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Abstract

Lymphatic malformations (LMs) are congenital vascular anomalies characterized by dilated and cystic lym-
phatic channels. They are subdivided into macrocystic and microcystic lesions based upon the predominant size
of the cysts involved. However, significant differences in clinical characteristics, treatment outcomes, and
prognosis between macrocytic and microcytic disease suggest variation in underlying biologic and genetic
influences. Indirect differential expression analysis revealed that 426 genes are significantly different ( p < 0.01)
in a small sample of LM subtypes. Functional analyses on the differentially expressed gene sets showed that
microcystic LM gene expression favors a prooncogenic profile with upregulation of MYC target genes and cell
cycle proteins, whereas macrocystic expression demonstrates hypoxic events that lead to angiogenesis and cell
proliferation. Therefore, microcystic and macrocystic LMs, although histologically and physiologically similar,
may occur under the influence of vastly different biological pathways and mechanisms of action.

Keywords: lymphatic malformations, macrocystic lymphatic malformation, microcystic lymphatic mal-
formation, gene microarray, pediatric lymphatic malformations

Introduction

Lymphatic malformations (LMs) are low-flow vascu-
lar anomalies characterized by the presence of abnormal

lymphatic channels with progressive cystic dilation.1,2 Wo-
ven within normal soft tissue, these congenital lesions are
present in roughly 1 of 250 live births, creating a mass effect
and distortion of involved structures. Most patients with LM
present before the age of 2 years, with more complicated
disease identified at younger ages.2,3 LMs slowly grow by
vascular expansion but may acutely progress under condi-
tions that induce inflammation or increase lymphatic flow,
such as infection. Patient symptoms are linked to LM im-
pingement and inflammation of adjacent tissue.4 Surgical
extirpation and sclerotherapy, the radiographic injection of
caustic agents, are used to control and cure LM. Some lesions

have proven more resistant to therapy. Recently, novel
pharmacotherapy, mTOR inhibitors, has been employed for
massive and complicated disease.2,5,6

LMs are radiographically classified as either microcystic
or macrocystic based on the predominant diameter of the
dilated lymphatic lumens present. Cysts <1 cm in diameter
are considered microcystic.7,8 Frequently both macrocysts
and microcysts are present in the same lesion, which is then
labeled as a ‘‘mixed’’ LM. Clinically, LMs are differentiated
based on their physical appearance, compressibility, degree
of infiltration, and radiographic findings. Purely macrocystic
LMs are large fluid-filled compartments lined by septae with
distinct vesicular structures that impress upon, and do not
infiltrate into, local soft tissue (Fig. 1). Treatment is unlikely
to damage adjacent structures, as they can be free mobilized
or avoided with surgery and sclerotherapy, respectively.
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Microcystic disease, in contrast, infiltrates deeply within
skin, fat, and muscle that can make selective and effective
therapy quite difficult (Fig. 2).3,4 Therefore, very disparate
cure rates are reported between macrocystic and microcystic
disease, with the former more favorable to treatment.9 In-
tercalation and reactive fibrosis of microcystic LM responds
less readily to sclerotherapy, with one study citing as low as a
14% complete response.2,4,10

Despite disparate structure, radiographic appearance, and
clinical responses, few genetic or autocrine differences be-
tween microcystic and macrocystic LMs have been discov-
ered.3 Even histological analysis, showing disordered
endothelium lined lymphatic lumens with a complex extra-
cellular matrix, cannot reliably distinguish between LM
subtypes.11 Nonetheless, an association between various
syndromes (e.g., Klippel–Trenaunay) and LM is an active
field of research. Recent genetic studies have reported that
LMs are caused by somatic mutations on PIK3CA.12–14

Herein, we analyze and compare the transcriptome of
microcystic to macrocystic malformations to better under-
stand fundamental physiologic differences and genetic in-
fluences on these lesions. Such characterization might allow
for the development of genetic testing during the systematic
evaluation and classification of these congenital masses and
the conception of new and personalized treatments tailored to
their aberrant cellular signaling.

Materials and Methods

Subjects and tissue collection methods

This study was reviewed and approved by the Institutional
Review Board of the University of Arkansas for Medical
Sciences. Fresh tissue was harvested by surgical removal from
18 children of various ages after acquiring written informed
consent from their families. Upon harvesting, tissues were
stored at -80�C until RNA extraction was performed. We

analyzed six microcystic, seven macrocystic, and five normal
samples. The classification of the LMs was based on clinical,
radiographic, and histological findings. Description of the
samples and location of the LM are described in Table 1. It is
worth mentioning that the normal samples were taken from
skin and subcutaneous tissue from healthy children.

