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A Type 2 Deiodinase-Dependent Increase
in Vegfa Mediates Myoblast-Endothelial Cell Crosstalk

During Skeletal Muscle Regeneration
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Background: The type 2 deiodinase (DIO2) converts thyroxine to 3,3¢,5-triiodothyronine (T3), modulating
intracellular T3. An increase in DIO2 within muscle stem cells during skeletal muscle regeneration leads to T3-
dependent potentiation of differentiation. The muscle stem cell niche comprises numerous cell types, which
coordinate the regeneration process. For example, muscle stem cells provide secretory signals stimulating
endothelial cell-mediated vascular repair, and, in turn, endothelial cells promote muscle stem differentiation.
We hypothesized that Dio2 loss in muscle stem cells directly impairs muscle stem cell–endothelial cell com-
munication, leading to downstream disruption of endothelial cell function.
Methods: We assessed the production of proangiogenic factors in differentiated C2C12 cells and in a C2C12
cell line without Dio2 (D2KO C2C12) by real-time quantitative-polymerase chain reaction and enzyme-linked
immunosorbent assay. Conditioned medium (CM) was collected daily in parallel to evaluate its effects on
human umbilical vein endothelial cell (HUVEC) proliferation, migration and chemotaxis, and vascular network
formation. The effects of T3-treatment on vascular endothelial growth factor (Vegfa) mRNA expression in
C2C12 cells and mouse muscle were assessed. Chromatin immunoprecipitation (ChIP) identified thyroid
hormone receptor (TR) binding to the Vegfa gene. Using mice with a targeted disruption of Dio2 (D2KO mice),
we determined endothelial cell number by immunohistochemistry/flow cytometry and evaluated related gene
expression in both uninjured and injured skeletal muscle.
Results: In differentiated D2KO C2C12 cells, Vegfa expression was 46% of wildtype (WT) C2C12 cells, while
secreted VEGF was 45%. D2KO C2C12 CM exhibited significantly less proangiogenic effects on HUVECs.
In vitro and in vivo T3 treatment of C2C12 cells and WT mice, and ChIP using antibodies against TRa,
indicated that Vegfa is a direct genomic T3 target. In uninjured D2KO soleus muscle, Vegfa expression was
decreased by 28% compared with WT mice, while endothelial cell numbers were decreased by 48%. Seven
days after skeletal muscle injury, D2KO mice had 36% fewer endothelial cells, coinciding with an 83%
decrease in Vegfa expression in fluorescence-activated cell sorting purified muscle stem cells.
Conclusion: Dio2 loss in the muscle stem cell impairs muscle stem cell–endothelial cell crosstalk via changes
in the T3-responsive gene Vegfa, leading to downstream impairment of endothelial cell function both in vitro
and in vivo.
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Introduction

Thyroid hormone (TH) regulates gene expression
through several pathways, including the classical well-

studied genomic pathway, which involves binding to the
nuclear thyroid hormone receptor (TR) and also indirectly at
the nongenomic level by several different mechanisms (1–3).
Genomic TH action can be further fine-tuned by intracellular
transport of TH, modulation of TR expression, and TH pro-
duction and inactivation (4).

TH is essential for skeletal muscle function, controlling both
muscle contractility and metabolism (5). In humans, more than
600 genes were modulated by levothyroxine treatment, sup-
porting a broad regulation of the muscle transcriptome by TH
(6). Further, muscle pain and weakness are common symptoms
in both hypothyroid and hyperthyroid patients (7–11). Speci-
fically, in hypothyroid muscle, there is a fiber type switch from
glycolytic to oxidative, less ATP production, accumulation of
glycogen, and increased use of anaerobic pathways, in con-
junction with increased serum creatine kinase levels that are
suggestive of muscle damage (12–18). Of note, some hypo-
thyroid patients report persistent muscle symptoms up to years
after thyroid status is corrected (19).

A significant amount of 3,3¢,5-triiodothyronine (T3) in the
skeletal muscle is derived from the activation of the pro-
hormone thyroxine (T4) to T3 by the type 2 deiodinase
(DIO2) (20). In muscle, DIO2 is expressed at low levels in
muscle fibers, but it increases in the muscle stem cells during
myogenesis and after injury during regeneration to provide
additional T3, which enhances differentiation (20–23). Al-
though mice with targeted deletion of the Dio2 gene (D2KO
mice) have normal serum T3 levels, these mice have
decreased T3 content in their skeletal muscle, which is as-
sociated with numerous functional abnormalities, including
delayed regeneration after injury and increased muscle
weakness and fatigue (24–26).

