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Abstract: FOXC2 is a member of the human forkhead-box gene family and encodes a regulatory
transcription factor. Mutations in FOXC2 have been associated with lymphedema distichiasis (LD),
an autosomal dominant disorder that primarily affects the limbs. Most patients also show extra
eyelashes, a condition known as distichiasis. We previously reported genetic and clinical findings in
six unrelated families with LD. Half the patients showed missense mutations, two carried frameshift
mutations and a stop mutation was identified in a last patient. Here we analyzed the subcellular
localization and transactivation activity of the mutant proteins, showing that all but one (p.Y109*)
localized to the nucleus. A significant reduction of transactivation activity was observed in four
mutants (p.L80F, p.H199Pfs*264, p.I213Tfs*18, p.Y109*) compared with wild type FOXC2 protein,
while only a partial loss of function was associated with p.V228M. The mutant p.I213V showed a very
slight increase of transactivation activity. Finally, immunofluorescence analysis revealed that some
mutants were sequestered into nuclear aggregates and caused a reduction of cell viability. This study
offers new insights into the effect of FOXC2 mutations on protein function and shows the involvement
of aberrant aggregation of FOXC2 proteins in cell death.

Keywords: lymphedema distichiasis; FOXC2; nuclear transcription factor; functional analysis;
transactivation activity; cell death; nonsense-mediated decay

1. Introduction

The forkhead transcription factor C2 (FOXC2) plays a key role in regulation of lymphatic
endothelial cell differentiation, formation of smooth muscle cell layers and morphogenesis of lymphatic
valves during embryogenesis. Dominant mutations in the FOXC2 gene (MIM *602402) are linked
to lymphedema-distichiasis (LD) syndrome (MIM #153400) and cause pleiotropic effects in different
types of tissue [1–3]. Indeed, the syndrome is characterized by variable age of onset and clinical
findings, including extradural cysts, heart defects, cleft palate, fetal cystic hygroma and hydrops [4–6].
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Recent studies have demonstrated that FOXC2 is also a crucial regulator of several hallmarks of cancer
progression [7–10]. In tumor cells, FOXC2 overexpression has been shown to promote proliferation,
epithelial-mesenchymal transition (EMT), metastases and drug resistance [11–14]. In vascular
endothelial cells, FOXC2 promotes expression of multiple genes that enhance angiogenesis [15,16].
Despite the significant involvement of FOXC2 in many oncogenic functions, much remains to be
clarified regarding the molecular mechanisms of their induction.

The FOXC2 gene at 16q24.3 produces a transcript from a 1.5-kb single exon coding region. The 501
amino acid FOXC2 protein contains: (i) a transactivation domain 1 (AD-1) extending from the first
amino acid to the forkhead DNA binding domain (FHD, amino acid 71); (ii) the FHD (amino acids 71
to 162) with nuclear localization signal 1 (NLS1, amino acids 78-93) [17]; (iii) a central region, where the
NLS2 sequence (amino acids 168-176) and some conserved phosphorylation and SUMOylation sites
were recently identified, conferring a negative regulative role to this sequence [18,19]; (iv) a C-terminal
sequence, consisting of a second transactivation domain (AD-2, amino acids 395-494) and an inhibitory
region (ID2, amino acids 495-501) (Figure 1A) [18,20].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 3 of 18 

 

 

Figure 1. Structural domains of FOXC2 protein and FOXC2 gene mutations. (A) In the schematic 
representation of FOXC2 (amino acids 1–501), activation domain 1 (AD-1) is between amino acids 1 
and 70. The forkhead domain (FHD, amino acids 71–162) is the DNA-binding region and also 
contains nuclear signal 1 (NLS1, amino acids 78–93). The central region (amino acids 163–394) 
includes NLS2, located between amino acids 168 and 176, two SUMOylation motifs and eight 
phosphorylation sites. The C-terminal region includes activation domain 2 (AD-2, amino acids 395–
494) and inhibitory domain 2 (ID-2, amino acids 494–501). The sites of the mutations analyzed in this 
study are indicated in the scheme. (B) Percentages of different FOXC2 mutations identified in 
lymphedema-distichiasis patients. 

