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Purpose: This study aims at profiling the expression of dysregulated genes in circulating monocytes of patients with cancer-related
lower limb lymphedema before and after treatment with supermicrosurgical lymphaticovenous anastomosis (LVA).
Materials and Methods: This prospective longitudinal cohort study enrolled 51 women with post-treatment gynecological cancer,
including those with unilateral lymphedema (study group, n = 25) and those without (control group, n = 26). Venous blood samples
obtained from the study group before and after LVA and those from the controls were sent for next-generation sequencing, which was
validated by real-time PCR. Dysregulated gene expression in the study group, relative to expression in the controls, was recorded
before LVA. After one month, postoperative changes in the expression of the identified genes were evaluated. Protein-protein
interaction (PPI) was used to investigate dysregulated genes whose expression returned to baseline levels after LVA.
Results: Of the 148 preoperative dysregulated genes, which comprised 108 up- and 40 down-regulated genes, 78 genes, consisting of
69 up- and 9 down-regulated genes, showed post-LVA recovery to baseline levels. Through PPI analysis, five functional modules
involving immunity, lipid metabolism, oxidative stress, transcriptional regulators, and tumor suppression, as well as six hub genes
(CCL2, LPL, PDK4, FOXO3, EGR1, and DUSP5), were identified. Cross-linking and co-regulated genes between modules were also
identified.
Conclusion: Localized lymphedema leads to dysregulated gene expression in circulating monocytes. The current study is the first to
identify the hub genes related to lymphedema and demonstrate the recovery of some dysregulated genes after LVA.
Keywords: transcriptome, NGS, real-time PCR, hub gene, functional modules

Introduction
Lymphedema is a chronic, debilitating disease that affects as many as 200 million patients worldwide. In developed
countries, cancer is the most frequent secondary cause for lymphedema. The most common risks of cancer-related
lymphedema include regional lymphadenectomy, radiotherapy, and chemotherapy.1 Lower limb lymphedema can occur
in up to 70% of selected patients diagnosed with gynecological cancers.2 This condition has been linked to edema,
inflammation, tissue fibrosis, abnormal adipose deposition,3 and oxidative stress.4,5 Conservative treatments, such as
complex decongestive therapy (CDT), have been shown to decrease inflammatory gene expression after lymphedematous
volume reduction.6 However, due to limitations of CDT, alternative treatment modalities have been considered.
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Supermicrosurgical lymphaticovenous anastomosis (LVA) is effective in reducing excess lymphedematous volume by
channeling the stagnant lymph into the recipient vein.7,8 Moreover, post-LVA lymphedematous limb volume reduction is
correlated with a decrease in oxidative stress, as we recently demonstrated.9

Currently, the systemic impact of cancer-related lower limb lymphedema on gene expression has not been assessed.
Some studies have investigated the local dysregulation of gene expression, but these reports specifically focused on
adipose-derived mesenchymal stem cells from breast cancer-related lymphedema (BCRL).10,11 Koc et al demonstrated
the effects of lymphedema on miRNA expression in patients with BCRL.12 Additionally, whether the expression of
dysregulated genes is reversible after lymphatic surgical intervention requires further investigation. In the present study,
we aimed to profile the expression of dysregulated genes in circulating monocytes of patients with cancer-related lower
limb lymphedema, before and after LVA treatment.

Materials and Methods
Study Participants
The institutional review board of Kaohsiung Chang Gung Memorial Hospital (KCGMH) approved this prospective
longitudinal cohort study (IRB No.: 201702190B0/201702190B0C501) and this study has complied with the Declaration
of Helsinki. Written informed consent was obtained from all patients. The patient cohort was enrolled between
November 2019 and September 2021, from KCGMH. The four recruitment criteria were as follows: female patients,
18 years and older, with gynecological cancer; unilateral lower limb lymphedema; lymphedema duration greater than 2
years; and lymphedema confirmed with indocyanine green (ICG) lymphography before surgery. Patients were excluded
from the study group based on the following four exclusion criteria: a diagnosis of primary lymphedema, upper limb
lymphedema, or bilateral lower limb lymphedema; a history of previous LVA, lymph node transfer, liposuction, or
excisional therapy such as the Charles procedure; patients lost to follow-up; or patients with incomplete data. Details of
the operative techniques have been previously described.7 Serum samples from venous blood were collected from the
arm before and one month after LVA from the study group. Patients without lymphedema who received treatments for
gynecological cancers at the same institution were enrolled as controls with venous serum samples collected for
comparison.