Muscle stem cells, also known as satellite cells, are nec-
essary for long-term muscle maintenance. These cells are
usually quiescent under homeostatic conditions, but after
injury satellite cells become activated and proliferate, dif-
ferentiate, and eventually fuse into myofibers repairing the
damaged muscle (27). In addition, there are numerous other
cell types in the muscle stem cell niche that interact with the
muscle stem cell to coordinate regeneration (28). For ex-
ample, crosstalk between muscle stem cells and endothelial
cells is an important component of muscle repair (29–31).
During muscle regeneration, endothelial cells are required to
form blood vessels that are necessary to supply nutrients and
oxygen. Angiogenesis, the process of producing new blood
vessels from pre-existing capillaries, involves proliferation
and migration of endothelial cells and remodeling of the
extracellular matrix (32). The principal mediator of endo-
thelial cell growth and migration is vascular endothelial
growth factor (VEGF) (33). During myoblast differentiation,
Vegfa expression is increased, supporting angiogenesis dur-
ing regeneration (29,34). The VEGF produced by muscle
stem cells also attracts endothelial cells in close proximity,
and these endothelial cells, in turn, provide factors promoting
muscle stem cell quiescence (31). Thus, VEGF is an impor-
tant coordinator of muscle stem cell–endothelial cell cross-
talk in skeletal muscle both under basal conditions and during
regeneration after injury.

TH has proangiogenic effects that can be partially attrib-
uted to VEGF (35). TH treatment has been shown to enhance
Vegfa expression through numerous mechanisms, including
directly through the nuclear TR and indirectly through in-
tegrin avb, Hif1a, PDGF-Akt, and modulation of steroid
production (36–42). Here, we present studies evaluating how
a loss of local T3 production by DIO2 will affect the interplay
between muscle stem cells and endothelial cells. Our data
show that the interactions between these two cell types are
altered in the absence of Dio2 as a result of changes in the
growth factor VEGF. We find that Vegfa is a direct genomic
target of T3, and further that Dio2 loss impairs Vegfa ex-
pression and VEGF production in the myoblast cell line
C2C12 during differentiation. This leads to decreased pro-
angiogenic effects on endothelial cells in vitro. In vivo,
D2KO mice have lower Vegfa and decreased numbers of
endothelial cells in their skeletal muscle both under basal
conditions and during regeneration after injury. Our data
highlight the importance of Dio2 in muscle stem cell–
endothelial cell crosstalk via regulation of VEGF.

Materials and Methods

C2C12 cell culture and treatments

Murine myoblast C2C12 cells were grown at 37�C in a
humidified 5% CO2 atmosphere and maintained in high-
glucose Dulbecco’s Modified Eagle Medium (DMEM)
with 20% fetal bovine serum (FBS) and 1% penicillin–
streptomycin (P–S) (Invitrogen, Carlsbad, CA). Disruption of
Dio2 in C2C12 cells using CRISPR/Cas9 (D2KO C2C12) has
been previously described (26). To induce differentiation,
C2C12 cells were plated at 104 cells/well in 12-well tissue
culture plates, grown to 90% confluence, and finally cultured
for five days in differentiation medium containing high-
glucose DMEM, 2% horse serum (HS), 1% P–S, and 1%
insulin–transferrin–selenium (Invitrogen). During differen-
tiation, conditioned medium (CM) was collected daily,
centrifuged at 1000 g for 10 minutes to remove debris, and
stored at -20�C until use. To determine the dose–response of
Vegfa to T3 C2C12, cells were differentiated in TH-free
differentiation medium supplemented with the indicated T3
dose for four days. To evaluate the effects of T3 supple-
mentation on Vegfa expression in D2KO C2C12 under nor-
mal TH conditions cells were differentiated in the presence of
additional 30 nM T3 for five days. To assess T3 responsive-
ness of Vegfa in differentiated C2C12, cells were differenti-
ated under normal conditions for five days, followed by a 24-
hour incubation in TH-free differentiation medium; then,
they were treated with TH-free differentiation medium plus
the indicated T3 dose for 24 hours. TH-free differentiation
medium was made by using resin-stripped HS (43).

Hypoxia was induced in differentiating cells for 48 hours
either by using a modular hypoxia chamber (1% O2, 5% CO2,
with N2 balance at 37�C) or by treating with 200 lM
CoCl2 (44).

VEGF measurement by enzyme-linked
immunosorbent assay

VEGF levels in culture medium of C2C12 cells were mea-
sured by using a VEGF Enyzme-Linked Immunosorbent
Assay KIT (R&D Systems, Minneapolis, MN) according
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to the manufacturer’s instructions and normalized by DNA
content. DNA was measured by using the Cyquant cell pro-
liferation kit (Molecular Probes, Eugene, OR) following the
manufacturer’s instructions.

Human umbilical vein endothelial cell culture

Cells were maintained at 37�C in a humidified 5% CO2

atmosphere. Human umbilical vein endothelial cells
(HUVECs) from a pool of donors (Cell Applications, San
Diego, CA) were cultured in endothelial growth medium
(EGM; Cell Applications) with 10% FBS in 25-cm2 flasks.
Cells were not used beyond seven passages. Unless otherwise
noted, all live cell imaging was performed on an Nikon
Eclipse Ti inverted microscope (Nikon, Melville, NY) by
using phase-contrast or fluorescence microscopy.

HUVEC proliferation

HUVECS were cultured in endothelial basal medium
(EBM-2; Cell Applications) –10% CM as indicated. In
experiments where the exogenous effects of VEGF were
evaluated, 2 ng/mL of recombinant human VEGF165

(rhVEGF; Thermo Fisher Scientific, Waltham, MA) was
added to restore the VEGF content in D2KO-CM to that
found in wildtype (WT)-CM. HUVEC number was deter-
mined by using Cell Counting Kit-8 (Dojindo Molecular
Technologies, Gaithersberg, MD) 48 hours after plating as
previously described (45).