2. Results 

2.1. Mutation Analysis  

The clinical features of the patients included in our study have already been reported [23]. The 
main molecular and clinical findings are summarized in Table 1. Briefly, all patients showed 
lymphedema of the lower limbs, varying widely in degree. Half of them also had distichiasis. No 
evidence of heart defects, cleft palate, extradural cysts or other distinctive features were reported, 
except for varicose veins, cellulitis and spinal extradural cysts in Patient 2, and varicose veins, 
cardiac arrhythmia and upslanting toenails in Patient 3. No superficial or deep venous insufficiency 
or recurrent erysipelas was observed. 

2.2. In Vitro Characterization of FOXC2 Mutations  

To determine whether the different mutations affected FOXC2 function, altering nuclear 
localization or impairing transactivation activity, we subcloned wild type FOXC2 cDNA into a 
pcDNA3.1/NT-GFP-TOPO expression vector and performed specific site-directed mutagenesis. 
Then we transfected HeLa cells with FOXC2-GFP mutant plasmids and performed Western blot, 
immunofluorescence and transactivation analysis.  

Figure 1. Structural domains of FOXC2 protein and FOXC2 gene mutations. (A) In the schematic
representation of FOXC2 (amino acids 1–501), activation domain 1 (AD-1) is between amino acids 1
and 70. The forkhead domain (FHD, amino acids 71–162) is the DNA-binding region and also contains
nuclear signal 1 (NLS1, amino acids 78–93). The central region (amino acids 163–394) includes NLS2,
located between amino acids 168 and 176, two SUMOylation motifs and eight phosphorylation sites.
The C-terminal region includes activation domain 2 (AD-2, amino acids 395–494) and inhibitory domain
2 (ID-2, amino acids 494–501). The sites of the mutations analyzed in this study are indicated in the
scheme. (B) Percentages of different FOXC2 mutations identified in lymphedema-distichiasis patients.

The majority of FOXC2 mutations linked to lymphedema-distichiasis syndrome are insertion/

deletion (73%) and nonsense mutations (10%) (Figure 1B) [2,21–23]. In most cases, they are presumed
to cause loss of the gene product because their mRNAs contain a premature termination codon (PTC)
and are thus eliminated through the nonsense-mediated decay (NMD) pathway [24]. However, in the
specific case of FOXC2, NMD should only be considered a theoretical hypothesis, because no data is
available on the lack of FOXC2 mutated mRNAs or proteins in different biological tissues of affected
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subjects. In a small percentage of patients (1–2%), complex rearrangements have also been found,
leading to complete loss of protein expression. Finally, almost 15–17% of LD patients carry FOXC2
missense mutations scattered along the coding sequence (www.hgmd.cf.ac.uk) [23,25]. A few have
been investigated functionally by luciferase assay [26,27]. Those located in the forkhead domain impair
DNA-binding and transcriptional activation [17,26], while those located outside the forkhead domain
can cause loss or gain of function [27].

It may be supposed that the pathogenesis of LD is mostly associated with FOXC2 haploinsufficiency.
However in a restricted number of patients, a gain in FOXC2 function has been observed and
demonstrated to be equally harmful [26,27]. The molecular mechanisms underlying lymphatic system
damage have yet to be explained, and the functional role of most of the mutations identified in LD
patients remains largely unexplored.

In this study, we performed the functional characterization of different types of mutations
identified in six unrelated families with LD to obtain insights into structure-function relationships of
FOXC2 transcription factor. We also explored the involvement of some FOXC2 mutant proteins in
cell death.

