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Abstract

Background—Many breast cancer patients are plagued by the disabling complication of upper 

limb lymphedema after axillary surgery. Conservative treatments using massage and compression 

therapy do not offer a lasting relief, as they fail to address the chronic transformation of edema 

into excess adipose tissue. Liposuction to address the adipose nature of the lymphedema has 

provided an opportunity for a detailed analysis of the stromal fraction of lymphedema-associated 

fat to clarify the molecular mechanisms for this adipogenic transformation.

Methods—Adipose-derived stem cells were harvested from human lipoaspirate of the upper 

extremity from age-matched patients with lymphedema (n = 3) or subcutaneous adipose tissue 

from control patients undergoing cosmetic procedures (n = 3). Immediately after harvest, adipose-

derived stem cells were analyzed using single-cell transcriptional profiling techniques. 

Osteogenic, adipogenic, and vasculogenic gene expression and differentiation were assessed by 

quantitative real-time polymerase chain reaction and standard in vitro differentiation assays.

Results—Differential transcriptional clusters of adipose-derived stem cells were found between 

lymphedema and subcutaneous fat. Interestingly, lymphedema-associated stem cells had a much 

higher adipogenic gene expression and enhanced ability to undergo adipogenic differentiation. 

Conversely, they had lower vasculogenic gene expression and diminished capability to form 

tubules in vitro, whereas the osteogenic differentiation capacity was not significantly altered.

Conclusions—Adipose-derived stem cells from extremities affected by lymphedema appear to 

exhibit transcriptional profiles similar to those of abdominal adipose-derived stem cells; however, 

their adipogenic differentiation potential is strongly increased and their vasculogenic capacity is 
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compromised. These results suggest that the underlying pathophysiology of lymphedema drives 

adipose-derived stem cells toward adipogenic differentiation.

Breast cancer remains one of the most prevalent cancers in women, with an estimated 

200,000 new cases of invasive breast cancer and over 50,000 cases of in situ breast cancer 

expected annually.1 Despite improved early detection and evolving strategies to minimize 

surgical intervention for diagnosis and treatment of axillary disease associated with breast 

cancer, many women are still plagued by the disabling complication of upper limb 

lymphedema. Conservative treatment using massage and compression therapy remains the 

mainstay for lymphedema; however, these treatments do not offer lasting relief of the 

condition because they fail to address the underlying pathologic accumulation of excess 

adipose tissue.2 Several investigators have reported the use of liposuction to treat upper 

extremity lymphedema, providing an opportunity to examine whether the stromal fraction of 

lymphedema-associated adipose tissue differs from nonaffected subcutaneous adipose 

tissue.3 We hypothesize that the stromal vascular fraction of lymphedema tissue has 

important differences compared with that of healthy subcutaneous fat with regard to gene 

expression and differentiation capacity.

The complication of lymphedema develops gradually as the lymphatic vessels are unable to 

drain the appropriate amount of lymph and proteins. The remaining lymphatic channels 

become dilated and overloaded, rendering the valves incompetent.2 Eventually, the entire 

extremity is affected, and even the most distal vessels become dilated. Concurrently, 

mononuclear phagocytotic cells and mesenchymal tissue lose their ability to transport 

proteins, causing these to accumulate. Excess protein creates an osmotic gradient, drawing 

in additional fluid. Over time, the extremity enlarges and becomes painful and weak. 

Traditional therapeutic approaches assumed that the enlarged extremity in lymphedema was 

mainly the cause of excess lymph fluid, and thus noninvasive treatments were focused on 

compression and enhancing lymph flow. After the first operation on an affected arm, 

however, surgeons realized that the majority of this excess tissue was adipose tissue and not 

just edematous tissue.4,5 Therefore, it appears clear that lipoaspiration is needed to address 

the excess adipose component associated with the chronic lymphedematous arm.

