the samples, such as degree of heterogene-

ity, the existence of different tumor populations or different tumor

microenvironments. Full understanding of the information in the

segmentation images is a cumbersome task, as it requires of manual

analysis of hundreds of samples by well-trained pathologists and

comparison with the segmentation images, but it may enable the

design of new automated methodologies for the early and accurate

diagnosis of melanoma.
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