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Abstract

Desmoid tumors (DTs) are rare, mesenchymal tumors that exhibit features of an abundant wound healing process. 

Previously, we showed that mesenchymal stem cells (MSCs) are constituents of DTs and may contribute to desmoid 

tumorigenesis via activities associated with wound healing. Hyaluronan (HA) is a long-charged chain of repeating 

glucuronate and N-acetylglucosamine disaccharides that is synthesized by HA synthases (HAS) and degraded by 

hyaluronidases (HYAL). HA is secreted into the extracellular matrix by injured stroma and is important for normal tissue 

repair and neoplastic progression. Here, we investigated the presence of HA in DTs and the antitumor effects of the HA 

inhibitor, 4-methylumbelliferone (4-MU), on DT-derived mesenchymal cells. By immunohistochemistry and enzyme-

linked immunosorbent assay, we found abundant expression of HA in 29/30 DTs as well as >5-fold increased HA levels in 

DT-derived cell lines relative to controls. Immunohistochemistry also demonstrated high expression of HAS2 in DTs, and 

quantitative PCR analysis showed increased HAS2 upregulation in frozen DTs and DT-derived cells. 4-MU treatment of 

DT-derived cells significantly decreased proliferation as well as HA and HAS2 levels. Fluorescent immunohistochemistry 

showed that MSCs in DTs coexpressed HA, HAS2, HYAL2, as well as the major HA receptor CD44 and HA coreceptor TLR4. 

Taken together, our results suggest that paracrine regulation of HA signaling in DTs may contribute to MSC recruitment 

and tumor proliferation. Future studies investigating the role of HA in tumor-stroma crosstalk and inhibition of HA-MSC 

interactions as a novel therapeutic target in DTs and other solid tumors are warranted.

Introduction

Desmoid tumors (DTs), or aggressive fibromatosis, are mesen-

chymal tumors with a dense, infiltrative character than can lead 

to significant disfigurement, functional deficits and death (1,2). 

Although rare in the general population, DTs are a common 

cause of death in patients with familial adenomatous polypo-

sis. Treatment often involves wide surgical excision, which is 

associated with high recurrence rates and unresectable disease 

(3). Although several studies reported partial response of DTs 

to drug treatments and radiation therapy, effective systemic 

therapy remains elusive, in large part, due to the limited under-

standing of DT pathophysiology (4–7).

Histologically, DTs are characterized by an abundant wound 

healing process with features nearly indistinguishable from 

benign hyperproliferative conditions such as keloids and hyper-

trophic scars (8,9). Given that tumors are often described as 

‘wounds that do not heal’, we hypothesize that DTs develop as 

Abbreviations: 

DTs  desmoid tumors

HA  hyaluronan 

HDF  human dermal fibroblast 

HAS  HA synthases 

HYAL  hyaluronidases

4-MU  4-methylumbelliferone

MSCs  mesenchymal stem cells
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a manifestation of defective tissue repair and the inability to 

arrest the proliferative phase of wound healing (10). Moreoever, 

DTs also exhibit markers of increased angiogenesis and fibro-

sis, suggesting that chronic inflammation and defective wound 

healing resolution play significant roles in desmoid tumorigen-

esis (11,12).

Normal wound healing is a tightly orchestrated process 

mediated by inflammatory cells in response to tissue injury. 

Hyaluronan (HA) is a glycosaminoglycan that is produced 

by injured stroma and rapidly deposited in the extracellular 

matrix where it regulates repair processes through crosstalk 

with various inflammatory cells (13). The major HA ligand, 

CD44, is expressed as a cell surface receptor on mesenchy-

mal stem cells (MSCs), which are multipotent cells that play 

a key role in wound healing (14–16). MSCs are mobilized in 

response to multiple paracrine and endocrine signals, such as 

HA, that are released during the inflammatory process (17–19). 