2. Results

2.1. Mutation Analysis

The clinical features of the patients included in our study have already been reported [23]. The main
molecular and clinical findings are summarized in Table 1. Briefly, all patients showed lymphedema of
the lower limbs, varying widely in degree. Half of them also had distichiasis. No evidence of heart
defects, cleft palate, extradural cysts or other distinctive features were reported, except for varicose
veins, cellulitis and spinal extradural cysts in Patient 2, and varicose veins, cardiac arrhythmia and
upslanting toenails in Patient 3. No superficial or deep venous insufficiency or recurrent erysipelas
was observed.

2.2. In Vitro Characterization of FOXC2 Mutations

To determine whether the different mutations affected FOXC2 function, altering nuclear
localization or impairing transactivation activity, we subcloned wild type FOXC2 cDNA into
a pcDNA3.1/NT-GFP-TOPO expression vector and performed specific site-directed mutagenesis.
Then we transfected HeLa cells with FOXC2-GFP mutant plasmids and performed Western blot,
immunofluorescence and transactivation analysis.

Immunoblot detection of nuclear extracts allowed identification of a FOXC2 protein of almost 80
kDa from transfection of wild type (pFOXC2-GFP) and missense mutant plasmids (pFOXC2(L80F)-GFP;
pFOXC2(I213V)-GFP; pFOXC2(V228M)-GFP) (Figure 2A, lanes 3, 5 and 7). Instead, two truncated
proteins of 76 and 51 kDa were detected after pFOXC2(H199Pfs*264)-GFP and pFOXC2(I213Tfs*18)-GFP
transfection, respectively (Figure 2A, lanes 4 and 6). Western blot analysis showed similar stable
expression of all FOXC2 nuclear recombinant proteins (Figure 2A). Unlike other mutations, p.Y109* was
only detected in cytoplasmic extracts of transfected cells as a truncated protein of 37 kDa (Figure 3A,
lane 4). The missense and the wild type FOXC2 proteins showed a typical phosphorylation pattern with
multiple immunoreactive bands. On the contrary, the p.H199Pfs*264 and p.Y109* mutations gave rise
to single bands, having lost the phosphorylation sites in the central region of FOXC2 protein (Figure 2A,
lanes 4; Figure 3A lane 4). The I213Tfs*18 mutation also lacked the canonical phosphorylation sites of
FOXC2 protein. However it contained some new sites in the amino acid sequence due to frameshift
(Figure 2A, lane 6).

www.hgmd.cf.ac.uk
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Table 1. Summary of molecular and clinical data of patients.