Within the stromal vascular fraction of adipose tissue, scientists have identified a group of 

cells known as adipose-derived stromal cells. As in other mesenchymal populations, 

adipose-derived stem cells have the capacity to differentiate into skeletal muscle, smooth 

muscle, fat, cartilage, connective tissues, tendon, and bone.6–9 The adipogenic potential of 

adipose-derived stem cells has been the focus of many studies, and several articles have 

been published on the in vitro adipogenic differentiation of adipose-derived stem cells, 

although we are not aware of studies assessing whether differences in adipose-derived stem 

cells account for the increased adiposity seen in lymphedema patients.10–12 Similarly, 

several studies have demonstrated the vasculogenic capacity of adipose-derived stem cells; 

however, it is unknown whether lymphedema-derived adipose-derived stem cells differ in 

their vasculogenic potential.13–17 In this study, we set out to characterize functional 

differences in the adipose-derived stem cells from lymphedematous and healthy adipose 

tissue, as this might enhance our understanding of the involved molecular mechanisms and 

provide further insight into the underlying abnormality.
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Patients and Methods

Human Stromal Vascular Fraction Harvest and Culture

All lipoaspiration specimens used in the experiments were obtained after acquiring informed 

consent from the patients, in accordance with Stanford University Institutional Review 

Board guidelines.18 Non–ultrasound-assisted tumescent (3:1) liposuction was performed 

using a lactated Ringer infiltration solution containing 0.1% lidocaine and 1:1,000,000 

epinephrine in all cases. Stromal vascular fraction was obtained from three female patients 

with lymphedema of the arm and three female control patients undergoing cosmetic 

liposuction procedures. Patients were matched for age (45 to 61 years) and body mass index 

(22 to 29 kg/m2). The stromal vascular fraction was separated as described previously.18 

Briefly, the lipoaspirate was digested using 0.075% collagenase A (Roche, Indianapolis, 

Ind.) at 37°C for 1 hour. After centrifugation, the pellet constituting the stromal vascular 

fraction was filtered at 100-μm pore size and resuspended in fresh media and used for 

subsequent analysis.

Microfluidic-Based, High-Throughput, Single-Cell Transcriptional Profiling

Single adipose-derived stem cells were sorted using the FACSAria (BD Biosciences, San 

Jose, Calif.) into individual wells of 96-well plates containing reverse transcriptase/

polymerase master mix (Invitrogen, Carlsbad, Calif.) and TaqMan primers (Applied 

Biosystems, Foster City, Calif.) for each gene target. Single-cell lysates underwent target-

specific 22-cycle polymerase chain reaction preamplification and subsequent cDNA was 

mixed with gene expression polymerase chain reaction mix (Applied Biosystems) and 

loaded into the 48.48 Dynamic Array Microfluidics Chip (Fluidigm, South San Francisco, 

Calif.). TaqMan assays for each gene were loaded into the assay wells according to the 

manufacturer's instructions. The chips were primed and reagents mixed in the BioMark IFC 

instrument and quantitative polymerase chain reaction was performed in the BioMark 

Reader (Fluidigm). Expression data from all chips were normalized relative to the median 

expression for each gene in the pooled sample and converted to base-2 logarithms. 

Normalized data were used to partition cells from each population into groups based on 

similar expression profiles using an adaptive fuzzy c-means clustering algorithm, as 

described previously.19 Linear discriminate analysis was applied to the gene expression data 

from cells in each cluster group to determine those genes whose expression patterns differ 

maximally between groups, and results were evaluated using traditional receiver operating 

characteristic curve analysis (Table 1).

Osteogenic and Adipogenic Induction and Assessments

The stromal vascular fraction from lymphedema and nonlymphedema adipose tissue were 

seeded onto six-well plates, 100,000 cells per well, and treated with osteogenic 

differentiation media containing Dulbecco's Modified Eagle Medium, 10% fetal bovine 

serum, 100 μg/ml ascorbic acid, and 10 mM β-glycerophosphate.18 Alkaline phosphatase 

staining and quantification were performed at 3 days as described previously.

