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Abstract: Complex lymphatic anomalies (CLAs) are a set of rare diseases with unique osteopathic
profiles. Recent efforts have identified how lymphatic-specific somatic activating mutations can in-
duce abnormal lymphatic formations that are capable of invading bone and inducing bone resorption.
The abnormal bone resorption in CLA patients has been linked to overactive osteoclasts in areas with
lymphatic invasions. Despite these findings, the mechanism associated with progressive bone loss in
CLAs remains to be elucidated. In order to determine the role of osteoblasts in CLAs, we sought to
assess osteoblast differentiation and bone formation when exposed to the lymphatic endothelial cell
secretome. When treated with lymphatic endothelial cell conditioned medium (L-CM), osteoblasts
exhibited a significant decrease in proliferation, differentiation, and function. Additionally, L-CM
treatment also inhibited bone formation through a neonatal calvaria explant culture. These findings
are the first to reveal how osteoblasts may be actively suppressed during bone lymphatic invasion
in CLAs.

Keywords: complex lymphatic anomaly; osteoblast; lymphatic endothelial cell; conditioned medium;
bone; Gorham–Stout disease; osteopathy; bone formation

1. Introduction

Complex lymphatic anomalies (CLAs) are categorized by idiopathic boney lesions
because of abnormal lymphatic invasion [1]. CLAs include Gorham–Stout disease (GSD),
generalized lymphatic anomaly (GLA), kaposiform lymphangiomatosis (KLA), and central
conducting lymphatic anomaly (CCLA). In CLAs, it is hypothesized that lymphatic invasion
disrupts bone homeostasis towards bone resorption. In each CLA subtype, there is a unique
osteopathic profile with a constant hindrance to bone regeneration in the affected regions.
To best describe GSD-related osteopathies, eight unique key criteria have been proposed [2].
One of these criteria specifically notes the lack of bone regeneration, which allows for the
massive bone destruction and resorption shown in boney phenotypes [3–5]. Each of these
diseases shows varied levels of bone loss, such as trabecular osteolysis and channel-like
osseous lesions, due to the presence of these abnormal lymphatics [6–9].

The lymphatic system is responsible for maintaining fluid homeostasis, housing
the immune system, and lipid transport [10,11]. Under physiological conditions, initial
lymphatics collect interstitial fluid into collecting vessels, which pump the lymph back into
circulation [12]. Recent findings identified the presence of lymphatic vessels within bone
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under normal physiological conditions [13]. These findings suggest that dysregulation
of these lymphatic vessels may play a critical role in the lymphatic malformations found
in CLAs.

Bone homeostasis is maintained through a balance between bone resorption and
bone formation, which are primarily overseen by osteoblasts (OBs) and osteoclasts (OCs),
respectively. OBs originate from mesenchymal stem cells (MSCs), which have the ability
to differentiate into various cell types, including osteocytes, osteoblasts, chondrocytes,
and adipocytes [14]. OBs’ main function is to deposit minerals and mature the boney
matrix. Runt-related transcription factor 2 (Runx2) and alkaline phosphatase (ALP) are
two markers expressed by differentiating OBs as they build new bone [15,16]. OCs are
multinucleated cells that originate from hematopoietic stem cells. Their main responsibility
is bone resorption and remodeling. To achieve this, OCs form a sealing zone on bone and
then secrete acidic enzymes that allow for bone matrix degradation [17,18].

Increased OC function and activity has been reported in various CLAs [19–22]. Lym-
phatic endothelial cells (LECs) invading bone have been hypothesized to originate from
regional lymphatics proximal to the bone [23]. Mice overexpressing vascular endothelial
growth factor-C (a lymphatic vessel inducer, VEGF-C) in osterix-expressing cells (OB lin-
eage cells and chondrocytes) are believed to recruit lymphatic vessels through the cortex
toward the intramedullary cavity, a process that requires OC function [24,25]. These studies
support the hypothesis that the abnormal presence of lymphatic vessels within the bone
leads to anomalous bone loss. Conversely, the effect of lymphatic invasion on OB function
and activity has not been systematically studied. Since the relationship between OBs and
OCs is well understood, it is advantageous to scrutinize OB function and activity when
lymphatic vessels invade bone to further inspect potential mechanisms between abnormal
lymphatics and bone homeostasis.

Intratibial injection of non-pathogenic LECs in mice led to massive bone loss within
two weeks of injection [26]. This phenomenon was tightly linked to the overactivation
of nascent OCs, which could be attributed to macrophage-colony-stimulating factor (OC
growth factor) secretion from LECs [26]. GSD patients (known to exhibit massive bone
loss) have been reported to have elevated serum levels of interleukin-6, CTX (a marker of
bone collagen degradation), sclerostin, and VEGF-C, which are all markers of active bone
resorption [27–29]. Together, these studies highlight how both lymphatic-to-bone contact
and overproduction of bone resorption modulators may play key roles in CLA-related
osteopathies.