Definitions
The severity of the lymphedema was classified based on the International Society of Lymphology (ISL) staging system,
namely mild (Stages 0-I) and moderate-to-severe (Stages II–III). Supermicrosurgical LVA was performed by a single
senior surgeon with 11–0 nylon sutures (Ethilon, Ethicon, New Jersey, USA) using a high-power surgical microscope
(Pentero 900, Carl Zeiss AG, Oberkochen, Germany). The positivity of ICG and flow of a lymphatic vessel (LV) were
defined based on microscopic observations. ICG-positive LVs were defined as those that were positive for fluorescence
observed at an excitation peak at 789 nm and an emission peak at 814 nm with a microscope-integrated–near-infrared
imaging system (Pentero 900, Carl Zeiss AG, Oberkochen, Germany). Microscopically discernible lymphatic flow from
the distal opening of a transected LV were defined as flow positive LVs. The diameters of the LVs were determined to
a precision of 0.01 mm. The classification of lymphosclerosis was based on intraoperative findings of the four criteria
reported in a previous study: wall thickness, appearance, wall expandability, and lumen.13 All LVs were classified into
four categories: s0 (very thin, translucent, expandable with identifiable lumen), s1 (thin, white, expandable with
identifiable lumen), s2 (thick, white, not expandable with identifiable lumen), and s3 (very thick, white, not expandable
with unidentifiable lumen). For LVs, categories s0 and s1 were considered ideal, s2 suboptimal, and s3 not suitable.

Operative Technique
The first and third interdigital toe webbing and the medial and lateral malleoli were intradermally injected with 0.1 mL of
ICG. The linear dermal backflow (DB) pattern of the LV was detected with a handheld near-infrared imaging device
(Fluobeam, FluoOptic, Grenoble, France) to guide incision placement. For patients with a diffuse DB pattern where
linear patterns could not be observed, incisions were placed along the anatomical location of the great saphenous vein.
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The incision was usually 3 cm in length and extended when necessary. LVAwas performed using only antegrade LV. The
operative techniques were as previously described.7

Experimental Design and Sample Preparation
Isolation of Peripheral Blood Mononuclear Cells
Venous blood samples were obtained from the controls and the study group. Peripheral blood mononuclear cells
(PBMCs) were separated from whole blood by density gradient centrifugation using Ficoll–Paque Premium (17-5442-
02, Merck, Kenilworth, New Jersey, U.S.A.). Specifically, 4 mL of Ficoll solution was added to the bottom of a 15 mL
tube before the addition of 8 mL of whole blood. After centrifugation at 400 g for 40 min at 25 °C, PBMCs were
collected from the plasma/Ficoll interface.

After PBMC separation, CD14+ cells were isolated using anti-human CD14 magnetic particles (557769, BD
Bioscience, Franklin Lakes, New Jersey, U.S.A.). PBMCs were diluted with equal amounts of phosphate-buffered saline
and centrifuged at 240 g for 5 min. The supernatant was discarded, and the cell pellets were resuspended in 1X BD
IMag™ buffer. Cell numbers were determined, and cell suspensions were centrifuged at 200 g for 10 min. For every 107

cells, 50 μL of BD IMag™ anti-human CD14 magnetic particles was added to the supernatant. The cell-magnetic particle
mixture was incubated at room temperature for 30 min. After washing with 1X BD IMag™ buffer, pellets of CD14+ cells
were collected and resuspended in 500 μL of QIAzol lysis reagent (RLT buffer, RNeasy Mini Kit, Qiagen, Venlo,
Netherlands) for further use.

RNA Extraction, Quantification, and Quality Determination
Total RNA was extracted from CD14+ cells using the RNeasy Mini Kit (74104, Qiagen, Venlo, Netherlands) following
the manufacturer’s instructions. RNA samples were quantified with the NanoDrop 2000 spectrophotometer (Thermo
Scientific, Waltham, Massachusetts, USA) and Qubit RNA Assay Kit (Q10210, Thermo Scientific, Waltham,
Massachusetts, U.S.A.). RNA quality was assessed using the RNA integrity number (RIN) using a Caliper LabChip
Analyzer (PerkinElmer, Waltham, Massachusetts, U.S.A.).