Adipogenic differentiation was assessed as described previously.18 Briefly, adipose-derived 

stem cells were grown to confluence, and growth media was replaced with adipogenic 
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differentiation media consisting of Dulbecco's Modified Eagle Medium, 10% fetal bovine 

serum, 1% penicillin/streptomycin, insulin (10 μg/ml), dexamethasone (1 μM), 3-isobutyl-1-

methylxanthine (0.5 mM), and indomethacin (200 μM). At 4 days, media was exchanged for 

Dulbecco's Modified Eagle Medium, 10% fetal bovine serum, 1% penicillin/streptomycin, 

and 10 μg/ml insulin. Oil red O staining and photometric quantification were performed at 1 

week of differentiation. Quantification by measurement of absorbance was performed after 

leaching with isopropanol.

RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction

RNA was harvested after 7 days of osteogenic or adipogenic differentiation or after 12 hours 

of normoxia or hypoxia for vasculogenic differentiation, to examine specific gene 

expression as described previously by our group.18 After reverse transcription into cDNA, 

quantitative real-time polymerase chain reaction was carried out using the Applied 

Biosystems Prism 7900HT Sequence Detection System. See Table, Supplemental Digital 

Content 1, which lists the primers used, http://links.lww.com/PRS/A829.

Matrigel Tubule Assay

Matrigel (BD Biosciences) was thawed and placed in four-well chamber slides at 37°C for 

30 minutes to allow solidification. Then, 50,000 lymphedema-associated or healthy control 

adi-pose-derived stem cells were seeded onto Matrigel and incubated at 37°C under 1% 

hypoxia for 12 hours. Tubule formation was defined as a structure exhibiting a length four 

times its width. Experiments were performed with n = 6. Tubule counts were determined in 

10 random fields per well using an inverted Leica DMIL light microscope (Leica 

Microsystems GmbH, Wetzlar, Germany) at 100× magnification as described previously.15

Statistical Analysis

All statistical analyses were performed with the expert assistance of the Stanford 

Department of Statistics. Means and standard deviations were calculated from numerical 

data, as presented in figures and figure legends. In figures, bar graphs represent means, 

whereas error bars represent 1 SD. Statistical analyses were performed using a two-sample t 

test when comparing two groups. The exact statistical analysis for each data set is described 

in the figure legends.

Results

Lymphedema-Associated Adipose-Derived Stem Cells Have Enhanced Adipogenic 
Signaling and Differentiation

Increased adiposity in the upper extremity has been shown to play a role in the pathology of 

chronic lymphedema.2 Thus, we set out to compare the adipose-derived stem cells from 

lymphedema-associated as compared with control adipose tissue. When examining global 

gene expression of adipogenic genes after 7 days' treatment with adipogenic differentiation 

medium, we found a significantly higher expression in all adipogenic genes assessed, most 

notably in LPL and peroxisome proliferator-activated receptor gamma (Fig. 1, above, left). 

Next, to determine whether this increased signaling led to increased lipid formation, oil red 

O staining was performed after 1 week of adipogenic differentiation. The lymphedema-
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associated adipose-derived stem cells demonstrated a strikingly higher adipogenic potential 

in vitro during differentiation correlating with higher adipogenic gene signaling (Fig. 1, 

below). When quantifying this staining, there were also significantly higher levels in the 

lymphedema-associated adipose-derived stem cells (Fig. 1, above, right), suggesting that 

lymphedema through an unclear mechanism (e.g., increased hydrostatic pressure) drives 

adipose-derived stem cells toward an adipogenic phenotype. This may in part underlie the 

increasingly appreciated conversion of fluid to fat observed in chronic lymphedema.

Gene Expression Is Heterogeneous across Adipose-Derived Stem Cell Subpopulations

Using single-cell transcriptional profiling of 48 genes, we observed considerable 

transcriptional heterogeneity among 200 human cells from lymphedema-associated and 

control adipose-derived stem cells (Fig. 2). Using an information theoretic algorithm,19 both 

control and lymphedema-associated adipose-derived stem cells were partitioned into these 

four transcriptional clusters (Fig. 2). To identify those genes best able to differentiate 

between cells, we compared the distribution of gene expression across all three clusters 

using a nonparametric, two-sample, Kolmogorov-Smirnov analysis.20,21 This analysis 

identified nine genes (Table 1) whose distribution exhibited a statistically significant 

association with cluster membership (p < 0.01 following Bonferroni correction for multiple 

samples).22 Expression of the genes KLF4, CDKN1A, NFKB1, FOXO3, THY1, LPL, MYC, 

CD44, and HIF1A were the most highly correlated, with the expression of each differentially 

elevated in cluster 1 (i.e., expression of these genes determined to which cluster a cell would 

be assigned). Thus, expression levels of these genes largely determine the transcriptional 

profile of stromal vascular fraction cells that were assigned membership to these clusters 

(Fig. 2).