In this study, we hypothesize that factors secreted from lymphatic endothelial cells
negatively regulate osteoblast differentiation and function, and inhibit bone formation in
organ culture (Figure 1). OBs (MC3T3-E1s and bone-marrow-derived MSCs) were assessed
for proliferation, viability, differentiation, function, and gene expression when cultured
with varying concentrations of lymphatic endothelial cell conditioned medium (L-CM). Our
results support the concept that factors secreted from LECs inhibit osteoblast differentiation
and bone formation, as seen in CLAs.
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Figure 1. Schematic diagram of the experimental design. MC3T3-E1s or bone-marrow-derived MSCs
were treated with L-CM and assessed in various analyses after 3, 7, 14, and 21 days of culture (A).
Bone formation was assessed through an explant culture of neonatal calvaria when treated with
L-CM and was quantified through histological analysis (B).

2. Materials and Methods
2.1. Mice

Wild-type C57BL/6J male mice were purchased from Jackson Laboratories. The mouse
colony was housed and maintained at Northeast Ohio Medical University (NEOMED) in
a facility accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC). Mouse housing was maintained at 21 ◦C with a 12 h
light–dark cycle. The studies presented here were approved by the Institutional Animal
Care and Use Committee (IACUC) at NEOMED.

2.2. Lymphatic Conditioned Medium (L-CM) Preparation

C57BL/6J mouse primary lymphatic endothelial cells were purchased from CellBiolog-
ics (Chicago, IL, USA) and passaged at least twice before being used for experiments. For
the collection of lymphatic endothelial cell conditioned medium (L-CM), cells were grown
to 70% confluence in T75 flasks with 10% fetal bovine serum (FBS) in α MEM medium
(Gibco, Billings, MT, USA). Following this, cells were washed with PBS and treated with
15 mL of serum-free medium over 24 h. Serum-free conditioned medium was collected,
centrifuged at 1000× g 5 min, decanted, and supplemented with fresh FBS (10 or 2%)
depending on the experiment.

2.3. Proliferation and Viability

The calvaria-like OB MC3T3-E1 cell line (ATCC, Manassas, VA, USA) and MSCs de-
rived from the bone marrow of femurs and tibias of C57BL/6J male mice at ages between 6
and 8 weeks were used for this study. Cells were cultured in 96-well plates and seeded at
5000 cells per well with 2% FBS while being treated with L-CM for 72 h. Proliferation was
based on BrdU incorporation and was quantified using the CyQUANT® NF Cell Prolifera-
tion Assay Kit (Invitrogen, Carlsbad, CA, USA) as per the manufacturer’s instructions. Cell
proliferation was assessed using a fluorescent plate reader (excitation: 485 nm, emission:
530 nm, Spectrum SoftMax Pro version 6.5.1) [30]. For a viability assay, we used the MTT



Cells 2023, 12, 2482 4 of 19

method. Cells were plated with methods similar to those stated above and were assessed
using the CellTiter 96® Aqueous One Solution Assay protocol (Promega, Madison, WI,
USA). Plates were incubated with CellTiter 96® and read at 490 nm using a 96-well plate
reader (Spectrum SoftMax Pro) [31].

2.4. Isolation of Primary Osteoblasts and Differentiation

Murine bone marrow cells were flushed and collected from femurs and tibias of
C57BL/6J male mice at ages between 6 and 8 weeks. Adherent cells were cultured in
a 10 cm tissue culture dish. When the cells reached confluency, they were trypsinized,
counted, and re-plated at a density of 5 × 105 cells and 1 × 105 cells in 6-well and 24-well
plates, respectively. Cells were cultured in α MEM supplemented with 10% FBS, 50 µg/mL
ascorbic acid, 10 mM β-glycerophosphate, and 10 nM dexamethasone (differentiation
factors). Cell culture was terminated on days 7, 14, and 21 for RNA isolation. Staining for
alkaline phosphatase and collagen was completed on day 7, while staining for minerals
was conducted on day 21 in culture as previously described [32].

2.5. Alkaline Phosphatase (ALP) and Collagen Staining and Quantification

Early osteoblast differentiation was determined by ALP staining on day 7 as previously
described [30,33,34]. ALP staining was prepared by mixing 10 mL of water, 5 mg of Fast
Blue RR Salt, and 400 µL of AS-MX phosphate solution (Sigma, St. Louis, MO, USA). OB
cultures were fixed with 10% formalin for 10 min, washed 3× with PBS, and exposed to
ALP staining solution for 30 min while covered, followed by a PBS wash. Collagen staining
was performed using a Sirius Red/Fast Green Collagen Staining Kit (Amsbio, Oxfordshire,
UK) per the manufacturer’s instructions. OB cultures were fixed with Khale’s fixative,
washed, and stained with dye solution for 30 min. Following imaging, the dye was lifted
and read at OD values of 540 and 605 nm. Collagenous and non-collagenous content was
quantified per the manufacturer’s instructions.