Assessment of mesh formation and branching

To test the effects of CM collected from WT and D2KO
C2C12 cells on HUVEC angiogenic potential, mesh (tube)
formation and branching were analyzed as previously
described (45). Briefly, HUVECs (2 · 104 cells/mL) were
suspended in EBM-2 supplemented with 10% CM from
differentiated WT or D2KO C2C12 cells. HUVECs (100 lL/
well) were seeded in a Matrigel-coated (Corning Incorpo-
rated Life Sciences, Corning, NY) 96-well plate and incu-
bated for 2–4 hours. HUVECs were treated with 2 lM
Calcein AM Fluorescent Dye (Corning Incorporated Life
Sciences) for 30 minutes and subsequently imaged on an
inverted microscope at 10 · by using phase-contrast micros-
copy or fluorescent microscopy. The number of branches,
total branching length, number of meshes, and total mesh
area were calculated by using the Angiogenesis Analyzer
plugin for ImageJ.

Scratch assay

HUVECs were suspended in EGM, seeded at a density of
1 · 105 cells per well in a 12-well plate, and allowed to attach
overnight. The cell monolayer was scratched in a straight line
by using a p200 pipet tip. HUVECs were washed once with
EBM-2, then cultured in EBM-2 with 10% FBS and 10% CM
plus 2 ng/mL rhVEGF if indicated. To ensure that the same
field was used during image acquisition, reference points
were marked. During the 8–18 hour incubation period, the
plate was imaged periodically at 10 · by using phase-contrast
microscope. Scratch area was measured by using ImageJ.

Transwell migration assay

HUVECs were suspended in EBM-2 at 1.5 · 105 cells/mL
and added to the upper chamber of a 6.5 mm transwell insert
with 8.0 lm polycarbonate membrane (Corning Incorporated
Life Sciences). The lower chamber was filled with EBM-2
supplemented with 20% CM collected from either differen-
tiated WT or D2KO C2C12 cells. After three hours, HUVECs
that had migrated through the membrane were stained with
NucBlue live cell stain ReadyProbes reagent (Molecular
Probes) and imaged at 20 · by using a fluorescent micro-
scope. For each condition, the cells present in seven ran-
domly selected fields were counted.

RNA extraction and real-time quantitative polymerase
chain reaction

RNA was extracted from C2C12 cells, fluorescence-
activated cell sorting (FACS)-purified muscle stem cells, and
whole muscle by using Trizol (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Primers were
synthesized by Invitrogen, and mouse cyclophilin-A was
used as the internal reference gene. All primer sequences are
listed in Supplementary Table S1. Reverse transcription was
performed by using the high-capacity cDNA reverse tran-
scription kit (Thermo Fisher Scientific), according to the
manufacturer’s instructions. Gene expression was detected
by using SYBR Select Master Mix (Applied Biosystems,
Waltham, MA) on the LightCycler II (Roche, Burlington,
MA). The delta delta Ct method was used to calculate the fold
change in gene expression compared with WT control (36).

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed
as previously described. Briefly, C2C12 cells were fixed,
lysed, and sonicated to obtain 200–1000 bp DNA fragments.
Soluble chromatin was precleared by using 1 lg of nonim-
mune immunoglobulin G (Calbiochem, Burlington, MA)
and 30 lL of Protein G Plus/Protein A Agarose suspension
(Calbiochem) saturated with salmon sperm (1 mg/mL) and
then incubated with 1 lg of anti-TRa antibody (C3) (ab2743;
Abcam, Cambridge, MA) (46–48). Bound DNA–protein
complexes were eluted, cross-links were reversed, and sam-
ples were phenol–chloroform extracted and ethanol precipi-
tated and used for real-time quantitative polymerase chain
reaction.

In silico promoter analysis

Consensus TR binding sites (Matrix ID # M00239) with
a similarity of 0.73 or greater in the region from 1.5 kb up-
stream to 0.5 kb downstream of the transcription start site (TSS)
of the mouse Vegfa gene were identified by using TFBIND
(Supplementary Table S2) (49).

Animals

All animal studies were approved by the Institutional
Animal Care and Use Committees of Brigham and Women’s
Hospital or University of Naples ‘‘Federico II.’’ Mice were
male and 8–14 weeks of age. Mice with a global deletion
of the Dio2 gene (D2KO mice) were previously described
and were backcrossed into a C57BL/6J background (20). The
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tibialis anterior (TA) muscle of mice was injured by an in-
jection of 20 lL of 10 lM cardiotoxin as previously de-
scribed, and TA was collected on days 1, 3, 5, 7, and 14
postinjury (21). T3-treated mice received 4 lg of T3 in
phosphate-buffered saline (PBS) by intraperitoneal injection
(Sigma, St. Louis, MO), while control mice were injected
with PBS alone. TA, soleus, and gastrocnemius muscles were
collected 24 hours after treatment. Hypothyroidism was in-
duced by treating mice with 0.1% methimazole and 1%
KClO4 in drinking water for six weeks as described (46).