Patient
(Age) Mutation Protein Domain

Transcriptional
Activity of

Mutant Protein *
Age of Onset Lymphedema Distichiasis *** Heart Defects/Other

Clinical Findings

1 M
(44 y) L80F NLS/

FHD 30% 19 y left foot no no

2 M
(48 y) Y109* FHD nd 13 y feet and ankles yes varicose veins, cellulitis,

spinal extradural cysts

3 F
(53 y) H199Pfs*264 Central region 28% 27 y right foot yes

varicose veins,
cardiac arrhythmia,
upslanting toenails

4 F
(39 y) I213V Central region 103% 28 y left foot no no

5 F
(54 y) I213Tfs*18 Central region 30% 12 y both feet yes no

6 F
(8 y) V228M Central region 70% congenital right foot no no

* The percentage of transcriptional activity of FOXC2 mutant proteins was calculated taking FOXC2 wild type signal as 100% (Luciferase reporter assay). *** Patients were examined for
evidence of distichiasis by an ophthalmologist using a slit lamp. M: Male; F: Female.
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Figure 2. FOXC2 protein expression of mutant recombinant plasmids. (A) Western blot analysis
of exogenous FOXC2 protein expression in HeLa cells transfected with wild type and mutant
plasmids (pFOXC2-GFP; pFOXC2(L80F)-GFP; pFOXC2(H199Pfs*264)-GFP; pFOXC2(I213V)-GFP;
pFOXC2(I213Tfs*18)-GFP; pFOXC2(V228M)-GFP); lane 1 referred to nontransfected HeLa cells;
(B) Immunofluorescence detection of FOXC2 mutant proteins in HeLa cells after transient transfection.
HeLa cells were transfected with one of the following plasmids: pFOXC2-GFP, pFOXC2(L80F)-GFP;
pFOXC2(H199Pfs*264)-GFP; pFOXC2(I213V)-GFP; pFOXC2(I213Tfs*18)-GFP; pFOXC2(V228M)-GFP)
and fixed with 3% paraformaldehyde 24 h later. The nuclear localization of all FOXC2 mutant
proteins was detected by direct immunofluorescence analysis of plasmids tagged with GFP (in green);
40×magnification. Scale bar: 10 µm. The frameshift and pL80F mutations gave rise to nuclear FOXC2
protein aggregates; (C) Immunofluorescence evaluation of HeLa cells transiently transfected with
pFOXC2-GFP, pFOXC2(L80F)-GFP; pFOXC2(H199Pfs*264)-GFP. Mutations p.L80F and p.H199Pfs*264
determined abnormal protein assembly. In green, FOXC2 proteins tagged with GFP and in blue cell
nuclei stained with DAPI; 40×magnification. Scale bar: 10 µm.
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We then investigated whether the subcellular localization of the FOXC2 mutant proteins was 
affected. Immunofluorescence analysis revealed a homogeneous nuclear distribution of wild type 
FOXC2 protein (Figure 2B). None of the disease mutations identified in our patients affected nuclear 
localization except p.Y109* (Figure 3B). In agreement with the Western blot results (Figure 3A, lane 
4), this mutant showed cytoplasmic staining and protein aggregates (Figure 3B). The p.H199Pfs*264 
and p.I213Tfs*18 FOXC2 mutants caused production of nuclear aggregates (Figure 2C). In our 
system, the p.L80F FOXC2 mutant protein also induced intranuclear protein aggregation (Figure 
2C). The last two mutant proteins, p.I213V and p.V228M, showed a homogeneous fluorescent signal 
like the wild type FOXC2 (Figure 2B). Expression vectors without TAG were used to transfect HeLa 
cells with wild type, frameshift and missense FOXC2 sequences; immunofluorescence analysis 
performed using FOXC2 antibody revealed comparable data to those obtained transfecting 
GFP-FOXC2 proteins (Supplementary Figure S1).  

Finally, we investigated the ability of mutant proteins to activate a luciferase reporter vector. 
The p.R121H mutation was included as negative control in our experiment because it was 
previously tested in a luciferase assay and showed total loss of function [17,27]. Mutant proteins 
p.L80F, p.H199Pfs*264 and p.I213Tfs*18 activated the luciferase reporter vector by 30, 28 and 36%, 
respectively, compared to wild type FOXC2 protein (Figure 4; p = 0.04, p = 0.045, p = 0.047). These 

Figure 3. Exogenous expression of p(Y109*) FOXC2 mutant protein. (A) Western blot analysis of
exogenous FOXC2 protein expression from nuclear (lanes 1 and 2) and cytoplasmic (lanes 3 and
4) protein extracts of HeLa cells transfected with control and pFOXC2(Y109*)-GFP mutant plasmid;
(B) immunofluorescence detection of control (nuclear) and p.Y109* (cytoplasmic) FOXC2 protein in
HeLa cells 24 h after transfection. FOXC2 proteins were localized by direct immunofluorescence
analysis of plasmids tagged with GFP (in green); 40×magnification. Scale bar: 10 µm.