Microarray gene expression profiling

Total RNA was isolated and purified from frozen tissues
using the RNeasy Plus Mini Kit (Qiagen, Valencia, CA). The
Illumina TotalPrep RNA Amplification Kit (Illumina, San
Diego, CA) was used to prepare biotinylated antisense
complementary RNA (cRNA) from 500 ng of high-quality
total RNA for subsequent global gene expression profiling by
the Pharmacogenomics Analysis Laboratory (Central Ar-
kansas Veterans Healthcare System, Little Rock, AR).
Quality and quantity of cRNA were determined by Ribogreen
fluorescence and Agilent bioanalyzer electropherograms
(Agilent Technologies, Santa Clara, CA). A total of 750 ng of
cRNA per sample was loaded into the Illumina Human HT-
12 v4 Gene Expression BeadChip for hybridization at 58�C
for 17 hours.

After blocking, staining, and washing, the microarrays
were scanned on the Illumina iScan system. Data on gene-
level intensities were extracted and background was cor-
rected using the GenomeStudio software from Illumina. For
each array, the expression level, detection p-value, and av-
erage number of beads per gene were extracted with the
BeadArray package from Bioconductor (www.bioconductor.
org). Quantile normalization and logarithmic transformation
of the intensities were carried out with the Bioconductor
package limma. These data used in this publication have been
deposited in NCBI’s Gene Expression Omnibus and are ac-
cessible through GEO Series accession number GSE98742
(www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE98742).

FIG. 1. Radiographic and clinical appearance of macrocystic lymphatic malformation in a child. Note the large cystic
channels with pressure against local soft tissues.
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Gene differential expression analysis

We used the Bioconductor limma package to determine
differential gene expression. In brief, for any given gene, we fit
a linear model that encodes the difference between two ex-
perimental conditions, followed by an empirical Bayes method
that moderates standard errors of the estimated log-fold
changes.15 Owing to the relatively small sample size, a more
stringent cutoff p-value of 0.01 for the differential expression
model and a minimum fold change (FC) of 1.5 were used in
lieu of a multiple testing methodology. This method yielded
differential expression of microcystic and macrocystic LMs
with respect to normal controls. However, we are interested in
the differences between LMs eliminating possible noise of
normal gene expression, thus we used an indirect comparison
for estimation of the log ratio log2(Microcystic/Macrocystic)
through the so-called double difference, namely, log2(Micro-
cystic/Control)—log2(Macrocystic/Control).

The results of this indirect comparison produced our
master list from which all the subsequent gene enrichment
and functional analyses are based upon (see Supplementary

Data for the complete list of differentially expressed genes;
Supplementary Data are available online at www.liebertpub.
com/lrb).

Gene enrichment analysis

Gene lists generated from the differential expression were
fed into DAVID for mapping into a list of associated bio-
logical annotations.16,17 In this case, gene ontology terms
described as biological processes were selected. We also
conducted a gene set enrichment analysis (GSEA) with the
hallmark gene sets to identify phenotype differences in the
macrocystic versus microcystic gene sets.18

Results

Gene expression differences between
macrocystic and microcystic LMs

We sought genes that were differentially expressed between
each malformation type relative to healthy control samples
with statistical level of significance set at 0.01, and a fold
change of at least 1.5. For microcystic LM, there were 315
differentially expressed genes with respect to normal controls,
whereas 330 differentially expressed genes were discovered
for their macrocystic counterpart. About two-thirds of the
differentially expressed genes were unique for each of these
malformations (67% and 66% for macrocystic and micro-
cystic, respectively), with 108 genes expressed in common to
normal controls (Supplementary Data). After indirect differ-
ential analysis, 426 genes were found to be differentially ex-
pressed at a p-value £0.01 for macrocystic and microcystic
LMs, as detailed in Table 2 and depicted in Figure 3.

Gene enrichment and functional analyses

To better understand the collective impact of the indirect
comparison, the gene master list was split into two sublists:
the first one containing all the genes upregulated in the mi-
crocystic malformations with respect to the macrocystic

Table 1. Description of the Samples and Location
of the Lymphatic Malformations

Sample ID Type of LM Location

109-LM Microcystic Face (left)
070111-LMA Microcystic Tongue
052810-LMB Microcystic Lip
091710-LMB Microcystic Neck (left)
111210-LMB Microcystic Tongue
120210-LMB1 Microcystic Superficial parotid (left)
070810-LMA-r Macrocystic Tongue
59-LM Macrocystic Neck (left)
73-LM Macrocystic Postauricular (left)
99-LM Macrocystic Neck (right)
01111-LMA Macrocystic Occiput (left)
041311-LMA Macrocystic Face
0708010-LMA Macrocystic Tongue
030411-NOR Normal Palate/terragoid fossa (left)
262630-NOR Normal Cheek/jaw (left)
52100-NOR Normal Cheek/upper lip/paranasal

(right)
101910-NOR Normal Cheek (right)
111910-NOR Normal Leg (right)

LM, lymphatic malformation.