Immunofluorescence

TA and soleus muscles were frozen in dry ice-cooled
isopentane and embedded in Tissue-Tek O.C.T (Sakura,
Torrance, CA); 8 lm sections were cut by using a cryostat.
Muscle sections were permeabilized with 0.5% Triton
X-100/PBS for 20 minutes. Antigen retrieval was performed
by boiling in citrate buffer. Mouse antigen was blocked in
anti-mouse Affinipure Fab fragment ( Jackson Immuno-
Research, West Grove, PA) for one hour and incubated with
primary antibodies at 4�C overnight. Primary antibodies used
include: Anti-CD31 (1:50, AF3628-SP; R&D systems), anti-
PAX7 (1:50; DSHB, Iowa City, IA), and anti-VE-cadherin
(1:100, AF1002; R&D systems). Sections were incubated for
one hour at room temperature with donkey anti-mouse Alexa
Fluor 594 or donkey anti-goat Alexa Fluor 488 secondary
antibodies (1:1000; Invitrogen). All wash steps were perfor-
med by using 0.3% Triton X-100 in PBS. Samples were
mounted with Vectashield Mounting Medium with 4¢,6-
diamidino-2-phenylindole (Vector Laboratories, Burlin-
game, CA) and imaged with a Nikon H600L microscope by
using a 40 · objective (Nikon). Three fields per section were
quantified by using ImageJ.

Fluorescence-activated cell sorting

Endothelial cells and muscle stem cells were isolated from
TA as previously described (50). Briefly, the TA of WT and
D2KO mice were collected and digested in collagenase II
(75 U/mL), followed by digestion in dispase II (2.4 U/mL)/
collagenase D (1.5 U/mL) (Sigma). After passing through
a 40 lm cell strainer, cells were stained for CD45 (1:500,
phycoerythrin, 103106; Biolegend, San Diego, CA),
CD34 (1:200, fluorescein isothiocyanate, 560238; BD Bios-
ciences, San Jose, CA), CD31(1:500, PacBlue, 102422;
Biolegend), Sca1 (1:200, APC, 122512; Biolegend), and
a7-integrin (1:200, AF750, 75-0010-05; AbLab, Vancouver,
British Columbia, Canada). FACS was performed by using
a BD FACSAria II flow cytometer (BD Biosciences), and
data were analyzed by using FlowJo software (FlowJo
LLC, Ashland, OR). Muscle stem cells were identified
as lin-Sca1-a7+, while endothelial cells were CD45-CD31+

Sca1+CD34dim (50,51).

Statistical analysis

Data are presented as mean – standard error of mean.
Statistical analysis was performed by using GraphPad Prism
8.2 software (Graphpad, San Diego, CA), with p < 0.05 being
considered statistically significant. Details of analyses can be
found in the figure legends. All cell-based experiments were
repeated at least twice in duplicate with similar results unless

otherwise indicated, while the n of animal-based experiments
is indicated in the figure legends.

Results

Dio2 loss results in decreased VEGF
during C2C12 differentiation

Previous studies have shown in skeletal muscle after injury
that there is significant crosstalk between muscle stem cells
and other cell types in the muscle stem cell niche (28). We
sought to determine whether Dio2 loss alters the expression
of factors that are important for satellite cell–endothelial
interactions. To test this, we used the C2C12 murine myo-
blast cell line, which can be differentiated to mature myo-
tubes on serum withdrawal (21). We also employed a C2C12
cell line that we created in which the Dio2 gene was disrupted
by using CRISPR/Cas9 (D2KO C2C12) (26). As expected,
differentiation of C2C12 cells to myotubes resulted in a
marked increase in Dio2 expression (Supplementary Fig. S1)
(21). There was no significant difference between WT and
D2KO C2C12 cells in the expression of previously described
factors involved in myoblast–endothelial cell crosstalk dur-
ing differentiation such as Met, Igfr1, Fgfr1, or Fgfr3, while
Pdgfra was slightly increased in D2KO C2C12 cells after five
days of differentiation (Supplementary Fig. S2) (29). How-
ever, we did find that gene expression for VEGF (Vegfa), a
potent mediator of angiogenesis, was markedly different.
Vegfa gene expression was increased by 3.0-fold after four
days of differentiation in WT C2C12 cells (Fig. 1A). In
contrast, after four days of differentiation, Vegfa expression
in D2KO C2C12 was only 1.7-fold of basal level, and 46%
of WT levels (Fig. 1A). VEGF in the culture medium was
increased by 6.1-fold after three days of differentiation, but
this increase was significantly blunted in D2KO C2C12 cells,
which were 45% of WT levels at the same time (Fig. 1B).

Role of T3 in Vegfa expression

The increases in Dio2 during muscle stem cell differenti-
ation lead to increased T4 to T3 conversion, which potenti-
ates muscle stem cell differentiation (21); thus, we explored
the relationship between T3 and Vegfa expression. To ini-
tially assess the T3-responsiveness of the Vegfa gene in vitro,
we differentiated WT C2C12 cells for four days in media
containing serum that was resin-stripped to remove T3 and
then supplemented with various doses of replacement T3.
Addition of 1 nM T3 increased Vegfa expression by 46%
(Fig. 2A). A similar induction was observed when cells were
T3-treated for 24 hours after differentiation (Supplementary
Fig. S3). Further, T3 supplementation of D2KO C2C12
cells, differentiated under normal conditions, partially res-
cued Vegfa expression, leading to a 56% increase above
D2KO C2C12 levels (Fig. 2B).