Library Preparation and Sequencing
Libraries were prepared from 1 μg of total RNA using TruSeq Stranded mRNA (15031047, Illumina, San Diego,
California, USA) for Illumina® Platforms in accordance with the manufacturer’s instructions. Library concentrations
were measured using the Qubit dsDNA HS Assay Kit (Q32851, Thermo Fisher, Waltham, Massachusetts, U.S.A.). The
quality and concentration of the libraries were determined using an Agilent high sensitivity DNA assay kit (5067-4626,
Agilent, Santa Clara, California, U.S.A.). Libraries were sequenced using a NextSeq 500 system (Illumina, San Diego,
California, U.S.A.).

Data Analysis
The quality of the FASTQ sequence files was evaluated using FastQC (v0.11.8). STAR (v2.7.3a) was used for RNA-seq
read alignment and quantification. The reads were aligned to the human reference genome assembly (hg38). Differential
gene expression analysis was performed using DESeq2 (v1.24.0). For genes whose changes in differential expression
were over two-fold with an adjusted p-value ≤ 0.05, gene ontology and KEGG pathways were analyzed using goseq
(v1.36.0). Genes with restored expression after LVA were imported into the STRING database of known and predicted
protein-protein interactions (PPIs) (https://string-db.org).

Real-Time Quantitative Polymerase Chain Reaction (PCR)
From the NGS data, genes exhibiting greater than 2-fold changes in expression were selected for real-time PCR
validation. For validation, reverse transcription of CD14 RNA to cDNA was performed using a high-capacity cDNA
reverse transcription kit (4368814, Applied Biosystems, Waltham, Massachusetts, USA) according to the manufacturer’s
instructions. Quantification was conducted using Fast SYBR Green Master Mix (Applied Biosystems, 4385612) and
7500 Real-Time PCR System (Thermo Fisher). Six genes were chosen and the sequences of the primers used were as
follows: GAPDH, forward 5’-ACAGTCAGCCGCATCTTCTT-3’ and reverse 5’-GCCCAATACGACCAAATCC-3’;
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CCL2, forward 5’-GATCTCAGTGCAGAGGC-3’ and reverse 5’-GGTTTGCTTGTCCAGGT-3’; SLC1A3, forward 5’-
AGCAATGGAGAAGAGCC-3’ and reverse 5’-ACAATGACAGCGGTGAC-3’; SPRY1, forward 5’-ACCTGCA
TGTGCTTAGT-3’ and reverse 5’-CTTTAGCAGGAGGATAACAGAGTA-3’; ALOX15B, forward 5’-TGGAGGAGTC
TGAATGAGATG-3’ and reverse 5’-GGAAGTTCTTTGGGAGGTAG-3’; ZBTB16, forward 5’-
CATGGACTTCAGCACCTAT-3’ and reverse 5’-ACAGCCTCGTTATCAGGA-3’; GPI, forward 5’-CTGCT
GGGTATCTGGTACA-3’ and reverse 5’-CACACGGGTTCCAGATT-3’. The real-time PCR master mix was prepared
as follows: 10 μL 2X Fast SYBR Green Master Mix, 1 μL forward primer (10 μM), 1 μL reverse primer (10 μM), 1 μL
cDNA, and 7 μL nuclease-free water. The default PCR thermal cycling conditions were as follows: 20s at 95°C and 40
cycles of 3s at 95°C and 30s at 60°C.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, USA).
Quantitative interoperative findings are presented as the median with interquartile range (IQR). Real-time PCR data are
presented as mean ± standard error. Data analysis of the differences between groups means was performed using one-way
analysis of variance, followed by Tukey’s honestly significant difference test. Statistical significance was set at p < 0.05.

Results
Demographic Data
A total of 51 women with post-treatment gynecological cancer included those with unilateral lymphedema (study group,
n=25) and their lymphedema-free counterparts (control group, n=26). When comparing patient characteristics (Table 1),
the patients in the study group were found to have a higher incidence of cervical cancer (36.0% vs 0.0%) and

Table 1 Patient Demographics (n=51)

Study Group
Lymphedema

Control Group Lymphedema-
Free

p-value

Sex, female, n (%) 25 (100) 26 (100) 1.000
Age, years, mean±SD 60.6±8.6 56.8±10.4 0.081

Etiology, cancer type, n (%) 0.002
Cervical 9 (36.0) 0 (0.0)

Endometrial 11 (44.0) 14 (53.8)