2.6. Von Kossa and Alizarin Red Staining and Quantification

Osteoblast matrix mineralization in cultures was determined by Von Kossa staining
on day 21 as previously described [32]. OB cultures were stained with 2.5% silver nitrate
solution under UV light for 30 min and then washed with water. Hydroxyapatite crystals
of mineralized nodules were stained black and fixed with 5% sodium thiosulfate. Calcium-
containing matrixes/cells were determined by Alizarin Red staining on day 21 as previously
described [32]. OB cultures were fixed with 4% paraformaldehyde for 10 min, washed
with PBS three times, and then incubated with Alizarin Red solution for 2–5 min. The dye
was removed, and cells were rinsed with PBS five times and air dried. Quantification of
Alizarin Red staining was performed by adding 200 µL of 10% acetic acid, followed by
incubation while shaking. Cells were transferred to a 1.5 mL microcentrifuge tube, which
was vigorously vortexed and heated to 85 ◦C for 10 min. The mixture was then placed on
ice, followed by centrifugation at 20,000× g for 15 min. Then, 10% ammonium hydroxide
was used to neutralize the pH, and 50 µL of Alizarin Red standard plus the sample was
plated and read at 405 nm (OLYMPUS BX61VS).

2.7. RNA Isolation and RT-qPCR Analysis

RNA isolation from differentiated MC3T3-E1 cultures was performed using Qiazol
reagent (miRNeasy Mini Kit, Qiagen, Hilden, Germany) on days 7, 14, and 21 as previously
described [35]. RNA quantities and qualities were measured using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Complementary DNA
was generated using a high-capacity cDNA reverse transcription kit (Applied Biosystems,
Waltham, MA, USA). qPCR was performed with an ABI 7500 fast real-time PCR system
(Life Technologies, Carlsbad, CA, USA) in triplicate (20 µL volume) per reaction for the
following genes from each respective cell culture. MC3T3-E1 mRNA expression included
ALP, collagen 1, Runx2, GPNMB (Osteoactivin), and RANK-L, and 18 s was used as the
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control gene. Each reaction contained 10 ng of cDNA, 100 nmol/L primers, and 10 µL of
2× SYBR Green PCR master mix (Life Technologies, Carlsbad, CA, USA). The primers used
in these measurements are reported in Table 1.

Table 1. RT-qPCR mouse (m) primers.

Gene Name Sequence

m_18s_F CTTAGAGGGACAAGTGGCG

m_18s_R ACGCTGAGCCAGTCAGTGTA

m_ALP_F CCAACTCTTTTGTGCCAGAGA

m_ALP_R GGCTACATTGGTGTTGAGCTTTT

m_Col1 A1_F GCTCCTCTTAGGGGCCACT

m_Col1 A1_R ATTGGGGACCCTTAGGCCAT

m_GPNMB_F AATGGGTCTGGCACCTACTG

m_GPNMB_R GGCTTGTACGCCTTGTGTTT

m_OPG_R AGCAGGAGTGCAACCGCACC

m_OPG_F TTCCAGCTTGCACCACGCCG

m_RANK-L_F GCTCCGAGCTGGTGAAGAAA

m_RANK-L_R CCCCAAAGTACGTCGCATCT

m_Runx2_F GACTGTGGTTACCGTCATGGC

m_Runx2_R ACTTGGTTTTTCATAACAGCGGA

2.8. Organ Culture, Staining, and Quantification

Neonatal C57BL/6J mice were sacrificed, and their calvariae were harvested between
3 and 4 days as described previously [36]. Under sterile conditions, mice calvariae were
rinsed in a Petri dish with BGJ medium (Gibco, Billings, MT, USA) supplemented with 0.1%
bovine serum albumin and 100 units/mL of penicillin and streptomycin (Sigma-Aldrich,
St. Louis, MO, USA); then, by carefully using curved forceps and micro-scissors, they were
dissected to reveal the various sutures of the skull. Cuts were made along the sagittal
suture that passed through the coronal suture and ended at the anterior fontanelle. Then,
straight cuts along the lambdoid sutures and 45-degree-angle cuts connecting both sides
allowed for the removal of a pentagon-shaped calvaria. Each calvaria was cultured on a
stainless-steel wire mesh grid, which was placed into the tissue culture wells with 1 mL of
BGJ medium.

The calvariae were then processed (LEICA ASP300S, Leica Biosystems, Heidelberger,
Germany) and embedded in paraffin (LEICA HistoCore Arcadia 4, Leica Biosystems, Hei-
delberger, Germany). Each block of paraffin was then sectioned (LEICA RMR235, Leica
Biosystems, Heidelberger, Germany), trimmed to 7 µm sections of the sagittal suture, and
placed on glass slides (Thermo Scientific, Waltham, MA, USA). The slides were stained
using Alcian Blue Hematoxylin/Orange G stains to show bone cells (bright blue pericel-
lular ring), cartilage (blue/purple), and bone (orange/red). The slides were hydrated
with distilled water, placed in acid–alcohol for 20 s, and then soaked in the Alcian Blue
Hematoxylin (Acros Organics, Waltham, MA, USA) for 10 min. The calvariae were washed
gently with distilled water, dipped in acid–alcohol, and washed again with distilled water
three times before being placed in 0.5% ammonium water (Fischer, Waldachtal, Germany)
and being washed with distilled water again. The slides were then dipped in 95% ethanol
(EtOH) for one minute and, finally, in the Eosin/Orange G solution (Sigma, St. Louis, MO,
USA) for one minute before being dehydrated with three changes of 95% EtOH and two
changes of 100% EtOH; then, they were mounted and coverslipped.