FIG. 2. Radiographic and clinical appearance of micro-
cystic lympathic malformation in a child. Note the infiltra-
tive microcysts making it difficult to delineate disease from
normal tissue.
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malformations and the second list accounting for all the genes
upregulated in macrocystic samples with respect to their
microcystic counterpart (Table 2). Both lists were fed into
GSEA for determination of hallmark gene sets, and into
DAVID for functional analysis of KEGG pathways.

Microcystic. The gene ontology for biological processes
showed that terms related to apoptosis or cell death were highly
significant ( p < 0.001), namely regulation of cell death
(GO:0010941), apoptosis (GO:0042981), and programmed cell
death (GO:0043067). We further investigate this gene set in
GSEA with the Hallmark genes data set, and the MYC targets
gene set had a nominal p-value of 0.003. Among the members
of the MYC-hallmark data set, the eukaryotic translation initi-
ation factor 4A1 (EIF4A1) was overexpressed (FC = 2.7,
p = 0.007). The RNA helicase eIF4A stimulates the translation
of messenger RNAs with secondary structures on the untrans-
lated 5¢ region, which includes the translation of potent pro-
teins for proliferation, angiogenesis, and survival such as cyclin
D1, c-Myc, surviving, vascular endothelial growth factor
(VEGF), and Bcl-2.19,20

Other overexpressed members of the MYC-hallmark data
set were the Ras-related protein (RAN; FC = 2.42, p = 0.001),

Table 2. Quantification of Differential Expression

Between Microcystic and Macrocystic

Lymphatic Malformations

Comparison

No. of
genes
(total)

Upregulated
in microcystic

Upregulated
in macrocystic

Microcystic-
(control) vs.
Macrocystic-
(control)

426 192 234

FIG. 3. Heatmap of the 426 differentially expressed genes by indirect difference analysis. The inner circles are micro-
cystic LMs and the outer circles correspond to macrocystic LMs. Gene names discussed in the text are colored in red for
macrocystic, blue for microcystic, and green for members of the PI3K/AKT pathway. Links join genes on the same
hallmark pathway and they are colored as follows: MYC—blue, epithelial–mesenchymal transition—red, hipoxia—purple,
fatty acid methabolism—brown, oxidative phosphorylation—green, adipogenesis—orange. A color version of this figure is
available in the online article at www.liebertpub.com/lrb
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which is necessary for survival and mitosis of cancer cells,
and the cell-division cycle protein 20 (CDC20; FC = 2.3,
p = 0.021). CDC20 is the mitotic coactivator of the anaphase-
promoting complex/cyclosome that once activated triggers
anaphase entry during mitosis.21 It has been reported that p53
protein inhibits tumor cell growth through an indirect regu-
lation of CDC20 and upregulation of the latter has been ob-
served in a number of tumors.22 The upregulation of the
metastatic suppressor (NME1; FC = 1.72, p = 0.02) observed on
the microcystic LM suggests a reduction on cell spreading and
motility.23 The largest upregulation was observed on the gene
type 1 keratin 17 (KRT17; FC = 6.9, p = 0.05), which plays an
important role in wound healing and its overexpression is re-
lated to tumor progression in epithelial ovarian cancer.24

Macrocystic. The gene ontology for biological processes
results showed a highly significant oxidation–reduction
(GO:005514) and generation of precursor metabolites and
energy (GO:0006091) ( p < 1.4 · 10-11). Other relevant terms
were related to cell adhesion (GO:007155 and GO:0022610)
with p-values <0.02. The GSEA highlighted the following
hallmark lists: epithelial–mesenchymal transition, adipogenesis,
fatty acid metabolism, oxidative phosphorylation, and hypoxia.

Even though the master regulator to the cellular response
to hypoxia-1 was not present in our lists, other upregulated
genes such as the alpha-enolase-1 (FC = 2.14, p = 0.003) and
the macrophage migration inhibitory factor (FC = 0.02,
p = 0.04) suggested the presence of a hypoxic milieu.25 The
upregulation of the VEGF-B (FC = 2.36, p = 0.005), and the
angiopoietin-like 2 (ANGPTL2; FC = 6.02, p = 0.001) points
out angiogenic events and sprout formation.