In vivo, mice that were rendered hypothyroid by treating
them with TH synthesis inhibitors in their drinking water had
a dramatic 18-fold decrease in Vegfa expression in their
gastrocnemius muscle (Fig. 2C). When euthyroid mice were
treated by an intraperitoneal injection of 4 lg of T3, Vegfa
expression tended to be slightly increased (1.2-fold, p = 0.11)
in their gastrocnemius muscle 24 hours later (Fig. 2D), while
other T3-responsive marker genes such as Ucp3 and Hr were
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FIG. 1. Vegfa mRNA and VEGF protein during WT and D2KO C2C12 cell differentiation. Differentiation was initiated
on day 0, and cells were collected at the indicated time points. (A) Vegfa mRNA expression was measured by qPCR, while
(B) culture medium was collected to measure VEGF levels by enzyme-linked immunosorbent assay. VEGF was normalized
to DNA content. Statistical analysis was performed by two-way ANOVA followed by Sidak’s multiple-comparison test to
compare WT with D2KO at each time point. Values shown are mean – SEM, **p < 0.01, ***p < 0.001. ANOVA, analysis of
variance; SEM, standard error of mean; VEGF, vascular endothelial growth factor; qPCR, quantitative polymerase chain
reaction; WT, wildtype.

FIG. 2. Vegfa is a T3 target gene. Vegfa expression was measured by qPCR in (A) WT C2C12 cells differentiated in TH-
free differentiation medium with the indicated amount of T3 for four days and (B) WT and D2KO C2C12 cells differ-
entiated –30 nM T3 for five days. Vegfa expression in the gastrocnemius muscle of mice that were (C) hypothyroid or
(D) treated with 4 lg T3 for 24 hours (n = 3–6/group). (E) ChIP was performed on WT C2C12 cells by using anti-TRa, and
the percentage (%) of TRa-bound chromatin enriched for Vegfa in WT C2C12 cells was determined by using qPCR (n = 2).
(F) Potential TR binding sites identified by in silico analysis of the Vegfa gene are indicated by circles with the TSS at +1.
(G) Sequence of the first four consensus TR binding sites identified upstream of the Vegfa TSS. The sequence matching the
consensus site is highlighted in gray, while the region corresponding to the conserved AGGTCA is indicated by an arrow.
Values shown are mean – SEM. *p < 0.05, ***p < 0.001 by one-way ANOVA followed by Tukey’s multiple comparison test
(A, B) or unpaired Student’s t-test (C, D, F). TSS, transcription start site; ChIP, chromatin immunoprecipitation; TH,
thyroid hormone; TR, thyroid hormone receptor; T3, 3,3¢,5-triiodothyronine.
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increased 3.9-fold and 4.7-fold, respectively, confirming the
effectiveness of this treatment (data not shown).

TRa was previously reported to be the predominant TR
isoform in skeletal muscle (52). ChIP, using a TRa antibody to
determine whether Vegfa is a direct T3-target gene, indicated
substantial enrichment of TRa binding (Fig. 2E). In silico
analysis of the Vegfa gene (from 1.5 kb upstream to 0.5 kb
downstream of the TSS) identified 17 potential consensus TR
binding sites (Fig. 2F and Supplementary Table S2). The first
four sites upstream of the TSS are shown in Figure 2G. Taken
together, our data strongly suggest that the Vegfa gene is a
direct T3 target and that the upregulation of Vegfa during
differentiation requires T4 to T3 conversion by DIO2.

Assessment of the consequences of Dio2 loss
in C2C12 cells on endothelial cell function

After four days of differentiation, the amount of VEGF in
WT C2C12 CM was 2.5-fold that of D2KO C2C12 cells
(Fig. 1B). To assess the impact of the different amounts of
VEGF produced by WT and D2KO C2C12 cells on endo-
thelial cell function, we incubated HUVECs with either WT
or D2KO CM. Initially, we assessed the effects of WT and
D2KO CM supplementation on HUVEC growth. We found
that the supplementation of HUVEC basal growth medium
with WT-CM significantly increased HUVEC cell number
1.4-fold after 48 hours (Fig. 3A). In contrast, the addition of
D2KO-CM slightly increased HUVECs cell number 1.1-fold,
which was further augmented to 1.3-fold by exogenous
rhVEGF addition (Fig. 3A). Addition of rhVEGF alone in-
creased cell number by 1.1-fold (data not shown).

We also assessed the effects of WT- or D2KO-CM addition
on HUVEC angiogenesis in vitro by quantitating branch-
ing and the formation of tube-like mesh structures. When
HUVECs were supplemented with D2KO-CM versus WT-
CM, there was no change in the absolute number of branches
formed, but total branch length was decreased by 17%, while
the number of tube-like mesh structures and total mesh area
were decreased by 39% and 85%, respectively (Fig. 3B–F).