We then investigated whether the subcellular localization of the FOXC2 mutant proteins was
affected. Immunofluorescence analysis revealed a homogeneous nuclear distribution of wild type
FOXC2 protein (Figure 2B). None of the disease mutations identified in our patients affected nuclear
localization except p.Y109* (Figure 3B). In agreement with the Western blot results (Figure 3A, lane 4),
this mutant showed cytoplasmic staining and protein aggregates (Figure 3B). The p.H199Pfs*264 and
p.I213Tfs*18 FOXC2 mutants caused production of nuclear aggregates (Figure 2C). In our system,
the p.L80F FOXC2 mutant protein also induced intranuclear protein aggregation (Figure 2C). The last
two mutant proteins, p.I213V and p.V228M, showed a homogeneous fluorescent signal like the
wild type FOXC2 (Figure 2B). Expression vectors without TAG were used to transfect HeLa cells
with wild type, frameshift and missense FOXC2 sequences; immunofluorescence analysis performed
using FOXC2 antibody revealed comparable data to those obtained transfecting GFP-FOXC2 proteins
(Supplementary Figure S1).

Finally, we investigated the ability of mutant proteins to activate a luciferase reporter vector.
The p.R121H mutation was included as negative control in our experiment because it was previously
tested in a luciferase assay and showed total loss of function [17,27]. Mutant proteins p.L80F,
p.H199Pfs*264 and p.I213Tfs*18 activated the luciferase reporter vector by 30, 28 and 36%, respectively,
compared to wild type FOXC2 protein (Figure 4; p = 0.04, p = 0.045, p = 0.047). These mutations impaired
more than 50% of FOXC2 activity. The p.V228M mutation also decreased transcription activity, but only
by 30% with respect to FOXC2 wild type (p = 0.11). Instead, the I213V mutation showed transcription
activity slightly higher than that of the FOXC2 control protein (Figure 4; p = 0.9). The p.Y109* mutant
protein was excluded from this set of experiments since it was previously demonstrated as unable to
localize in the nucleus (Figure 3B). GFP-FOXC2 fusion proteins recapitulated transcriptional activity of
FOXC2 mutant proteins without TAG.
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Figure 4. Transactivation activity of control and mutant FOXC2 proteins. Luciferase assays were used
to measure protein transactivation. Transactivation activity of control and mutant FOXC2-GFP fusion
proteins (squares with uniform colors) and mutant FOXC2 proteins without any tag (bars with diagonal
stripes), compared with that of empty vector in HeLa cells, is indicated in fluorescence units (vertical
axis). Thick bar: mean value, error bar: SD. Significant differences were detected by Student’s t-test.
p-values <0.05 and <0.01 were considered significant and indicated * and **, respectively.

2.3. Cell Death Induction of Mutant FOXC2 Proteins

Observation of abnormal nuclear aggregation of some FOXC2 mutant proteins led us to speculate
that it could induce cell death. Therefore, wild type and FOXC2 mutant plasmids were used to perform
HeLa transfection experiments and cell death was monitored by trypan blue staining at various times
(24, 48 and 72 h) after transfection. As shown in Figure 5A, p.L80F, p.H199Pfs*264 and p.I213Tfs*18
FOXC2 proteins significantly induced cell death at 48 and 72 h (48 h: p = 0.004, p = 0.002, p = 0.017;
72 h: p = 0.000, p = 0.000, p = 0.000). These mutant proteins formed nuclear aggregates that were
clearly visible in all the transfected cells. p.R121H was also included since it previously produced
nonhomogeneous nuclear staining (48 h: p = 0.023; 72 h: p = 0.000) [27]. On the contrary, the p.I213V
and p.V228M mutant proteins did not have any effect on cell viability (Figure 5A).

At the same time, we evaluated the effect of p.L80F, p.H199Pfs*264 and p.I213Tfs*18 mutant
proteins on the mitotic process by immunofluorescence analysis 24 and 72 h after transfection of
HeLa cells. Wild type and p.H199Pfs*264 FOXC2 plasmids showed a similar rate of transfection
(Figure 5B). Wild type FOXC2-transfected cells maintained the ability to undergo mitosis over time,
unlike p.H199Pfs*264 (see Figure 5B). Indeed, 72 h after transfection, the number of wild type
FOXC2-transfected cells increased while that of p.H199Pfs*264 decreased. A similar pattern was also
detected for p.L80F and p.I213Tfs*18 mutant proteins) Frequent mitotic figures could only be observed
in wild type FOXC2-transfected cells at 24 and 72 h (Supplementary Figure S2).