At wound sites, these pluripotent cells engraft and promote 

healing by executing tissue remodeling and by differentiating 

into endothelial cells, fibroblastss and myofibroblasts. During 

the resolution phase of normal wound healing, recruited stem/

progenitor cells undergo terminal differentiation or apoptosis. 

However, under conditions of chronic inflammation or tumor 

progression, these activated cells persist. Previously, we showed 

that aberrantly activated MSCs are present in DTs and may 

be critical to desmoid formation (20). Similarly, Wu et  al. (21) 

reported that DTs express genes and cell surface markers char-

acteristic of MSCs and suggested that MSCs may be the pro-

genitor cells of DTs. Other groups have demonstrated that MSC 

migration to injured tissue is dependent upon CD44 cell surface 

expression and adhesion to HA (22,23).

Based on these observations, we hypothesized that HA plays 

an important role in desmoid tumorigenesis through crosstalk 

with MSCs at sites of tissue injury. To test this idea, we examined 

the expression of HA in human DTs s and DT-derived cell lines. 

We also investigated the antitumorigenic effects of HA inhibi-

tion in DT-derived mesenchymal cells using 4-methylumbel-

liferone (4-MU), a HA synthesis inhibitor. Finally, we examined 

interactions between CD44+ MSCs and members of the HA path-

way. These studies are the first to investigate the presence of HA 

in DTs and implicate crosstalk between CD44+ MSCs and HA in 

contributing to the etiology of DTs.

Materials and methods

Human DT samples

Human DTs and matching adjacent normal tissue were obtained from an 

archived tissue bank of surgical specimens resected from patients under 

a protocol previously approved by the institutional review board at the 

Brigham and Women’s Hospital. A portion of the tumor was fixed in for-

malin and embedded in paraffin for immunohistochemical analysis. The 

remaining portion was snap frozen in liquid nitrogen and stored at −80°C 

for molecular analysis.

Desmoid cell lines

Between January 2013 and January 2014, three fresh DTs were obtained 

from the operating room to establish primary cell lines for in vitro studies. 

Tumors were minced in supplemented growth medium and plated on tis-

sue culture dishes. After 24 h, the minced tumor was manipulated through 

a 100-µm nylon mesh cell strainer under sterile conditions, while being 

washed with growth medium. The wash was then centrifuged at 1500 rpm 

for 5 min, with the resultant pellet resuspended in growth medium and 

plated in 25 cm2 tissue culture flasks. The following day, cells that were 

nonadherent to flasks were discarded. The remaining cells were main-

tained and expanded as primary desmoid-derived cell lines.

Cells were cultured and expanded in MesenPro RS™ Medium supple-

mented with the associated MesenPro RS™ Growth Supplement, 2 mM 

l-glutamine, 100 units/ml penicillin and 100 µg/ml streptomycin. Cell lines 

have not been tested; however, experiments were performed using early 

passage cells (passage 1–5) to minimize chance of cross contamination. 

Normal human dermal fibroblasts (HDF) were obtained from American 

Type Culture Collection (Manassas, VA) and cultured in Dulbecco's modi-

fied Eagle's medium containing 10% fetal bovine serum, 100 units/ml 

penicillin, and 100 µg/ml streptomycin. Unless otherwise indicated, cell 

culture reagents were purchased from Life Technologies (Grand View, NY). 

Cells were maintained at 37°C in a humidified incubator containing 5% 

CO
2
. Patient characteristics of each DT-derived cell line are described in 

Table 1.

Immunohistochemistry

Immunohistochemistry and immunofluorescent staining were per-

formed as previously described (20). Primary antibodies used for these 

experiments include the following: HABP2 (Sigma), HAS2 (Santa Cruz 

Biotechnology), HYAL2 (Santa Cruz Biotechnology), CD44 (Cell Signaling), 

TLR4 (Santa Cruz Biotechnology) and DAPI (Life Technologies). All primary 

antibodies were diluted at 1:100 in Antibody Diluent Reagent Solution 

(Invitrogen) and reactions carried out overnight at 4°C.