Effects on endothelial cell migration were evaluated by
using the scratch test. The percentage of wound closure was
21% less in HUVECs cultured with D2KO-CM than that with
WT-CM (Fig. 3G, H). We found that the number of HUVECs
that migrated through the transwell membrane to D2KO-CM
was 66% less compared with migration toward WT-CM
(Fig. 3I, J). Exogenous rhVEGF addition to D2KO-CM sig-
nificantly increased HUVEC migration to levels approaching
that of WT-CM (Fig. 3I, J).

D2KO mice have lower Vegfa expression
and fewer endothelial cells in soleus muscle

To extend the in vitro results, we examined the effects of
Dio2 loss in vivo in the skeletal muscle of mice with a global
disruption of the Dio2 gene (D2KO mice). We focused on
changes in the soleus muscle, since DIO2 is highest in this
slow-twitch skeletal muscle (53). Vegfa was significantly
decreased by 28% in D2KO mice (Fig. 4A). Expression of the
VEGF receptor, VEGFR2 (Kdr), was decreased by 27%
while the expression of the decoy VEGF receptor that can
antagonize VEGF-action VEGFR1 (Flt1) (54) was not sig-
nificantly changed (Fig. 4A). Expression of PCG-1a (Pparg-
c1a), an upstream regulator of Vegfa, was also significantly

decreased by 31% in D2KO soleus muscle (55). Expression
of the endothelial cell marker CD31 (Pecam1) was de-
creased by 25%, while VE-cadherin (Cdh5), a major en-
dothelial adhesion molecule that controls endothelial cell
junctions and blood vessel formation (56), was decreased by
23%. Expression of the muscle stem cell marker Pax7 was
not significantly different. Immunostaining for CD31 was
decreased by 48% and while VE-cadherin trended toward
being decreased (an 18% reduction, p = 0.06), indicating
that there were significantly fewer endothelial cells in
D2KO soleus and a trend toward less blood vessel formation
(Fig. 4B, C and Supplementary Fig. S4). Staining for the
muscle stem cell marker PAX7 was decreased by 60% in
D2KO soleus muscle under basal conditions (Fig. 4B, D).
Taken together, our in vivo data corroborate our in vitro
findings that Dio2 loss results in reduced Vegfa expression
and endothelial cell number.

Response of D2KO skeletal muscle to injury

To determine how Dio2 loss affects Vegfa and endothelial
cell response during skeletal muscle regeneration, we injured
the TA muscle of WT and D2KO mice by an injection of
cardiotoxin (a component of snake venom). Vegfa expression
and endothelial cell number were evaluated at time points
that are associated with activation (1 day postinjury [dpi]),
proliferation (3 and 5 dpi), differentiation (5 and 7 dpi), and
maturation (14 dpi) of skeletal muscle stem cells after injury
(57). Vegfa expression was slightly decreased in the unin-
jured D2KO TA at 0 dpi (Fig. 5A). After injury, Vegfa ex-
pression initially declined in the damaged tissue, reaching a
nadir at 3 dpi, and it then steadily increased over time;
however, there was no difference between WT and D2KO
mice (Fig. 5A). A similar pattern of expression was observed
for the endothelial cell marker Pecam1, and the muscle stem
cell marker Pax7, and there was also no difference between
WT and D2KO mice (Fig. 5B, C). We also observed no
differences in the expression of Dio3 between WT and D2KO
mice at any time after injury, suggesting no compensatory
changes in this TH-inactivating enzyme at the transcriptional
level (data not shown). Immunostaining of WT and D2KO
muscle indicated that CD31 tended to be lower (24%,
p = 0.08) in D2KO muscle at 7 dpi (Fig. 5D, E), while staining
for VE-cadherin was not different between either genotype at
any time point after injury (Supplementary Fig. S5). Staining
for the muscle stem cell marker PAX7 was also significantly
lower by 49% in D2KO 14 days after injury (Fig. 5D, F).

Vegfa can also be expressed in other cell types in skeletal
muscle besides muscle stem cells (58,59). Thus, we evaluated
the specific contribution of muscle stem cells by measuring
Vegfa levels in FACS-purified muscle stem cells. Vegfa
expression was significantly decreased by 88% in D2KO
muscle stem cells five days after injury, while there was a
trend toward a decrease seven days after injury (83% de-
crease, p = 0.14) (Fig. 5G). Flow cytometry analysis of in-
jured tissues indicated that there were 36% fewer endothelial
cells seven days after injury in D2KO mice (Fig. 5H).

Blood vessel loss after injury results in hypoxia that
stimulates Vegfa expression leading to increased angiogen-
esis (54). We further explored whether Dio2 loss would
affect this mechanism. WT and D2KO C2C12 cells were dif-
ferentiated for 48 hours under 1% O2, and Vegfa expression
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was evaluated. Hypoxia led to a 1.8-fold induction of Vegfa in
WT C2C12 cells and a 2.2-fold induction in D2KO C2C12
cells when compared with the basal levels for each cell type
(Fig. 5I). Nevertheless, the overall response to hypoxia was
slightly lower by 19% in D2KO C2C12 cells when compared
with the response of WT C2C12 cells. Treatment with the
hypoxia mimetic CoCl2 showed comparable results (Sup-
plementary Fig. S6). Under these conditions, Dio3 expression

was barely detectable, and thus it is unlikely that changes in
TH inactivation are contributing to these results.