The slides were imaged (OLYMPUS VS-ASW-S6, Olympus Life Science, Waltham, MA,
USA), and the coronal suture was identified first; then, under 20× magnification, two to
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three fields away from the coronal suture was determined to be the ideal area of bone to be
analyzed as described [37]. Bone areas were calculated by tracing the borders of preexisting
bone and new bone with the ImageJ software (Version 1.53).

2.9. Statistical Analysis

Data were analyzed using the GraphPad Prism 10.0.2 software (GraphPad, La Jolla, CA,
USA). All individual experiments were repeated at a minimum of N = 3 per experiment with
at least 3–6 replicates per experiment. One-way ANOVA followed by Dunnett’s post hoc
test was performed when comparing multiple groups. An unpaired t-test was performed
for comparisons of two groups. Differences were considered statistically significant when
the p-value was less than 0.05. Group means or means ± standard error of the mean
(±SEM) were graphed.

3. Results
3.1. L-CM Treatment Decreased MC3T3-E1 Cell Proliferation

GSD patients present an abnormal bone phenotype associated with decreased bone
formation [2–5]. We investigated the role that the lymphatic secretome has on osteoblast
viability and proliferation by treating an osteoblast-like cell line (MC3T3-E1) with various
doses of lymphatic endothelial cell conditioned medium (L-CM). Using the MTT-based cell
viability and DNA-binding proliferation assays, we treated MC3T3-E1 cells with 25, 50, 75,
and 100% L-CM (Figure 2). While the effect on cell viability was not significant (Figure 2A),
we found that L-CM negatively regulated MC3T3-E1 proliferation in a dose-dependent
manner (Figure 2B). Given the inhibition of cell proliferation, we expect L-CM treatment to
have an overall decrease in OB growth.
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Figure 2. Lymphatic endothelial cell conditioned medium (L-CM) decreased MC3T3-E1 cell prolif-
eration. MC3T3-E1 cells were cultured in a 96-well plate and assessed for cell viability (A) and cell
proliferation (B) when treated with various doses of L-CM. N = 6. Data presented as mean ± SEM.
**** p < 0.0001 compared to the untreated control.

3.2. L-CM Treatment Inhibited Early Differentiation and Collagen Production in MC3T3-E1

To determine whether the effect of L-CM on the proliferation of MC3T3-E1 cells
(Figure 2) was also reflected in their differentiation, we cultured MC3T3-E1 cells to conflu-
ence, followed by differentiation, and treated them with L-CM over the course of 7 days as
previously described [32,33]. After 7 days of culture, MC3T3-E1 cells were terminated and
stained for alkaline phosphatase (ALP) (Figure 3A,B), an early marker for osteoblast dif-
ferentiation [38], which was followed by a quantification of the ALP-positive area fraction
(Figure 3C). These data revealed an incremental decrease in ALP staining in response to
increasing doses of L-CM.
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Furthermore, we stained the collagen within the extracellular matrix and deter-
mined the quantities of collagenous and non-collagenous proteins (Figure 3D–F). As sus-
pected from our ALP analysis, the extracellular matrix content progressively declined
with increased concentrations of L-CM in both collagenous and non-collagenous proteins
(Figure 3E,F). These results support the overall decrease in osteoblasts’ ability to syn-
thetize their early extracellular matrix when exposed to L-CM, thus preventing proper
early osteoblast function.

3.3. L-CM Treatment Inhibited MC3T3-E1 Matrix Mineral Deposition

We next examined the effects of L-CM treatment on late osteoblast differentiation and
function. MC3T3-E1 cells were differentiated in the presence of osteoblastic differentiation
factors with continuous treatment of L-CM for a three-week period with every medium
change. At day 21, differentiated MC3T3-E1 cells were assessed for mineral deposition,
which is the hallmark function of mature osteoblasts, as described in [39–41] (Figure 4).
Mineral deposits were stained using the Von Kossa staining protocol described in [41]
(Figure 4A,B), followed by the quantification of mineralized nodules (a late osteoblast
function marker) (Figure 4C).

Of the minerals that are secreted, calcium is the main component needed for bone
mass maintenance [42]. Using the Alizarin Red assay, we stained and quantified calcium
deposition in late-differentiated MC3T3-E1 cells when treated with varying doses of L-CM
(Figure 4D,E). Our results present a significant decrease in calcium deposition with most
L-CM doses. Using these approaches, we determined that L-CM not only decreased early-
stage osteoblast differentiation, but also inhibited mineral deposition in mature osteoblasts
in comparison with the untreated controls.
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Figure 4. L-CM decreased mature MC3T3-E1 matrix mineral deposition. MC3T3-E1 cells were cul-
tured with differentiation factors and treated with 25, 50, 75, or 100% L-CM. After 3 weeks in culture,
osteoblasts were assessed for matrix mineralization and calcium deposition. Von Kossa staining was
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quantification (E). N = 3. Data are presented as the mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001,
and **** p < 0.0001 compared to the untreated controls. Scale bar: 1000 µm.