Enzyme-linked immunosorbent assay (ELISA)

Cells were plated in six-well plates at a concentration of 200 000 cells 

per well in normal growth medium, and incubated overnight at 37°C in a 

humidified incubator containing 5% CO
2
. To obtain baseline expression of 

HA levels, on the following day normal growth medium was replaced with 

serum-free Dulbecco's modified Eagle's medium. Thirty-six hours after 

the medium was replaced, this replaced medium was aspirated and col-

lected. The cells were harvested with trypsin and counted using a hemo-

cytometer. The collected medium was used to assay for HA levels using 

the Hyaluronan Quantikine ELISA kit from R&D Systems (Minneapolis, 

MN), which was performed according to manufacturer protocol. Medium 

from each cell line was assayed in triplicate. Final HA levels were corrected 

according to the results of the final cell count from the day of medium 

collection.

To observe the effect of 4-MU on HA levels in different cell lines, the 

same protocol as above was performed, seeding 200 000 cells per well of 

a six-well plate. However, when the medium was replaced the day after 

seeding, this medium was replaced with either control (dimethyl sulfox-

ide only) or treated medium (0.4 mM 4-MU). This medium was aspirated 

and collected 36 h later, at which time cells were harvested and counted. 

This medium was then used to perform the HA ELISA as above. Each sam-

ple was assayed in triplicate, and final HA levels were again corrected 

according to the results of the final cell count.

Table 1. Patient characteristics

Patient Cell line Age Sex Location FAP Primary surgery? Prior systemic therapy? Tumor size (cm)

1 DTS5 34 F ABD No No Liposomal doxorubicin 9.8 × 8.8 × 7.0

2 DTS6 54 M MES No No None 3.5 × 2.9 × 2.9; 1.2 × 0.9 × 0.9; 

2.5 × 2.0 × 1.4, 1.3 × 1.2 × 1.0

3 DTS7 57 F ABD No Yes Celecoxib 2.5 × 2.2 × 2.0

ABD, abdominal; MES, mesentery; FAP, familial adenomatous polyposis.
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Proliferation assay

Cells were plated in 96-well plates at a concentration of 2000 cells per 

well in normal growth medium, and incubated overnight at 37°C in a 

humidified incubator containing 5% CO
2
. On the following day, control 

or treated medium was added to wells. For treated cells, 4-MU (Sigma-

Aldrich Corporation, St. Louis, MO) was dissolved in dimethyl sulfoxide 

to make a stock solution, and serial dilutions of this stock were prepared 

in growth medium, ranging from concentrations between 0.1 and 2 mM, 

with a concentration of dimethyl sulfoxide not exceeding 1% of the final 

concentration. Each concentration was assayed in triplicate. Treated cells 

were incubated for an additional 72 h. Proliferation was determined using 

the CellTiter 96® AQ
ueous

 Non-Radioactive Cell Proliferation Assay kit from 

Promega Corporation (Madison, WI) according to the manufacturer’s 

instructions. Briefly, after treatment, assay mix was added to each well 

(20 µl/well), and the plate was incubated at 37°C for an additional 4 h. The 

absorbance of each individual well was then determined at 490 nm. A per-

centage of proliferation was determined by dividing the absorbance values 

of the treated wells by the absorbance values of the untreated wells.

RNA extraction

RNA was extracted from frozen human tissue samples using the Aurum™ 

Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad). RNA extracted from DT 

cell lines was performed using the Aurum™ Total RNA Mini Kit (Bio-Rad) 

per the manufacturer’s instructions. The extracted RNA was eluted in a 

total volume of 80 µl of elution buffer and stored and −80°C. RNA concen-

tration (ng/µl) was measured using the p300 NanoPhotometer™ (Implen).