Discussion

This study defines a role for DIO2-mediated T3 production
in muscle stem cell–endothelial cell crosstalk during skeletal
muscle regeneration. We found that Vegfa is a target of

FIG. 3. Consequences of
Dio2 loss in C2C12 cells on
endothelial cell function. CM
was collected from WT or
D2KO C2C12 differentiated
for four days and used to
treat HUVECs. (A) Cell
number after 48 hours of
growth in EBM plus the
indicated additions, (B–F)
branch (indicated by arrow)
and mesh (indicated by a
star) formation were quanti-
tated. (G, H) Confluent
HUVECs were scratched
with a pipet tip, and the area
remaining after
regrowth – supplementation
with either WT- or D2KO-
CM (indicated between black
lines) was determined after
11 hours. (I, J) HUVEC
migration through a transwell
insert toward a lower cham-
ber containing WT-or
D2KO-CM was determined.
Cells were stained with
NucBlue live cell stain.
Values shown are mean –
SEM. *p < 0.05, **p < 0.01,
***p < 0.001 by one-way
ANOVA followed by
Tukey’s multiple-
comparison test (A, J) or
unpaired Student’s t-test
(C–F, H). Dio2, type 2
deiodinase; CM, conditioned
medium; HUVEC, human
umbilical vein endothelial
cell; EBM, endothelial basal
medium.
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genomic T3 action in the muscle stem cell, and that increases
in Dio2 in this cell type potentiate Vegfa expression during
differentiation. Dio2 loss leads to decreased Vegfa mRNA
and secreted VEGF protein levels, altering the downstream
effects on endothelial cells both in vitro and in vivo. Although
it has been previously shown that a Dio2-mediated increase
in T3 in satellite cells is required for differentiation to mature
myotubes (21), our current study also demonstrates that this
increase can indirectly impact other cell types in the muscle
stem cell niche by regulating the production of secreted
growth factors.

A disruption of the Dio2 gene results in decreased Vegfa
mRNA expression in C2C12 cells during differentiation. Our
data indicate that this change in expression is likely a direct
effect of diminished DIO2-mediated T3 production, since we
have identified TR-binding sites and numerous potential TH
response elements in the Vegfa promoter by using ChIP and
in silico analysis, respectively. Although no classical direct
repeats with four base pair spacing (DR-4) arrangements of
consensus binding half-sites were identified (1), it is possible
that other weaker binding sites may contribute to the func-
tionality of these regions. In vivo studies further indicated that
Vegfa gene expression was markedly T3 responsive in the
hypothyroid to euthyroid range. Our data supporting a direct
genomic role for T3 in Vegfa expression are in agreement
with other studies in which TRa knockdown in osteoblasts
decreased the T3-dependent induction of Vegfa (60).

We cannot discount indirect effects of T3 on Vegfa ex-
pression that could also be affected by Dio2 loss, as there are
many T3-responsive pathways that converge to regulate the
Vegfa gene. For example, Dio2 loss results in decreased ex-
pression of the T3-responsive PGC-1a gene in skeletal
muscle (26,61,62). Vegfa expression is also regulated by
PGC-1a, and thus lower levels of this coactivator may

contribute to its decreased expression (55). HIF-1a, a potent
regulator of Vegfa during hypoxia, is also T3 responsive
(36,39,40). Although the overall levels of Vegfa expression
after hypoxia were lower in D2KO C2C12 cells as a result of
lower levels of basal expression, there was no difference in
the Vegfa response to hypoxia between WT and D2KO
C2C12 cells, indicating that Dio2 loss does not impair this
pathway.

Non-genomic T3 action via integrin avb3 also can induce
Vegfa expression (35,63); however, single-cell sequencing
data from the Tabula Muris database indicate that muscle
stem cells do not express integrin b3, thus suggesting that this
mechanism is not relevant in the muscle stem cell (59).
Nevertheless, D2KO muscle has less T3 derived from T4, and
lower T3 content (20,25). Further, D2KO mice have elevated
serum T4 levels (24). Thus, we cannot rule out that alter-
ations in T3 and/or T4 in this mouse model could lead to
effects on muscle endothelial cells and vascularization
through integrins present in other cell types.

Our data indicate that under basal conditions, the number
of endothelial cells and Pax7+ satellite cells were decreased
in D2KO soleus muscle. In contrast, we observed no differ-
ences in the number of either cell type in the TA muscle.
Soleus, a slow oxidative muscle, is highly T3 responsive, and
it is dramatically affected by the loss of either TR or Dio2
but whether this directly affects muscle stem cell number
or endothelial cell number is unknown (26,64,65). Never-
theless, Dio2 expression increases dramatically in the TA
after injury, and muscle regeneration is impaired in D2KO
mice (21). Our studies identified additional defects in the
repair process of D2KO mice, with the number of endothelial
cells in their injured muscle being significantly lower at seven
days after injury. However, this difference was no longer
apparent by 14 days after injury, indicating that there is