Ovarian 4 (16.0) 12 (46.2)
Vulvar 1 (4.0) 0 (0.0)

ISL Stage (0-I/II–III), n (%) 2(8.0)/23(92.0) n/a n/a

BMI, kg/m2, mean±SD 25.6±4.9 25.3±4.6 0.840

DM, n (%) 6 (24.0) 5 (19.2) 0.941

HTN, n (%) 7 (28.0) 7 (26.9) >0.999

Affected limb (Left/Right), n (%) 14 (56.0)/11 (44.0) n/a n/a

Chemotherapy, n (%) 9 (36.0) 12 (46.2) 0.651

Radiotherapy, n (%) 11 (44.0) 2 (7.7) 0.008

Duration of post-cancer treatment follow-up, months, median
[IQR]

106.0 [42.0, 226.0] 76.5 [66.0, 102.0] 0.423

Duration of LE, year, median [IQR] 1.40 [0.55, 7.24] n/a n/a

Notes: Normally distributed data are expressed as mean ± SD (standard deviation); non-normally distributed data are expressed as median [Inter-Quartile Range (IQR), 25–
75%].
Abbreviations: ISL, International Lymphology Society; BMI, body mass index; DM, diabetes mellitus; HTN, hypertension; LE, lymphedema; n/a, not applicable.
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a significantly (p = 0.002) lower occurrence of ovarian cancer (16.0% vs 46.2%) than the patients in the control group.
The study group also had a higher prevalence of radiotherapy than the control group (44.0% vs 7.7%, p = 0.008). No
significant intergroup differences were noted in sex (p = 1.000), age (p = 0.166), body mass index (p = 0.840), diabetes
(p = 0.941), hypertension (p > 0.999), or chemotherapy (p = 0.651), and the duration of post-cancer treatment follow-up
(p = 0.423).

Intraoperative Findings
Supermicrosurgical LVAwas performed on the patients of the study group and the intraoperative findings are presented in
Table 2. In total, 144 LVs were identified with a median of 6.0 LVAs per patient (IQR 4.0–7.0). The median LV diameter
was 0.68 mm (IQR 0.51–0.80 mm). The total number of ICG-positive LVs was 109 (75.7%) with a median diameter of
0.75 mm (IQR 0.57–0.81). Based on the lymphosclerosis classification, 10 s0 (6.9%), 98 s1 (68.1%), 29 s2 (20.1%), and
7 s3 (4.9%) LVs were identified. A total of 83 recipient veins were identified with a median of 3.0 (IQR 2.0–4.0)
recipient veins per patient and a median diameter of 0.97 mm (IQR 0.8–1.2).

Gene Expression Analysis
Next-generation sequencing (NGS) was used to evaluate gene expression before and one month after LVA.
Expression analysis was conducted to compare the study and control groups, with 10 patients from each group, to
identify genes that were dysregulated prior to LVA and those that were restored to baseline levels following LVA.
Before LVA, a total of 148 dysregulated genes were identified by NGS, which included 108 up- and 40 down-
regulated genes, compared to the controls. After LVA, 78 out of the 148 previously dysregulated genes restored to
baseline expression, including 69 upregulated genes (63 protein-coding, six non-coding) and nine genes with down-
regulated expression (Figure 1). Six of these genes exhibited greatest fold changes in expression were selected,
namely GPI, SPYR1, SLC1A3, ZBTB16, ALOX15B, and CCL2 for real-time PCR validation of NGS data. These genes
exhibited fold changes in expression ranging from 2.3 to 8.8. Venous blood samples from the study group (15

Table 2 Intraoperative Findings

Lymphedema Group (n=25)

Total LVA performed 144

LVA performed per patient, median [IQR] 6.0 [4.0, 7.0]

Diameter of LVs, overall, mm, median [IQR] 0.68 [0.51, 0.80]

ICG (+) LVs found, n (%) 109 (75.7)

Diameter, mm, median [IQR] 0.75 [0.57, 0.81]

Lymphosclerosis classification, n, (%)

s0 (ideal for LVA) 10 (6.9)

s1 (ideal for LVA) 98 (68.1)

s2 (suboptimal for LVA) 29 (20.1)

s3 (not suitable for LVA) 7 (4.9)

Total number of recipient veins 83

Recipient veins per patient median [IQR] 3.0 [2.0, 4.0]

Diameter, mm, median [IQR] 0.97 [0.8, 1.2]