Quantitative RT-PCR

Quantitative real time PCR (qRT-PCR) was carried out using the 

Brilliant III Ultra-Fast SYBR® Green QPCR Master Mix (Agilent 

Technologies) on the Stratagene Mx3000P qPCR system (Agilent 

Technologies). Amplification was carried out in 20 ul reaction mix-

tures containing 300 nm of specific primers for HAS2 (Forward: 

CAGAATCCAAACAGACAGTTC, Reverse: TAAGGTGTTGTGTGTGACTG), 

GAPDH (Forward: GCTCTCCAGAACATCATCTGCC, Reverse: CGTTGTC 

ATACCSGGAAAGAGCTT), 100 ng of total RNA, 0.2 µl 100 mM dithiothreitol, 

0.3 µl diluted (1:500) reference dye, 1 µl RT/RNase block and 10 µl 2× SYBR 

Green QRT-PCR master mix. The reaction was performed for 10 min at 50°C, 

3 min at 95°C and 40 cycles each of a 20-s dissociation step performed at 

95°C and an amplification step performed at 59°C for 20 s. A melt curve 

analysis was performed to assess primer specificity.

The 2−∆∆ct method of relative quantification was used to determine 

the fold differences in gene expression between human DT samples and 

normal tissue samples. This method was also used to determine the fold 

changes in gene expression in DT cell lines following treatment with 4-MU. 

GAPDH was used as the reference housekeeping gene in the analysis. 

Target gene threshold cycle (C
T
) value was normalized to values obtained 

for GAPDH in the same samples. C
T
 values were further normalized to 

the average normal C
T
 value for tissue samples and the average untreated 

desmoid cell line C
T
 value for cell lysates. The fold change was then deter-

mined using the 2−∆∆ct method.

Statistical analysis

Means and standard deviations were calculated for each experiment. 

Student’s t-test was performed to evaluate differences between each 

experimental condition (P < 0.05 was considered statistically significant).

Results

Human DTs express hyaluronan

The presence of HA in DTs has not been determined previously. 

To investigate the expression of HA in DTs, we performed immu-

nohistochemistry on 30 archived paraffin-embedded tumor 

specimens and 5 matched normal adjacent tissues. Tumors 

were obtained from patients with both sporadic and inherited 

forms of the disease. We found positive HA staining in 29 of 30 

tumor specimens; in contrast, staining for HA in normal tissue 

demonstrated negative results (Figure 1A and B). Similarly, we 

performed ELISA on early passage cells to determine HA lev-

els in three separate DT-derived cell lines. Cells were isolated 

and expanded from tumors obtained from patients immedi-

ately upon surgical resection, as previously described (20). Our 

results show significantly increased HA levels in all DT-derived 

cells relative to HDF controls (Figure 1C). HA levels were at least 

5-fold greater in DT-derived cells compared to control fibroblasts 

and up to 30-fold higher in DTS6, a cell line obtained from a 

sporadic tumor located in the mesentery (P = 0.004 for DTS5 ver-

sus HDF, P = 0.0002 for DTS6 versus HDF and P = 0.002 for DTS7 

versus HDF).

Measurement of hyaluronan synthase in DTs

High molecular weight HA (HMWHA) is produced by the HA 

synthases (HAS) 1 and 2 in response to tissue injury and is 

subsequently degraded by hyaluronidases (HYAL) into smaller 

fragments (24,25). These smaller HA fragments mediate the 

inflammatory and proliferative phases of wound healing and are 

implicated in tumor cell invasion and motility (26–29). Inhibition 

of HA synthases decreases proliferation, invasion and motility in 

a variety of tumor cell lines (30–33). Furthermore, HAS2 increases 

production of HMWHA and promotes tumor cell proliferation 

in vitro (34). To investigate the presence of HAS in DTs, we per-

formed IHC for HAS2 in our archived desmoid specimens. We 

found abundant HAS2 staining in all archived DTs and virtually 
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Figure. 1. Representative staining of HA in human DTs. (A) Thirty DT samples were stained for the HA binding protein (HABP) and demonstrated the abundant pres-

ence of HA (black arrows) within the tumors. (B) Matched normal tissues were negative for HA staining. Representative images were taken using an Olympus BX40 

microscope at ×40 magnification. (C) HA ELISA was performed on three separate DT-derived cell lines and demonstrated significantly increased HA levels compared to 

control HDFs. Experiments were performed in triplicate and data are expressed as the mean ± SD. Asterisk indicates significant differences from HDF controls (P < 0.05).
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no staining in matched normal tissues (Figure 2A and B). We also 

performed quantitative PCR on eight fresh frozen DT samples 

and three DT-derived cell lines. Consistent with our immuno-

histochemical results, we found increased upregulation of HAS2 

in DTs compared to pooled matched normal tissue (P  =  0.01) 