FIG. 4. Expression of Vegfa and related genes and endothelial cell number in WT and D2KO soleus. (A) Expression of
the indicated genes was measured by qPCR in WT and D2KO soleus (n = 3–6 mice/group). (B–D) Immunostaining and
quantification of WT and D2KO soleus with CD31 (green), and PAX7 (magenta). Nuclei were stained blue with DAPI.
Mean – SEM are shown, *p < 0.05, **p < 0.01, ***p < 0.001 by unpaired Student’s t-test. DAPI, 4¢,6-diamidino-2-
phenylindole.
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delay, but not overall impairment, in the re-establishment of
endothelial cell number in D2KO mice. Despite this differ-
ence, there was no change between WT and D2KO Vegfa
expression levels in the injured whole TA. However, Vegfa
expression was lower in FACS-isolated D2KO muscle stem
cells on days 5 and 7 after injury. This discrepancy could be
due to other cell types, such as mesenchymal stem cells

and endothelial cells, which also express Vegfa, not being
affected by loss of Dio2.

Previous findings indicate that the close proximity between
muscle stem cells and endothelial cells facilitates paracrine
interactions between these two cell types (31), supporting the
concept that VEGF supplied by muscle stem cells may
preferentially impact the function of adjacent endothelial

FIG. 5. The role of Dio2 in Vegfa response to TA injury and hypoxia. WT and D2KO mice were injured by cardiotoxin
injection in the TA and collected at the indicated dpi. (A–C) mRNA expression levels were measured via qPCR in whole
TA (n = 3–7 mice/group). (D–F) Immunostaining and quantitation of WT and D2KO TA muscle after injury with CD31
(green), and PAX7 (magenta). Nuclei were stained blue with DAPI. (G) FACS-purified muscle stem cells (lin-Sca1-a7+)
were collected, and Vegfa expression levels were measured via qPCR. (H) Endothelial cells (CD45-CD31+Sca1+) were
analyzed by FACS and are shown as the % of total live cells. (I) WT and D2KO C2C12 were differentiated for four days
under 20% or 1% O2, and Vegfa expression levels were measured. Values shown are mean – SEM. *p < 0.05, ***p < 0.001
by two-way ANOVA followed by Sidak’s multiple-comparison test. dpi, days postinjury; FACS, fluorescence-activated cell
sorting; TA, tibialis anterior.
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cells. In agreement with this, our in vitro data showed that
treatment of HUVECs with CM from a myoblast cell line
without Dio2 led to less proliferation, migration, and capil-
lary network formation, which could be ameliorated by
exogenous VEGF treatment. This further strengthens the
premise that Dio2-expressing muscle stem cells provide se-
creted factors, which can affect endothelial cell function.
Although these studies have focused on changes in Vegfa, we
cannot rule out that Dio2 loss may lead to alterations in other
as-yet-to-be-determined factors.

We observed that the number of Pax7+ muscle stem cells
was lower in the D2KO soleus muscle under basal conditions
when compared with WT; however, the number of muscle
stem cells was not different in the TA. Although we do not
know the cause of this difference at this time, we speculate
that it may be related to differences in fiber type composition
between the two muscles. In this regard, DIO2 activity is
higher in slow oxidative muscle than fast glycolytic muscle
(53), and soleus is composed primarily of slow oxidative
fibers, while the TA has a mixed fiber type (66). After in-
jury, we found there were less Pax7+ muscle stem cells D2KO
TA at 14 dpi, consistent with a delayed regeneration of
D2KO muscle. Of note, the decrease in Pax7+ cell number
in D2KO mice is not correlated with a decrease in Pax7
mRNA, suggesting that D2KO muscle stem cells may ex-
press more of this transcription factor. Alternatively, the
PAX7 protein is regulated both translationally and post-
translationally, and this may account for the differences
observed (67,68).

These results suggest that the manipulation of T3 lev-
els, via modulation of Dio2, could be used to alter Vegfa
expression and VEGF levels to regulate angiogenesis
therapeutically. For example, various strategies to increase
VEGF-action have been shown to improve vascularity and
muscle function in a mouse model of muscular dystrophy,
suggesting that upregulation of Dio2 could be useful in this
disease (69–71). Inhibition of VEGF is also a major strategy
to decrease vascularity of tumors (54). Since increases in
Dio2 have been recently associated with the progression of
squamous cell carcinomas to advanced stages (47), our data
raise the possibility that an inhibition of Dio2 might de-
crease Vegfa and vascularity of these tumors, leading to
lower invasiveness and metastases. Taken together, these
possibilities further reinforce the potential of Dio2 as a
therapeutic target.

In conclusion, we have found that Dio2 facilitates com-
munication between muscle stem cells and endothelial cells
during muscle regeneration by the T3-dependent regulation
of Vegfa in the muscle stem cell. Muscle stem cells also
interact with other cells in the muscle stem cell niche, such
as fibroadipogenic progenitors, macrophages, T regulatory
cells, pericytes, and fibroblasts, under both basal conditions
and during muscle repair (28). Future studies will further
define how Dio2 in the muscle stem cell affects interactions
with these other cell types, highlighting the importance of
spatiotemporal regulation of T3 delivery by Dio2 in skeletal
muscle.
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