Note: Non-normally distributed data are shown as median (Inter-Quartile Range, 25–75%).
Abbreviations: LVs, lymphatic vessels; LVA, lymphaticovenous anastomosis; ICG (+), indocyanine green-
positive.
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patients) and the controls (16 patients) were used for the validation. Of the six selected genes, four with significantly
upregulated expression prior to LVA (SPYR1, SLC1A3, ZBTB16, and ALOX15B) were found to return to baseline
levels following LVA, however GPI remained upregulated after LVA. CCL2 was downregulated before LVA, but did
not change significantly following LVA, although there was a slight increase. These findings are compatible with the
expression patterns observed using NGS (Figure 2). In compliance with Reviewer’s opinion regarding the correlations
between the changes in gene expression and limb volume before and after LVA, the percentage reduction of post-LVA
limb volume were calculated from nine out of 15 patients in the study group who have completed their pre- and 6
months post-LVA MR volumetry. These data were compared with six genes selected for real-time PCR validation of
NGS data (Figure 2). These results were shown in Supplemental Figures 1 and 2, demonstrating correlations between
the changes in gene expressions and limb volume reduction. The results of Gene Ontology were shown in
Supplemental Figures 3 and 4, and KEGG analysis were shown as Supplemental Table 1 and Supplemental
Figures 5–8.

Protein–Protein Interaction and Hub Genes
A schematic representation of the PPI network consisting of 28 interconnecting genes is presented in Figure 3. The
approach revealed five functional modules involving immunity, lipid metabolism, oxidative stress, transcriptional
regulators, and tumor suppression (Table 3). Six hub genes, namely genes carrying the highest degree of connectivity,
were also identified. Module 1 (immunity), contained eight genes: C-C motif chemokine ligand 2 (CCL2, hub gene);

Figure 1 Summary. Fifty-one women with post-treatment gynecological cancer, including those with unilateral lymphedema (study group, n=25) and those without (control
group, n=26). Venous blood samples obtained from the study group before and after LVA and those from the controls were sent for next-generation sequencing, which was
validated by real-time PCR. Before LVA, 148 dysregulated genes were identified by NGS. Compared to the controls, 108 and 40 up- and downregulated genes were
detected, respectively. After LVA, expression of 78 of the genes was restored to near baseline levels. Of these, 69 had been upregulated (63 protein coding genes, six non-
coding genes) and nine had been downregulated.
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scavenger receptor cysteine-rich type 1 protein M130 (CD163); adenosine receptor A3 (ADORA3); P2Y puriceptor 1
(P2RY1); C-type lectin domain family 4 member E (CLEC4E); interleukin 1 receptor type 2 (IL1R2); interleukin 1
receptor accessory protein (IL1RAP); and enoyl-CoA hydratase domain containing 3 (ECHDC3). Module 2 (lipid
metabolism) comprised four genes: lipoprotein lipase (LPL, hub gene); pyruvate dehydrogenase kinase 4 (PDK4, hub
gene); long-chain-fatty-acid-CoA ligase 1 (ACSL1); and perilipin-2 (PLIN2). Module 3 (oxidative stress), contained three
genes: forkhead box O3 (FOXO3, hub gene); sestrin-1 (SESN1); and protein SCO2 homolog, mitochondrial (SCO2).
Module 4 (transcriptional regulators), comprised seven genes: early growth response protein 1 (EGR1, hub gene);
immediate early response gene 2 protein (IER2); protein BTG2 (BTG2); nuclear receptor subfamily 4 group
A member 1 (NR4A1); cyclin-dependent kinase 5 activator 1 (CDK5R1); protein C-ets-2 (ETS2); Kruppel-like factor 7
(KLF7); nuclear factor I A-type (NFIA); solute carrier family 1 member 3 gene (SLC1A3); and polyhomeotic-like protein
2 (PHC2). Module 5 (tumor suppression), contained three genes: dual specificity phosphatase 5 (DUSP5, hub gene);
mitogen-activated protein kinase kinase kinase 8 (MAP3K8); and protein sprouty homolog 1 (SPYR1). Downregulated
hub genes comprised CCL2, EGR1, and DUSP5, while upregulated hub genes consisted of LPL, PDK4, and FOXO3.