3.4. L-CM Treatment Decreased the Gene Expression of Osteoblast-Related Markers

Following the differentiation of MC3T3-E1 cells treated with L-CM, RNA isolated after
7, 14, and 21 days of culture was reverse-transcribed to assess the mRNA expression of
osteoblast-related markers. Here, we show that ALP mRNA expression was significantly
decreased throughout all three weeks of differentiation (Figure 5A–C); this directly supports
the results observed in Figure 3. The expression of Runx2 and collagen 1, which are markers
of early osteoblast differentiation and function [43], was decreased by L-CM in the first week
of differentiation (Figure 5G,J). In addition, we also found the decreased mRNA expression
of GPNMB (osteoactivin), which has been found to be a positive regulator of osteoblast
differentiation [30,32,33,44,45] (Figure 5D–F). Lastly, we assessed the mRNA expression of
receptor activator of nuclear factor Kappa beta ligand (RANK-L), which is an osteokine
secreted by osteoblasts that is necessary for osteoclast differentiation [46,47]. At week one,
we found that L-CM blunted RANK-L mRNA expression (Figure 5M) [48]. Interestingly,
this effect was significantly reversed beyond the control at two and three weeks in culture
(Figure 5N,O). Lastly, the expression of osteoprotegerin (OPG), an inhibitor of RANK-
L, showed no difference in comparison to the control. Combined with the decreased
expression of osteoblast-related differentiation factors and increased expression of RANK-
L, our data suggest that bone homeostasis might shift towards bone resorption with little
to no new bone formation, as observed in GSD patients [2,5,49].

Together, these results have highlighted how factors secreted from murine lymphatic
endothelial cells lead to decreased osteoblast differentiation, function, and gene expression.
These results are in contrast with those of previously published work that described how
L-CM did not have a significant impact on osteoblast differentiation in association with
ALP staining and fraction quantification [26]. This group used differentiated bone-marrow-
derived mesenchymal stem cells (MSCs) and did not find a significant difference after
two days of differentiation. To further support our results, we assessed the effects of L-CM
on osteoblasts derived from murine bone-marrow-derived MSCs.
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Figure 5. L-CM decreased the gene expression of osteoblast markers. MC3T3-E1 cells were differen-
tiated with differentiation factors and treated with either 25 or 50% L-CM. The mRNA expression
of osteoblast-related markers was assessed after one (W1), two (W2), and three (W3) weeks of cul-
ture (A–R). N = 3. Data are presented as the mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, and
**** p < 0.0001 compared to the untreated controls.

3.5. L-CM Treatment Inhibited Bone-Marrow-Derived MSC Proliferation

The bone marrow of C57BL/6J mice aged between 6 and 8 weeks was flushed, followed
by MSC isolation. As previously described [32,50,51], MSCs were seeded and assessed for
cell viability and proliferation (Figure 6). MSCs demonstrated a marginal increase in cell
viability at a dose of 50% L-CM (Figure 6A). While not as extensively as in our MC3T3-E1
results, MSCs demonstrated a significant decrease in cell proliferation with higher doses of
L-CM (Figure 6B). Together with the previous results, our data suggest that L-CM treatment
negatively regulates OB proliferation.
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Figure 6. L-CM decreased mesenchymal stem cell (MSC) proliferation. Bone-marrow-derived MSCs
were cultured and assessed for cell viability (A) and cell proliferation (B) after being treated with
various doses of L-CM. N = 4–6. Data are presented as the mean ± SEM. * p < 0.05, ** p < 0.01, and
**** p < 0.00001 compared to the untreated controls.
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3.6. L-CM Treatment Decreased Early Differentiation and Collagen Production of
Bone-Marrow-Derived Osteoblasts

Bone-marrow-derived MSCs were treated with osteoblastic differentiation factors
as previously described [30,32,33] and cultured for one week. Next, we assessed early
osteoblast differentiation and collagen production in cultures treated with 50 and 100%
L-CM based on the findings above. While previous work showed no significant differences
in differentiated osteoblasts after two days of culture [26], here, we assessed the effects
of L-CM treatment after 7 days of differentiation, as previously described [30,33,43,52,53].
Similarly to the above findings, cultures were stained for ALP (Figure 7A,B). Our results
showed a significant decrease in ALP activity and staining (Figure 7C,D). In addition, the
quantification of collagen staining showed a decrease in collagenous protein production
(Figure 7F). In contrast to our MC3T3-E1 results, the non-collagenous protein assessment
did not reveal a significant difference between the L-CM-treated groups and the control
(Figure 7G). Taken together, these results demonstrate that L-CM treatment led to decreased
osteoblast differentiation and collagen production.
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Figure 7. L-CM treatment decreased bone-marrow-derived osteoblast differentiation and function.
Bone-marrow-derived MSCs were cultured with differentiation factors and treated with either 50 or
100% L-CM. After 1 week of culture, osteoblasts were stained for ALP (A,B). ALP activity (C) and
staining were then quantified and assessed for each treatment (D). Collagen production was assessed
through staining (E) and then quantified for the content of collagenous (F) and non-collagenous (G)
proteins. N = 4–8. Data are presented as the mean ± SEM. * p < 0.05 and ** p < 0.01 compared to the
untreated controls. Scale bar: 1000 µm.