Interestingly, KLF4 is a known stemness marker23 and appeared to have a much lower 

expression in the lymphedema-associated adi-pose-derived stem cells as shown in clusters 1 

and 2 (Fig. 2). The proportion of cells in each of the four clusters differed widely between 

control and lymphedema-associated adipose-derived stem cells. Thus, significant differences 

appeared to exist between the adipose-derived stem cells from lymphedema-associated 

compared with control adipose-derived stem cells. Therefore, we set out to explore their 

differentiation capabilities in vitro.

Lymphedema-Associated Adipose-Derived Stem Cells Are Less Angiogenic Than Control 
Adipose-Derived Stem Cells In Vitro

Adipose-derived stem cells have been shown to have a vasculogenic potential in vitro and in 

vivo,15,24 and recent studies assessing lymphangiogenesis have suggested a role of vascular 

endothelial growth factor (VEGF) in lymphangio-genesis.25–27 We therefore compared 

angiogenic gene expression between adipose-derived stem cells harvested from 

lymphedema-associated stromal vascular fraction to control stromal vascular fraction. 

Interestingly, both VEGFA and VEGFB appeared to be more highly expressed under 

normoxic and hypoxic conditions in the control adi-pose-derived stem cells (Fig. 3). We 

observed an over twofold higher expression of both genes in control adipose-derived stem 

cells under hypoxic conditions.
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To demonstrate that this angiogenic gene expression correlated with physiologic function, 

we next performed a Matrigel tubule formation assay. After 12 hours in hypoxia (1% 

oxygen), adi-pose-derived stem cells from control tissues formed tubules, whereas there was 

a paucity of tubules in the lymphedema-associated adipose-derived stem cells. (Fig. 4, 

above, left). Tubule quantification demonstrated significantly more tubules in the control 

adipose-derived stem cell group (Fig. 4, above, right). We next set out to investigate the role 

of other factors involved in lymphangiogenesis. We analyzed the SLP-76 and Syk pathways, 

which are known to play a role in cell fate to either lymph vessels or blood vessels28,29 and 

found a trend toward higher protein expression of SLP-76 and Syk in lymphedema-

associated adipose-derived stem cells (Fig. 4, center and below).

Osteogenic Differentiation Is Similar in Adipose-Derived Stem Cells from Lymphedema-
Associated and Control Stromal Vascular Fraction

Adipose-derived stromal cells have been shown to be a highly osteogenic cell population 

both in vitro and in vivo.18,30,31 We therefore aimed to assess the effect of chronic 

lymphedema on the osteogenic differentiation potential of adipose-derived stem cells by 

comparing lymphedema-associated and control adipose-derived stem cells maintained in 

osteogenic differentiation media for 3 days. Gene expression analysis of early osteogenic 

markers alkaline phosphatase, runt-related transcription factor 2, and also the late 

differentiation marker osteocalcin showed no statistically significant differences; however, a 

slight trend toward increased expression could be observed (Fig. 5, left). Similarly, 

significant differences in alkaline phosphatase staining were not detected (Fig. 5, right), 

indicating that chronic lymphedema does not seem to affect osteogenic differentiation.

Discussion

Most cases of breast cancer are treated surgically with tumor extirpation followed by 

sentinel lymph node dissection and axillary lymph node dissection if needed. In addition, 

many patients will require postoperative irradiation and chemo-therapy. One of the most 

prevalent complications following surgery of the axillary lymph nodes is chronic upper 

extremity lymphedema. Early studies estimated the incidence of lymphedema as ranging 

from 8 to 80 percent, depending on whether the patient also underwent postoperative 

irradiation.32,33 More recent studies have demonstrated a significant decrease in 

lymphedema because of the increasing use of sentinel lymph node biopsies. A more recent 

study found that 5 percent of patients after sentinel lymph node biopsy alone had 

postoperative lymphedema compared with 16 percent of women who had biopsies followed 

by axillary lymph node dissection.34 Thus, lymphedema still represents a debilitating and 

challenging complication after axillary surgery.