Discussion
The current study is the first to identify the hub genes related to lymphedema and demonstrate the recovery of some
dysregulated genes after LVA. In contrast to most previous studies that investigated the changes in gene expression in
lymphedematous adipose tissue, we focused on the systemic effects of lower limb lymphedema on circulating mono-
cytes. Of the 148 genes with dysregulated expression in circulating monocytes, 78 (69 upregulated and nine down-
regulated) showed restoration of expression levels after LVA. For 28 of these genes, we were able to classify them using

Figure 2 Next-Generation Sequencing (NGS) validation with real-time PCR. From the 72 genes that demonstrated recovery to baseline levels after LVA, gene expressions
with fold changes greater than two were selected for NGS validation with real-time PCR. GPI, SPYR1, SLC1A3, ZBTB16, ALOX15B, and CCL2 with gene expression ranging
from 2.3- to 8.8-fold changes were selected and analyzed by real-time PCR. The results were (A) GPI was an upregulated gene before LVA and remained upregulated after
LVA; (B–E) SPYR1, SLC1A3, ZBTB16, and ALOX15B showed significantly upregulated expressions before LVA and were restored to baseline expression after LVA; (F) CCL2
was down-regulated before LVA but demonstrated no significant post-LVA change. These findings validated the NGS data. *In the figure represented statistical significant
difference.
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PPI interconnections into five functional modules with six hub genes. A particularly interesting observation is that the six
identified hub genes are reportedly associated with oxidative stress.14–26 This finding is in accordance with our recent
study regarding the alleviation of oxidative stress in lower limb lymphedema following LVA.9

The discovery of functional modules and hub genes may shed light on the mechanisms underlying lymphedema. In
Module 1, which consisted of immune-related genes, the hub gene CCL2 is a pro-inflammatory chemokine that recruits
monocytes14 and is associated with the development of breast cancer15–17 and colorectal cancer.18 Oxidative stress is
known to increase CCL2 mRNA level.19,20 The ablation or blockade of the CCL2 gene has been reported to reduce
oxidative stress and increase the expression of anti-inflammatory macrophage markers.21,22 Although upregulation of
CCL2 was expected during lymphedema in the presence of elevated oxidative stress, it was instead found to be
downregulated in the local lower limb adipose tissues of patients with lymphedema.11 Our observation of downregulated
CLL2 expression in circulating monocytes may suggest a different oxidative stress regulatory mechanism in the context
of secondary lymphedema that deserves further investigation.

Module 2 appears to be involved in lipid metabolism and was composed of abnormally upregulated genes controlling
the adipocytokine signaling pathways involving the hub genes LPL and PDK4. Both genes were upregulated, but
baseline expression was restored after LVA. A previous study demonstrated that tissue swelling in BCRL, which is
attributed to both fluid accumulation and fat deposition,23 is associated with a significantly higher expression of LPL,10

which is known to be involved in lipid uptake, lipolysis, and fatty acid utilization.24–26 Several studies have suggested
that oxidative stress is positively correlated with LPL production in macrophages.27–30 In addition, exercise-induced
oxidative stress has been found to increase PDK4 gene expression.31 Consistent with this, a previous RNA sequencing
study showed a strong association between positive LPL and PDK4 expression and oxidative stress.32 Moreover, our

Figure 3 The protein-protein interaction (PPI), functional modules, and hub genes. Five functional modules and six hub genes were identified from the PPI networks that
comprised 28 interconnecting genes. Module 1, which is involved with immunity, contained the hub gene, CCL2; Module 2, which is associated with lipid metabolism,
included the hub genes LPL and PDK4; Module 3, which is linked to oxidative stress, contained the hub gene FOXO3; Module 4, which is associated with transcriptional
regulators, contained the hub gene EGR1; Module 5, which is related to tumor suppression, contained the hub gene DUSP5. Downregulated genes are colored in red;
upregulated genes are colored in blue.
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recent study demonstrated that elevated oxidative stress in lower limb lymphedema can be reduced by LVA.9 The decline
in oxidative stress after LVA may, therefore, have contributed to the observed restoration of LPL and PDK4 expression.

Module 3 contained FOXO3 as a hub gene, which is a hypoxic stress-responsive transcription factor known to protect
against oxidative stress in the kidney33–35 and the heart.36,37 Oxidative stress has been shown to induce FOXO3 and
peroxiredoxin 2 (PRDX2) gene expression.38 PRDX2 is a thioredoxin-dependent peroxidase that functions as a defense
system against reactive oxygen species.39 In the present study, the abnormally upregulated preoperative FOXO3
expression was restored after LVA. Furthermore, our previous study demonstrated an association between a reduction
in PRDX2 expression and a decrease in oxidative stress after LVA.9 Therefore, the co-expression of FOXO3 and PRDX2
may be related to the level of oxidative stress in lower limb lymphedema.