(Figure 2C). Similarly, HAS2 gene expression was increased ~2 to 

4-fold in all three tumor cell lines relative to control fibroblasts 

(Figure 2D). While these results did not reach significance, there 

was a consistent trend demonstrating overall increased HAS2 

expression in tumor cell lines (P  =  0.13 for DTS5 versus HDF, 

P = 0.30 for DTS6 versus HDF and P = 0.09 for DTS7 versus HDF).

Antitumor activity of 4-MU in DT-derived cells

4-Methylumbelliferone is a HA synthesis inhibitor with potent 

anticancer properties that are primarily mediated through 

inhibition of HA signaling and depletion of HA precursors 

(33–35). To determine the effect of 4-MU on DT-derived cells, 

three separate cell lines were treated with varying concentra-

tions of 4-MU (0–2 mM) for up to 72 h. As shown in Figure 3A, 

all three tumor cell lines demonstrated decreased prolifera-

tion in a dose-dependent manner (IC
50

 0.4–1 mM). 4-MU also 

decreased HA levels in all three DT-derived cell lines follow-

ing treatment with 0.4 mM for 36 h, and two of these cell lines 

demonstrated significant reduction (P = 0.007 for DTS5 versus 

HDF, P = 0.01 for DTS6 versus HDF) (Figure 3B). To investigate 

the effect of 4-MU on HAS2, DT-derived cells were treated with 

0.4 mM of 4-MU for 36 h and demonstrated ~2-fold decrease 

in HAS2 gene expression (P  <  0.001 for all treated versus 

untreated cell lines) (Figure 3C). Of note, 4-MU treatment dem-

onstrated minimal effect on HA levels and proliferation in nor-

mal fibroblasts, suggesting that treatment response is limited 

to tumor cells.

Figure 2. HAS2 expression in DTs and desmoid-derived cells. (A) Immunohistochemistry of paraffin-embedded DTs for HA synthase (HAS) 2 was performed and repre-

sentative images show abundant HAS2 expression in DTs (black arrows). (B) Matched normal tissues were negative for HAS2 staining. Original magnification was ×40. 

(C) Quantitative PCR was performed on eight separate fresh frozen desmoids and relative gene expression of HAS2 was compared to a matched pool of 5 normal tissue 

samples. Asterisk indicates a significant difference between tumor and control tissue (P < 0.05). (D) Quantitative PCR was performed on three separate desmoid-derived 

cell lines and demonstrated increased HAS2 gene expression relative to control fibroblasts. Experiments were performed in triplicate and data are expressed as the 

mean ± SD. Asterisk indicates significant differences between tumors and controls (P < 0.05).
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CD44+ MSCs may interact with HA in DTs

Bone marrow-derived MSCs play an important role in wound 

healing and tumorigenesis and are recruited in response to 

various chemotactic signals, including HA. Previously, we 

showed that CD44+, CD73+, CD90+ MSCs are an abundant con-

stituent of DTs and may play an important role in promoting 

Figure 3. Effect of 4-MU in desmoid-derived cells. (A) Treatment with 4-MU (0–2 mM) decreased tumor cell proliferation in a dose-dependent manner. (B) 4-MU treat-

ment (0.4 mM) also significantly reduced HA levels in all three desmoid-derived cell lines by ELISA compared to controls. (C) 4-MU treatment (0.4 mM) significantly 

decreased HA synthase (HAS) 2 expression in DT-derived cells. Experiments were performed in triplicate and data are expressed as the mean ± SD. Asterisk indicates 

significant differences from human dermal fibroblast controls (P < 0.05).
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desmoid tumorigenesis (20). To investigate whether MSCs in 

DTs may be involved in tumor-promoting interactions with HA, 

we performed immunofluorescence for the MSC marker and 

major HA receptor, CD44, and the HA-binding protein, HABP2. 