Int. J. Mol. Sci. 2020, 21, 5112 8 of 18
Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 18 

 

 

Figure 5. Viability analysis of HeLa cells transfected with native and mutant FOXC2-GFP constructs. 
(A) Statistical analysis of cell death in HeLa cells 24, 48 and 72 h after transient transfection with 
control and mutant FOXC2-GFP plasmids: average ± SD of at least three independent experiments. 
Statistical analysis was performed using the two-tailed Student’s t-test. * p < 0.05, ** p < 0.01, *** p = 
0.000; (B) immunofluorescence analysis of pFOXC2-GFP and pFOXC2(H199Pfs*264)-GFP plasmids 
24 and 72 h after transient transfection in HeLa cells. Nuclear localization of FOXC2 proteins was 
detected by direct immunofluorescence analysis of plasmids tagged with GFP (in green); 20× 
magnification. 

At the same time, we evaluated the effect of p.L80F, p.H199Pfs*264 and p.I213Tfs*18 mutant 
proteins on the mitotic process by immunofluorescence analysis 24 and 72 h after transfection of 
HeLa cells. Wild type and p.H199Pfs*264 FOXC2 plasmids showed a similar rate of transfection 
(Figure 5B). Wild type FOXC2-transfected cells maintained the ability to undergo mitosis over time, 
unlike p.H199Pfs*264 (see Figure 5B). Indeed, 72 h after transfection, the number of wild type 
FOXC2-transfected cells increased while that of p.H199Pfs*264 decreased. A similar pattern was also 
detected for p.L80F and p.I213Tfs*18 mutant proteins) Frequent mitotic figures could only be 
observed in wild type FOXC2-transfected cells at 24 and 72 h (Supplementary Figure S2). 
  

Figure 5. Viability analysis of HeLa cells transfected with native and mutant FOXC2-GFP constructs.
(A) Statistical analysis of cell death in HeLa cells 24, 48 and 72 h after transient transfection with control
and mutant FOXC2-GFP plasmids: average ± SD of at least three independent experiments. Statistical
analysis was performed using the two-tailed Student’s t-test. * p < 0.05, ** p < 0.01, *** p = 0.000;
(B) immunofluorescence analysis of pFOXC2-GFP and pFOXC2(H199Pfs*264)-GFP plasmids 24 and
72 h after transient transfection in HeLa cells. Nuclear localization of FOXC2 proteins was detected by
direct immunofluorescence analysis of plasmids tagged with GFP (in green); 20×magnification.

2.4. Expression Study of FOXC2 Mutant mRNAs in LD Patients

To verify whether the c.595dupC (p.H199Pfs*264) and c.638delT (p.I213Tfs*18) mutations cause
nonsense-mediated decay of mutant mRNAs in vivo, we analyzed total FOXC2 mRNA expression in
peripheral blood of LD patients. Comparative RT-PCR analysis detected mRNA in similar amounts in
three LD patients carrying frameshift mutations and in control subjects (Figure 6A). RT-PCR analysis
of cDNAs obtained without reverse transcriptase (-RT) was also carried out and produced negative
results. GAPDH RT-PCR products were used to normalize FOXC2 RT-PCR values for each sample
(Figure 6B).
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Figure 6. Expression analysis of FOXC2 in peripheral blood cells of LD patients. Gel images show gene
expression of FOXC2 (A) and GAPDH (B), evaluated by comparative RT-PCR. mRNA levels of FOXC2
were similar in control subjects (lanes 1–3) and LD patients (lanes 4–6). M: 100-bp molecular weight
marker. C: control subjects; P: patients. Lane 4: LD patient 1 carrying c.595dupC mutation. Lane 5:
LD patient 2 carrying c.638delT mutation. Lane 6: LD patient 3 carrying c.638delT mutation.