Other angiogenic processes on the macrocystic LMs can
be derived from the microfibril-associated glycoprotein 2
(FC = 4.56, p = 0.02) that promotes cell sprouting.26 Another
highly upregulated gene was cyclase-associated protein 2
(FC = 5.06, p = 0.003) that regulates the actin cytoskeleton
and—under hypoxic conditions—promotes cell migration,
proliferation, and contraction in vascular cells.27 Angiogen-
esis on endothelial cells seems to be stimulated through the
transforming growth factor (TGF-b1) pathway from the ex-
tracellular matrix protein dermatopontin (FC = 8, p = 0.002),
or from the proteoglycan lumican (FC = 2.83, p = 0.04). It is
worth mentioning that one of the largest overexpressed
genes on the macrocystic LMs was the complement factor D
(FC = 8.11, p = 0.012), but it did not show in any of our func-
tional lists; however, its dramatic upregulation suggests the
activation of the alternative pathway of the complement that
can damage the vasculature.28

Conclusions

LMs are localized lesions that consist of dilated lymphatic
vessels and sacs separated by fibrous septae but disconnected
from the normal lymphatic system. Current LMs classifica-
tion is based on locules dimensions, namely LMs are mi-
crocystic if locules are <1 to 2 cm, and macrocystic if locules
are >2 cm. Despite the fact that there is abundant literature on
genetic mechanisms of angiogenesis and lymphangiogenesis,
little is known about their mechanisms of action in LMs. In
this study, we sought the transcriptomic differences between
a group of patients with micro and macro LMs in comparison
with healthy controls through Illumina microarrays.

Indirect differential expression analysis revealed that 426
genes are significantly different between microcystic and
macrocystic LMs having a common healthy control, which
suggest that both LMs have distinctive mechanisms of de-
velopment and action. We conducted functional analysis to
find putative pathways related to each of the genes over-
expressed for each LMs, followed by literature search to find
possible roles of those genes for the development of LMs.

In microcystic LMs, antiapoptotic and proliferative mech-
anisms mimic several oncogenic pathways such as the stim-
ulation for translation of c-Myc, VEGFs, and others growth
factors through the upregulation of E1F4A1, and the regulation
of mitotic activators (e.g., CDC20 and RAN). Another highly
overexpressed gene included KRT17 that has been associated
with the development of ovarian cancer.

These findings may elucidate the infiltrative nature, historic
recurrence rate, and resistance to sclerotherapy observed on
microcystic malformations. Also, the upregulation of NME1,
which reduces cell spread in melanoma cell due to the for-
mation of fibronectin deposits, may explain the condensed and
fibrotic nature of microcystic lesions compared with the large
vesicles and lumen present in the macrocystic counterparts. It
is worth mentioning that the matrix metalloproteinase-9 was
overexpressed on the microcystic LMs, possibly due to the
downregulation of the tissue inhibitor of metalloproteinase-2.
The continuous activation of proteases dissolves the extra
cellular matrix by releasing proangiogenic factors and influ-
ences endothelial cell migration and invasion.

As opposed to the largely oncogenic processes shown in
microcystic LMs, analysis of macrocystic malformations
showed upregulation of processes related to cellular respi-
ration, epithelial–mesenchymal transition, and adaptation to
hypoxia. Specific gene products of interest within this data set
are TGF-b3, VEGF-B, and ANGPTL2 that are involved in
myriad processes of cell differentiation, embryogenesis, cell
adhesion, and antiapoptotic events that adversely impact
normal lymphatic development. Abnormal regulation of
TGFs is associated with genetic syndromes and may suggest
that macrocystic LMs result from a failure in appropriate
regulation and pruning of the developing lymphatic net-
works. Also, the overexpression angiogenic factors (e.g.,
VEGFs) may represent some form of autocrine stimulation or
a response to hypoxic microenvironments created from ab-
normal and sequestered lymphatic channels.

Hypoxic events highlighted by our analysis may also be
seen as a consequence of the adaptation to such microenvi-
ronmental milieu or the response to angiogenic autocrine
signaling. The local lack of oxygen may contribute to the
formation of the large lumen seen with this malformation due
to their influence on endothelial growth, migration, and re-
modeling of the extracellular matrix.

Regardless of the direct impact of the specific factors
highlighted in our gene enrichment analysis, we showed that
the transcriptomes of microcystic and macrocystic LMs
contain large differences. As such, two very similar devel-
opmental malformations, characterized histologically, can be
considered as unique clinical entities. This may lead to fur-
ther consideration of genomic markers for identification and,
ultimately, treatment of these lesions.

It is important to note that 11 genes from the PI3K/AKT
pathway were differentially expressed (gene names are in
green in Fig. 3 plus VEGF-B) but no difference in expression
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of PIK3CA was found. Given the relevance of PIK3CA on
LMs,12–14 it would be pertinent to search for mutations on
genes from PI3K/AKT pathway that may explain the ob-
served differences on gene expression between macrocystic
and microcystic LMs.

Weaknesses of this project involve the small sample size
that was used for the bioinformatics analyses and the diffi-
culty in harvesting pure lymphatic channels from surgical
specimens. However, we plan to address this limitation in the
future by increasing the sample size, isolating lymphatic
vessels, and incorporating other sequencing technologies to
further investigate the genetic or epigenetic drivers that make
these two LMs so different.
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