We found coexpression of both CD44 and HABP2 in our desmoid 

samples (Figure 4A). Interestingly, CD44+ MSCs also coexpressed 

the HA-synthesizing enzyme HAS2, the HA-catabolizing 

enzyme HYAL2, and the HA coreceptor, TLR4 (Figure  4B–D). 

These results suggest that the tumorigenic effects of HA are 

mediated by MSCs.

Discussion

Recent studies examining the role of tumor stroma in contrib-

uting to tumor formation and chemoresistance have increased 

interest in targeting the stromal compartment in combination 

with cytotoxic agents as a dual approach to enhancing therapy 

in solid tumors (36). HA is a prominent component of the stro-

mal microenvironment in a variety of cancers, and increased 

HA deposition is implicated in tumor invasion and progres-

sion (27–29). HA is secreted as a high-molecular weight poly-

mer in the extracellular matrix and is subsequently degraded 

by hyaluronidase enzymes into smaller fragments that mediate 

the inflammatory and proliferative phases of wound healing. 

Because abundant wound healing is a hallmark of desmoid his-

tology, we investigated the presence of HA in DTs to identify a 

potentially novel therapeutic target for this challenging disease. 

Furthermore, we speculated that HA-MSC interaction may con-

tribute to DT etiology through recruitment of these specialized 

stem cells to sites of tissue injury.

40X

CD44 + DAPI HABP2 + DAPI CD44 + HABP2 + DAPI
A

B
CD44 + DAPI HAS2 + DAPI CD44 + HAS2 + DAPI

C

D
CD44 + DAPI TLR4 + DAPI CD44 + TLR4 + DAPI

CD44 + DAPI HYAL2 + DAPI HYAL2 + CD44 + DAPI

Figure 4. CD44+ mesenchymal stem cells and HA crosstalk. (A) Fluorescent immunohistochemistry of paraffin-embedded DTs was performed and representative 

images showed coexpression of the mesenchymal stem cell marker CD44 and the HA binding protein, HABP2, (B) CD44 and the HA synthesizing protein, HAS2, (C) CD44 

and the HA degrading protein, HYAL2, (D) and CD44 and the HA co-receptor, TLR4. Coexpression of both markers produced a yellow overlay indicated by white arrows. 

Nuclei were counterstained blue with DAPI. Images were taken at ×40 magnification.
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Here, we showed that HA and HAS2 expression was abun-

dant in desmoid tissues as well as DT-derived cell lines (Figures 1 

and 2). HYAL2 expression was similarly increased by ~2-fold 

in frozen desmoid tissues relative to normal controls, but this 

finding did not reach statistical significance (data not shown). 

Conversely, HA and HAS2 levels were low or absent in normal 

tissue and fibroblast controls. Prior studies demonstrated that 

HAS2 overexpression correlated with increased tumor cell pro-

liferation and invasion in vitro, whereas inhibition of HA syn-

thases decreased overall tumorigenicity, including metastatic 

disease, in a variety of tumor cell lines and animal models 

(30–33,36–40). In our studies, treatment with the HA inhibitor 

4-MU effectively decreased HA and HAS2 levels as well as cel-

lular proliferation in DT-derived cell lines (Figure 3). Consistent 

with our findings, Kosaki et  al. showed that Has2 transfection 

in human HT1080 cells resulted in increased HA production, 

tumor cell proliferation, and tumor size in xenograft models 

(37). Similarly, Lokeshwar et  al. found significant inhibition of 

prostate cancer cell proliferation, motility, and invasion follow-

ing treatment with 4-MU (33). Taken together, our results sug-

gest that HA metabolism may play a role in driving desmoid 

tumorigenesis and that future studies examining the antitumor 

effects of 4-MU, an orally available agent, in desmoid patients is 

warranted.