The FOXC2 RT-PCR products obtained from LD patients were then sequenced. FOXC2 mutant
mRNAs were detected in the lymphocytes of patients (data not shown).

2.5. Bioinformatic Studies of Mutant Protein Structures

The mutations analyzed in this study were localized in the forkhead domain and in the central
region of the FOXC2 protein (Figure 1A). To further clarify the pathogenic charge of these mutations,
bioinformatic investigations were performed. Multiple alignments, produced by ClustalW, comparing
FOXC2 protein sequences identified in eleven vertebrates, showed that p.L80F and p.V228M mutations
were located in highly conserved regions (Figure 7A) and may, therefore, affect FOXC2 function.

The analysis carried out using the prediction tools PolyPhen-2 (http://genetics.bwh.harvard.edu/

pph2) and SIFT (http://sift.jcvi.org) supported the hypothesis that p.L80F alters FOXC2 activity. Indeed,
both programs predicted a deleterious effect of this mutation. p.V228M was only predicted to be
damaging by Polyphen-2, while p.I213V was classified as benign or tolerated by both bioinformatic
tools (Figure 7B).

To determine whether the missense mutations could cause modifications in FOXC2 conformation,
a structural investigation was performed using I-Tasser software. The analysis showed alterations
in secondary structure of mutant proteins in the FHD (Figure 7C). The L80F substitution, localized
in NLS1, did not seem to modify residues in this region, but it was predicted to cause significant
changes in the secondary structure of amino acids between I120 and N123 (from coiled coil to α-helix).
Three-dimensional structure prediction analysis showed that these modifications could cause incorrect
folding of the mutant protein, decreasing its ability to link to DNA and, consequently, its transcriptional
activity (Figure 7D). Although I213 and V228 were located outside the FHD, their substitutions also
seemed to produce small modifications in this domain. The 3D models also revealed that both mutant
proteins might have an altered tertiary structure (Figure 7D).

In p.H199Pfs264* and p.I213Tfs18*, the frameshift mutations caused a dramatic change in the
majority of amino acid sequences. Bioinformatic analysis demonstrated that these modifications could
also alter the secondary structure of many amino acids in the FDH domain, increasing the number of
residues involved in an α-helix conformation (Figure 7C). These changes could explain the ability of
both mutant proteins to strongly bind DNA. Investigation of tertiary structure predicted misfolded
states for p.H199Pfs264* and p.I213Tfs18* (Figure 7D).

http://genetics.bwh.harvard.edu/pph2
http://genetics.bwh.harvard.edu/pph2
http://sift.jcvi.org
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Figure 7. Bioinformatic analysis of FOXC2 mutations. (A) The amino acid sequence alignment of
FOXC2 in 11 vertebrates (H. sapiens, P. troglodytes, M. mulatta, M. musculus, R. norvegicus, S. scrofa, B.
taurus, G. gallus, P. bivittatus, X. laevis, E. calabaricus) showed complete conservation of leucine 80 and
valine 228 and partial conservation of isoleucine 213; multiple alignments were carried out with Basic
GeneBee ClustalW version 2.1, web interface. FOXC2 protein NCBI accession number: NP_005242.1;
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(B) Table reporting SIFT (http://sift.jcvi.org) and PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2)
prediction analysis of mutation damage scores for L80F, I213V and V228M mutations; (C) forkhead
DNA-binding domain (FHD) secondary structure prediction of FOXC2 wild type, p.L80F, p.I213V,
p.V228M, p.H199Pfs264* and p.I213Tfs18*. Amino acids 120-123 are predicted to form a coiled-coil
structure in the native FOXC2. According to this model, p.L80F (indicated by arrow) causes a change
in amino acids 120- 123 from coiled coil to α-helix structure, p.I213V induces a variation from coiled
coil to β-strand structure in residues 121-122 and p.V228M modifies amino acids 120 and 121 from
coiled coil to α-helix structure. The I213V mutation leads to alteration of other single amino acids:
R110 (from coiled coil to β-strand), C130 (from β-strand to coiled coil) and P150 (from α-helix to coiled
coil). Frameshift mutations determine many conformational transitions of FHD secondary structure.
In particular, in both mutant proteins there are modifications of I93 and T94 (from β-strand to coiled
coil), Q117 (from coiled coil to α-helix), I120-N123 (from coiled coil to α-helix), E128 (from coiled coil to
α-helix), and C129 and F130 (from β-strand to α-helix). Moreover, H199Pfs264* determines changes in
S144 (from coiled coil to β-strand), P150-D151 (from α-helix to coiled coil) and L162 (from α-helix to
coiled coil). Finally, variations in F108-Y109 (from β-strand to coiled coil), L126-N127 (from coiled coil
to α-helix), V131 (from β-strand to α-helix) and K132 (from β-strand to coiled coil) were observed in
p.I213Tfs18*. All changes are indicated with a rectangle; (D) 3D models of FOXC2 wild type and mutant
proteins. All missense and frameshift mutations show different modifications of protein folding.