There has been improved understanding of the pathology of chronic upper extremity 

lymphedema with improved imaging modalities and surgical approaches, as it is now 

evident that excess adipose tissue is a large component of the tissue seen in a chronic 

lymphedematous arm. A study by Brorson et al. analyzing the chronic lymphedema-affected 

arm demonstrated a 73 percent increase in adipose tissue compared with the unaffected 

arm.35 As the underlying pathology of this chronic condition is excess adipose tissue, 
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surgeons have begun to use a methodology applied in other cases of localized excess 

adipose tissue, namely, liposuction.3,5,36,37 However, the actual cause of this increased 

adiposity remains unclear. Recent studies using a novel murine model of lymphedema have 

implicated lymphatic fluid stasis and inflammation in the pathophysiology of 

adipogenesis.38,39 Similarly, abnormalities in the Prox1 pathway, which is critical for 

lymphatic vasculature, have been associated with increased adipose tissue accumulation and 

adult-onset obesity.40

Although several groups have analyzed the adipose tissue excised from chronic 

lymphedema, there are limited studies investigating the role of adipose-derived stem cells in 

the pathogenesis of chronic lymphedema and adiposity. We therefore compared the 

differentiation capacity of lymphedema-associated and control adipose-derived stem cells 

isolated from the stromal vascular fraction. Interestingly, we found that although osteogenic 

differentiation was largely unaffected, adipogenic differentiation was significantly increased 

in lymphedema-associated adipose-derived stem cells, suggesting that lymph stasis may be a 

critical stimulus for this process. Mesenchymal stem cells have been shown to promote 

neovascularization through multiple mechanisms, including direct differentiation into 

endothelial cells and paracrine growth factor secretion.15,24 Interestingly, the growth of 

lymphatic vessels (lymphangiogenesis), which is essential for tissue homeostasis, and which 

may be insufficient in patients suffering from chronic lymphedema, has been shown to be 

directed by similar molecular mechanisms. We therefore analyzed the angiogenic capacity 

of lymphedema-associated adipose-derived stem cells. Strikingly, both Matrigel tubule 

formation and angiogenic growth factor expression were severely impaired in lymphedema-

associated adipose-derived stem cells, indicating a deficiency in this process. Interestingly, 

the expression of SLP-76 and Syk, which are known to play a role in lymphangiogenesis, 

were slightly up-regulated in lymphedema-associated adipose-derived stem cells. This is 

consistent with previous studies that indicated Syk signaling is crucial for direct differential 

homing and interactions between hematopoietic cells and evolving lymphatic and blood 

vessels28,29 and may suggest activation of compensatory mechanisms in the progression of 

lymphedema.

To obtain a more comprehensive understanding of the molecular mechanisms underlying 

adipose-derived stem cell dysfunction in lymphedema, we performed a single-cell 

transcriptional analysis of several hundred cells across 48 selected gene targets related to 

differentiation, angiogenesis, and stemness. We previously used this technology to identify a 

subpopulation of human adipose-derived stem cells with a transcriptional signature for 

osteogenic differentiation.41 We observed significant heterogeneity in the transcriptional 

signatures between lymphedema-associated and control adipose-derived stem cells. These 

differences were further illustrated in the differential composition of cell clusters, suggesting 

that lymphedema has a substantial effect on multiple pathways governing adipose-derived 

stem cell biology, which may explain the differences observed in our functional analyses.

Conclusions

In this study, we assessed the adipose-derived stem cell population of the lymph tissue using 

single-cell technology and adipogenic, vasculogenic, and osteogenic differentiation assays to 
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compare adipose-derived stem cells from lymphedema-associated and control subcutaneous 

adipose tissue. Our findings indicate significant functional differences between 

lymphedema-associated and healthy adipose-derived stem cells, suggesting that the 

underlying pathophysiology drives these cells toward adipogenic differentiation, which may 

explain the adipose tissue accumulation widely observed in chronic lymphedema. 