Bone marrow-derived MSCs are recruited to sites of tissue 

injury in response to inflammatory signals such as HA. Once 

engaged in its stem cell niche, activated MSCs may acquire 

somatic mutations or undergo epigenetic alterations during 

the proliferative phase of wound healing, resulting in enhanced 

tumorigenic potential (Figure 5). We hypothesize that DTs arise 

from such aberrantly activated MSCs that are unable to properly 

senesce or differentiate during the resolution phase of wound 

healing (20). MSC migration to injured tissue has been shown 

to depend upon CD44 cell surface expression and adhesion to 

HA (22,23). Downregulation of CD44 expression in breast cancer 

cells significantly inhibited HA-mediated chemotaxis follow-

ing treatment with siRNA (41). In desmoid samples, we showed 

that MSCs expressed the major HA ligand CD44 as well as its 

coreceptor TLR4 (Figure 4). Interestingly, DTs in our library also 

showed ~2-fold increase in CD44 expression by quantitative 

PCR relative to normal tissue, although this upregulation was 

not statistically significant (data not shown). As such, HA-MSC 

interactions may play an important role in promoting CD44-

dependent migration of bone marrow-derived MSCs to sites 

of tissue injury where DTs may arise as a result of unchecked 

wound healing.

In addition to chemotaxis, HA interactions with HA receptors 

such CD44 are responsible for initiating intracellular signaling 

events that regulate cell proliferation, migration, and apoptosis 

(42). Lokeshwar et al. (33) showed that mouse xenografts treated 

with oral 4-MU demonstrated decreased levels of CD44 and HAS2 

expression and significant inhibition of PC3-ML tumor growth, 

primarily via inhibition of HA signaling. Tolg et al. (43) found that 

targeted deletion of receptor for HA-mediated motility (Rhamm), 

a HA co-receptor, attenuated the formation of DTs in an animal 

model of this disease. While we observed sparse Rhamm expres-

sion in our DT specimens (data not shown), we found abundant 

TLR4 staining of CD44+ MSCs (Figure 4). TLR4 is a member of the 

toll-like receptor family that recognizes pathogens and activates 

the innate immune system. TLR4 also plays a role in noninfec-

tious inflammation by forming a complex with CD44 and MD-2 

to recognize HA (44). There is growing evidence to suggest that 

low-molecular weight HA promotes tumor proliferation, motility, 

and metastasis through TLR4 signaling (45–47). Inhibition of the 

CD44-TLR4-HA axis may be a novel therapeutic target for DTs 

and other solid tumors characterized by desmoplasia.

In conclusion, our studies demonstrate that HA is overex-

pressed in DTs and that 4-MU inhibition of HA synthesis signifi-

cantly decreases proliferation in DT-derived cells. Furthermore, 

CD44+ MSCs in DTs coexpress multiple members of the HA path-

way including HA receptors and metabolizing/catabolizing proteins. 

Taken together, our results suggest that HA–CD44 interactions may 

contribute to desmoid tumorigenesis and that inhibition of HA sign-

aling may offer a novel therapeutic approach to targeting the stro-

mal microenvironment. Ultimately, new treatment strategies are 

needed that not only target differentiated fibroblasts comprising the 

tumor bulk, but also cancer stem cells and the tumor-stroma micro-

environment, resulting in a more durable and complete response.
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Figure 5. Schematic representation of DT etiology. Bone marrow-derived mesenchymal stem cells (MSCs) are recruited to sites of tissue injury in response to chemotac-

tic signals, including HA. DTs may arise from activated MSCs with enhanced tumorigenic potential acquired during the proliferative phase of wound healing. Targeting 

HA-MSC interactions with 4-MU may offer a novel therapeutic approach for patients with DTs. 
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