3.7. L-CM Treatment Decreased Bone-Marrow-Derived Osteoblast Matrix Mineral Deposition

After three weeks of culture, bone-marrow-derived osteoblasts were assessed for
mineral deposition, as shown for the MC3T3-E1 cultures (Figure 4). Von Kossa staining
was decreased with the L-CM treatment in a dose-dependent manner (Figure 8A,B). The
quantification of nodule numbers was decreased in response to the L-CM treatment in a
dose-dependent manner in comparison to the untreated controls. These results followed
a similar trend to that of our MC3T3-E1 results (Figure 8C). In addition, Alizarin Red
staining and quantification also showed a significant decrease in calcium deposition in the
L-CM-treated culture in comparison to the untreated controls (Figure 8D–F).
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Figure 8. L-CM treatment decreased bone-marrow-derived osteoblast matrix mineral deposition.
Bone-marrow-derived MSCs were cultured with differentiation factors and treated with either 50 or
100% L-CM. After 3 weeks in culture, osteoblasts were assessed for the nodule number and mineral
deposition. A Von Kossa assay was used to stain deposits of calcium phosphate (A,B), followed
by the quantification of nodule numbers (C). Calcium deposition was determined through Alizarin
Red staining (D,E) and quantification (F). N = 3. Data are presented as the mean ± SEM. * p < 0.05,
** p < 0.01, *** p < 0.001, and **** p < 0.0001 compared to the untreated controls. Scale bar: 1000 µm.

3.8. Co-Culture with Lymphatic Endothelial Cells Inhibited Osteoblast Differentiation

To further support the detrimental effect that the lymphatic secretome had on os-
teoblast differentiation, we co-cultured lymphatic endothelial cells (LECs) and MC3T3-E1
cells using a trans-well system as previously described [54–56] (Figure 9A). After one week
of differentiation, collagenous and non-collagenous proteins were both decreased in the
LEC co-culture group in comparison to the control (Figure 9B,C). After 3 weeks of cul-
ture, mineral staining (Figure 9D,E) marked a significant decrease in mineral content and
nodule formation (Figure 9F). Gene expression analysis of the osteoblast-related markers
ALP, Runx2, GPNMB, and collagen 1 showed that they were significantly decreased in
the co-culture group when compared to the control (Figure 9G–J). We did not observe a
difference in RANK-L or OPG gene expression (Figure 9K,L).

3.9. L-CM Inhibited Bone Formation in Calvaria Organ Culture

The data presented above show that the lymphatic secretome was able to reduce OB
proliferation and differentiation, but they are limited due to their in vitro nature. For this
reason, we proceeded to determine the effect of L-CM treatment on bone formation using an
explant culture of neonatal calvariae as previously described [37]. After one week of L-CM
treatment, we were able to observe new bone formation in untreated calvariae compared to
the L-CM-treated cultures (Figure 10A). The preexisting (PE) bone area remained unaffected
in both the control and L-CM-treated groups (Figure 10B). In contrast, new bone formation
in the L-CM-treated calvariae was significantly reduced when compared to that in the
untreated controls (Figure 10C). These results were sustained even when comparing the
new/PE bone ratio (Figure 10D). Collectively, these data suggest that the factors secreted
from lymphatic endothelial cells have a detrimental effect on osteoblast differentiation and
bone formation in both in vitro and ex vivo cultures.
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were isolated, grown in culture, and treated with a control or 50% L-CM medium. After a week in cul-
ture, the calvariae were fixed and embedded for histological processing. Using modified hematoxylin
and eosin staining, preexisting (PE) (orange) and newly formed bone (pink) was identified (A). The
areas of PE (B) and new bone (C) were quantified, and the ratio of new/PE bone was presented (D).
N = 4. Data are presented as the mean ± SEM. * p < 0.05 and *** p < 0.001 compared to the untreated
controls. Scale bar: 20 µm.

4. Discussion

The goal of this study was to assess the effect that the lymphatic endothelial cell (LEC)
secretome had on osteoblast differentiation and bone formation. Our results demonstrate
that L-CM consistently inhibited osteoblast proliferation, differentiation, function, and
gene expression. In addition, we found that L-CM directly inhibited bone formation in an
explant culture (Figure 11). In contrast to previously reported studies [26], our data clearly
showed that the direct influence of the LEC secretome led to a reduction in osteoblast
differentiation and bone formation. Minimal to dramatic reduction in bone formation is
one of the key features found in GSD osteopathies [2–5]. Although the mechanism of action
was not explored in this study, we believe that our data provide the first line of evidence
that the LEC secretome affects osteoblast proliferation, differentiation, and bone formation.
These data will set the stage for future studies delineating the mechanism through which
the LEC secretome reduces bone mass in CLAs.
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Figure 11. Schematic diagram on the effect of L-CM treatment on osteoblast differentiation and bone
formation. Our results present a clear reduction in osteoblast proliferation, differentiation, function,
and gene expression when treated with L-CM (B) in comparison to the untreated control (A). L-CM
was also found to inhibit bone formation (B) when compared to the untreated control (A) in an ex
vivo model for bone formation.