Enrollment of more patients and further studies characterizing the pathways underlying 

these differences will be necessary to gain a greater understanding of changes that occur 

during the transition from acute to chronic lymphedema and enable better treatment of this 

complication.
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Fig. 1. 
Lymphedema-associated adipose-derived stem cells demonstrate higher adipogenic 

signaling and differentiation compared with control adipose-derived stem cells. Gene 

expression analysis of adipogenic differentiation markers (above, left) and oil red O staining 

(below) of lymphedema-associated and control adipose-derived stem cells were performed 

after culturing in adipogenic differentiation medium for 7 days. (Above, right) Oil red O 

staining intensity was quantified after isopropanol dye extraction and photometric analysis. 

A two-tailed t test was used to compare groups (mean expression ± SD, *p < 0.05). hASC, 

human adipose-derived stromal cells.
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Fig. 2. 
Microfluidic-based single-cell transcriptional analysis of human adipose-derived stem cells. 

Comparison of single-cell gene expression within human adipose-derived stem cells isolated 

from lymphedema-associated (Lymph) and nonaffected (N) (control) tissue. Genes are 

organized into rows and cells are represented in columns. Gene expression levels are shown 

in a color spectrum with high (yellow) and low (blue) expression. Using an information 

theory–based algorithm, individual cells were assigned into four distinct clusters based on 

common gene expression patterns. Considerable transcriptional heterogeneity is evident, and 

differences in cluster membership suggest meaningful differences in adipose-derived stem 

cell transcriptional programs.
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Fig. 3. 
Lymphedema-associated adipose-derived stem cells are less vasculogenic than healthy 

control adipose-derived stem cells. Gene expression analysis of angiogenic differentiation 

markers in adipose-derived stem cells from lymphedema-associated or control tissue 

cultured under (left) normoxia or (right) hypoxia (1% oxygen) for 12 hours. Markers 

examined include angiogenic specific genes VEGFA and VEGFB. The two-tailed t test was 

used to compare groups (mean expression ± SD, *p < 0.05).
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Fig. 4. 
Lymphedema-associated adipose-derived stem cells are less vasculogenic than healthy 

control adipose-derived stem cells. (Above, left) In vitro Matrigel tubule formation assay of 

lymphedema-associated and control adipose-derived stem cells after 12 hours of hypoxia 

(1% oxygen). (Above, right) Tubule formation was quantified and counted by three blinded, 

independent observers. (Center) Western blot analysis of lymphedema-associated and 

control adipose-derived stem cells cultured either under normoxic or hypoxic (1% oxygen) 

conditions for 24 hours (Below). SLP-76 and Syk were analyzed and normalized to β-

tubulin. Two-tailed t test was used to compare groups (mean expression ± SD, *p < 0.05). 

hASC, human adipose-derived stromal cells. Quantification was performed using 

densitometry and ImageJ (National Institutes of Health, Bethesda, Md.).
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Fig. 5. 
Osteogenic differentiation is not significantly affected in lymphedema-associated adipose-

derived stem cells. (Left) Osteogenic gene expression analysis of lymphedema and control 

adipose-derived stem cells cultured in osteogenic differentiation medium for 7 days. 

Specific genes examined included ALP, RUNX-2, and OCN. (Right) Alkaline phosphatase 

staining of lymphedema and control adipose-derived stem cells after 3 days in osteogenic 

differentiation medium. The two-tailed t test was used to compare groups (mean expression 

± SD, p < 0.05).
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Table 1
Genes with Significantly Different Expression between Lymphedema and Control, along 
with Bonferroni-Corrected Kolmogorov-Smirnov p Values

Gene Name p

CDKN1A 7.52e-07

NFKB1 6.34e-06

FOXO3 7.42e-04

THY1 7.42e-04

LPL 1.75e-03

MYC 1.75e-03

CD44 8.78e-03

HIF1A 3.88e-02

CDKN1A 7.52e-07

NFKB1 6.34e-06

FOXO3 7.42e-04
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