Module 4 contained the key hub gene, EGR1, which not only plays a vital role in regulating cell differentiation,
growth, and survival, but is also a mediator of inflammatory gene expression and tumor cell metastasis.40–42 Oxidative
stress downregulates EGR1 expression in cardiomyocytes,43 which is consistent with the findings of our study. Module 5

Table 3 Functional Modules and Hub Genes Identified from 28
Interconnected Genes

Module 1 (8 Genes)
*CCL2 C-C motif chemokine ligand 2

CD163 Cluster of Differentiation 163

ADORA3 Adenosine A3 Receptor
P2RY1 Purinergic Receptor P2Y1

CLEC4E C-Type Lectin Domain Family 4 Member E

IL1R2 Interleukin 1 Receptor Type 2
IL1RAP Interleukin 1 Receptor Accessory Protein

ECHDC3 Enoyl-CoA Hydratase Domain Containing 3

Module 2 (4 Genes)
*LPL Lipoprotein lipase

*PDK4 Pyruvate dehydrogenase kinase 4
ACSL1 Acyl-CoA Synthetase Long Chain Family Member 1

PLIN2 Perilipin 2

Module 3 (3 Genes)
*FOXO3 Forkhead box O3

SESN1 Sestrin 1
SCO2 Supercritical Carbon Dioxide

Module 4 (7 Genes)
*EGR1 Early Growth Response 1

IER2 Immediate Early Response 2

BTG2 B-cell translocation gene 2
NR4A1 Nuclear Receptor Subfamily 4 Group A Member 1

CDK5R1 Cyclin Dependent Kinase 5 Regulatory Subunit 1

ETS2 ETS Proto-Oncogene 2, Transcription Factor
PHC2 Polyhomeotic Homolog 2

KLF7 Krueppel-like factor 7

NFIA Nuclear factor 1 A-type
SLC1A3 Excitatory amino acid transporter 1

Module 5 (3 Genes)
*DUSP5 Dual Specificity Phosphatase 5

MAP3K8 Mitogen-Activated Protein Kinase Kinase Kinase 8

SPYR1 Mycobacterium sp. Spyr1

Note: *Hub gene.
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was composed of genes coding for upstream regulators of the ERK or AKT signaling pathway, including DUSP5.44–46 It
is involved in T-cell activation,47 anti-inflammation,48 and acts as a negative regulator of the mitogen-activated protein
kinase pathway.49,50 DUSP5 also serves as a tumor suppressor in human cancers.51–53 Consistently, its downregulation is
associated with increased cardiac oxidative stress45 and observed in cervical, ovarian, and breast cancers.49,54,55

Interestingly, a few sets of co-regulated genes were found within different modules in the present investigation, as
well as in other studies. For example, co-regulated LPL, PLIN2, and ACSL1 gene expression in Module 2 is also related
to lipolysis and fatty acid utilization.25 FOXO3 and SESN1 in Module 3 also work synergistically to regulate the
responses to oxidative stress.56 Moreover, cross-linking among different modules by gene co-regulation was observed in
the present study. Furthermore, concomitant CCL2 (Module 1) downregulation and LPL (Module 2) upregulation has
been shown to be associated with an increased body mass index.57

The limitations of this study include the lack of normal healthy controls to show the difference between patients with
lymphedema and those with good health. The extent of oxidative stress was not measured in the present study due to the
limited sample availability. Although six genes were analyzed by real-time PCR, the validation of all dysregulated genes
would provide more comprehensive evidence. In summary, although the reduction in post-LVA oxidative stress may be
linked to the post-LVA recovery of dysregulated genes, more evidence is required to validate this hypothesis. Whether
there is a causal correlation between oxidative stress and lymphedema requires further investigation.

Conclusion
Localized lymphedema leads to dysregulated gene expression in circulating monocytes. The current study identified hub
genes related to lymphedema and demonstrated the restoration of some dysregulated genes after LVA. A thorough under-
standing of the pathophysiological changes that may result in lymphedema requires further investigation. The present study
may provide some basic information that can help in the advancement of lymphedema research at the molecular level.
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