The purpose of this study was to mimic the effect that lymphatics have on bone
in CLAs. L-CM was collected from actively growing cultures that we predicted would
mimic the expected proliferative profile of cells with PIK3CA or KRAS mutations. To
date, the number of studies dissecting the osteopathic mechanism in CLAs is very limited.
Until recent years, the bone phenotype in CLAs was poorly understood and was mainly
limited to GSD patients who were diagnosed through their aggressive and localized bone
loss [56–58]. Through histological staining of GSD bone samples, it is commonly reported
that multiple osteoclasts are found at the site of bone resorption, unlike in unaffected
bone [5]. In addition, pre-osteoclastic cells of GSD patients showed increased differentiation
into mature and active osteoclasts in comparison with pre-osteoclastic cells derived from
control subjects [28,59]. It is intriguing to assess the effects of the LEC secretome on
osteoclast differentiation and bone resorption, an area that is under investigation by our
group. Furthermore, microRNA analysis of GSD osteoclasts and osteoblasts revealed how
some of these cells’ variations could be explained through changes in their miRNAome [59].
On the other hand, analysis of GSD-patient-derived osteoblasts revealed a decrease in
differentiation and function [28]. Given the scarcity of data describing abnormalities in
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osteoblasts in CLAs, our studies provide unique insight into new information on the role
that LECs play during lymphangiogenesis into bone.

While bone homeostasis in GSD patients appears to lead to bone resorption, there have
been no mutations identified in patient bone cells to date. The only mutations described
in CLAs are associated with their abnormal lymphatic endothelial cells [5,7,60,61]. These
mutations, which are typically in genes involved in the RAS/MEK or PIK3CA/mTOR
pathways [60–62], facilitate lymphatic invasion into bone. Direct engagement between
lymphatics and bone through intratibial injection of normal LECs triggered massive bone
loss in the injected bone [26]. Interestingly, lymphatic vessels were recently identified
within normal bone and may play a role in CLA-related bone resorption [13]. Postnatally,
lymphangiogenesis is largely absent unless prompted by exogenous stimuli, such as in-
flammation, cancer, and tissue repair [63–65]. For this reason, we collected L-CM from
actively proliferating LECs to mimic the secretome of expanding lymphatics and assessed
its effect on osteoblast differentiation and bone formation.

In order to study the effect of lymphatic endothelial cell conditioned medium (L-CM)
on osteoblasts, we first delineated whether L-CM would induce cytotoxicity and/or reduce
cell proliferation. We determined that L-CM is not cytotoxic to MC3T3-E1 or MSCs when
quantifying the MTT signal (Figures 2A and 6B). The MTT method was used to indirectly
assess toxicity (mitochondrial activity) caused by the L-CM treatment. Since this was
generally unchanged, we used the CyQuant assay to directly quantify the number of cells
in the S phase and, therefore, provide a direct assessment of proliferation. Following this
analysis, we identified that proliferation was inhibited in both MC3T3-E1 cells and MSCs in
response to the L-CM treatment (Figures 2B and 6B). The decrease in proliferation was more
prominent in the MC3T3-E1 cell line than in the MSCs. This mild effect on MSC proliferation
further highlights the role of L-CM in osteoblast differentiation (Figures 8 and 9). A decrease
in proliferation in these cells is known to directly inhibit cell differentiation, since it would
limit cell growth into their respective nodule numbers [34]. Through these early results,
we can already account for some of the inhibition in the osteoblastic response reported in
GSD [28,59].

When treated with L-CM, early osteoblast differentiation was inhibited in a dose-
dependent manner in MC3T3-E1 cells, primary cultures, and co-cultures (Figures 3, 7 and 9).
MC3T3-E1 cells were more sensitive to L-CM inhibition, as reflected by the 80% drop in
ALP staining and collagen matrix deposition at the highest treatment dose (Figure 3). It is of
particular interest to note that non-collagenous proteins were also decreased in relation to
collagenous proteins, which suggests an overall decrease in matrix deposition. When MSCs
derived from GSD patients’ pathological bone were differentiated and assessed for ALP
staining, these differentiated MSCs did not show a statistical difference when compared
with those of control patients [28]. In our study, we observed a 40% drop in ALP staining
and activity of bone-marrow-derived osteoblasts when treated with L-CM (Figure 7). In
contrast to our MC3T3-E1 data, we observed an exclusive inhibition of collagenous proteins
when treated with L-CM (Figure 7F,G). While our assay was sensitive to all collagenous
proteins, osteoblasts are known to secrete vast amounts of type I collagen, as it is necessary
for osteoblast maturation and function [40,66,67]. Even though non-collagenous proteins
are still needed for proper osteoblast maturation, an inhibition of collagen type I secretion
will lead to poor osteoblast differentiation [68,69]. When assessing late osteoblast differenti-
ation associated with matrix mineralization and calcium deposition following treatment
with L-CM, we observed a consistent decrease in mineral/calcium deposition in primary
MC3T3-E1 and bone-marrow-derived osteoblast cultures (Figures 4 and 8). Mineralized
nodule formation and calcium deposition are commonly used to assess late osteoblast
maturation in cell culture [39,70]. In both cultures, we found a decrease in the nodule
number and calcium deposition of at least 70% when comparing the L-CM treatment
with control cultures. These results further support previous findings that presented a
marked decrease in the mineralization of GSD patients’ osteoblasts [28]. Together, these
data highlight how the LEC secretome leads to the inhibition of MC3T3-E1 differentiation
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at higher doses of L-CM treatment and a likely delay in bone-marrow-derived osteoblast
differentiation. This can be explained by the L-CM treatment having a more drastic effect
on MSCs that have not yet been committed for osteoblast differentiation in comparison
with actively differentiating osteoblasts. Further elucidation of this possible mechanism
requires further investigation.

The gene expression of osteoblast-related markers was assessed during treatment
with 25 and 50% L-CM (Figure 5), since these doses consistently decreased OB differen-
tiation (Figures 2, 3, 7 and 8). Treatment with L-CM caused a dose-dependent decrease
in ALP and GPNMB mRNA expression during OB differentiation (Figure 5A–F). Inhibi-
tion of these genes is closely correlated with decreased OB differentiation, as previously
described [33,38,45,51]. Interestingly, Runx2 and collagen 1 mRNA expression was only in-
hibited during early OB differentiation (week 1) when treated with 50% L-CM (Figure 5G,K).
It is already known that the reduction in the expression of Runx2, an essential transcription
factor for OB maturation, leads to the inhibition of OB differentiation [43]. Furthermore,
the inhibition of collagen I expression directly hampers matrix production and leads to
dysfunctional OB function [66,68,69]. Lastly, we found RANK-L to be tightly regulated by
the L-CM treatment. The decreased RANK-L mRNA expression at week one in culture was
correlated with the observed inhibition of ALP mRNA expression in response to the L-CM
treatment (Figure 5A,M). This response was then reversed in weeks 2 and 3, suggesting an
increase in RANK-L production in late OB differentiation (Figure 5N,M). Together, these
data emphasize a marked decrease in OB maturation that would lead to a halt in bone
formation. In addition, the increase in RANK-L production (osteoclast growth factor)
in response to the L-CM treatment might explain the osteopathic phenotype observed
in CLAs.

Previous work has shown that intratibial injection of LECs leads to aberrant bone
loss [26]. In order to determine whether this phenomenon requires cell-to-cell interaction,
we established a lymphatic-to-osteoblast co-culture model. Using a trans-well system, dif-
ferentiating osteoblasts were actively influenced by the consistent secretion of the lymphatic
secretome from growing LECs (Figure 9). Early differentiation of MC3T3-E1 cells in the co-
culture system mimicked our data from the direct L-CM treatment in OBs (Figures 3 and 7)
through the inhibition of collagenous and non-collagenous proteins (Figure 9A,B). Similar
results were obtained when assessing late OB differentiation (Figures 4, 8 and 9). Von
Kossa staining demonstrated a marked decrease in mineral secretion (Figure 9C,D) with
a decreased nodule number (Figure 9E) in the LEC-treated group in comparison with
the control. In addition, the gene expression of osteoblast-related markers (ALP, Runx2,
GPNMB, type 1 collagen) was also inhibited by the lymphatic co-culture (Figure 9G,J).
Through this novel approach, we are the first group to demonstrate how the lymphatic
secretome alone can significantly inhibit osteoblast differentiation in vitro.

To further support our studies, we assessed the effects of L-CM on a neonatal calvaria
explant culture during active bone formation (Figure 10). Previous studies demonstrated
how intratibial injection of normal LECs led to massive bone loss in mice [26]. Through our
studies, we were able to determine that lymphatic-secreted factors alone were capable of
greatly inhibiting new bone formation (Figure 10C). Interestingly, L-CM treatment alone
did not alter preexisting bone (Figure 10B). This phenomenon is likely due to the lack of
activated osteoclasts within the calvariae.

From our observations, we conclude that L-CM inhibits osteoblast differentiation and
function, as assessed through MC3T3-E1 and bone-marrow-derived cultures. In addition,
we also demonstrated how L-CM can prevent bone formation using a neonatal murine
organ culture. Furthermore, the L-CM inhibition of OB differentiation could be caused
by decreased OB proliferation. This was further confirmed by the sudden arrest of bone
formation in the presence of lymphatic factors. Together, these results highlight the radical
interaction between lymphatics and bone and how the lymphatic secretome alone may
lead to a complete inhibition of new bone formation (Figure 11). While we have previously
hypothesized that known secreted proteins are capable of triggering a signaling cascade
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when bone and lymphatics meet [1], we did not describe OB function during lymphatic
invasion in bone. Our future studies are aimed at identifying the key factors within L-CM
that are responsible for the bone cell dysregulation seen in CLAs.
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