3. Discussion

FOXC2 transcription factor plays an important role in human pathophysiology, both in genetics
and in cancer [19,21,28–32]. So far, about 110 different mutations along the entire gene have been
described in LD patients, but little is known about their molecular consequences [4,17,26,27,33].
Collectively, the present data offers new insights into the functional consequences of FOXC2 disease
mutations and demonstrates that some mutant proteins may induce cell death.

All mutations but one reduced transcriptional activity (by 30–100%). The mutation p.Y109*
is located in the forkhead domain and was predicted to produce a short, truncated protein.
Immunofluorescence and immunoblot results clearly showed that p.Y109* was not able to localize
into the nucleus, although it still contained the first nuclear localization signal. Therefore, even if
it is stably synthesized in vivo, it cannot carry out its transcription factor function. The mutation
p.L80F is the first mutation identified in NLS1 of FOXC2. Bioinformatic prediction tools suggested
that p.L80F is damaging (Sift) and probably damaging (Polyphen-2). On the basis of homology data
comparison, the mutation is in a highly conserved region of the FOXC2 protein. Three-dimensional
structure prediction showed that it modifies the folding of the FHD, decreasing its ability to link
DNA. In agreement with the bioinformatic data, our functional studies revealed that p.L80F strongly
decreased the protein’s capacity to activate the promoter of the reporter gene, although it correctly
localized in the nucleus. Indeed, I-Tasser software analysis did not show alterations in NLS1 secondary
structure but about twenty amino acids beyond, in the FHD.

Immunofluorescence analysis of p.L80F mutant proteins shows that they segregate into nuclear
aggregates, like other FHD missense mutations already demonstrated to dramatically impair DNA
binding activity [26,27,34]. The function of two other missense mutations, p.I213V and p.V228M,
both located in the central part of FOXC2 protein, was investigated in this study. The former changes
the first amino acid of the consensus synergy (SC) control motif (Ile-Lys-Glu), which is a site for
SUMOylation. Danciu et al. demonstrated that the substitution of lysine with arginine at position 214
of FOXC2 (p.K214R) prevented SUMOylation, enhancing protein function. K214R is next to the amino
acid change identified in our LD patient [18]. However, our transfection data showed that the p.I213V
mutation did not significantly heighten transcriptional ability or modify DNA binding and nuclear
localization. SUMOylation might be a new molecular mechanism inducing reversible regulation of
FOXC2 expression. However, few data are available on FOXC2 SUMOylation pathways. Moreover,
to our knowledge, p.I213V is the first mutation in the SC control motif identified in a patient with
LD. The pathogenic role of mutation p.I213V should therefore be carefully evaluated in future clinical

http://sift.jcvi.org
http://genetics.bwh.harvard.edu/pph2
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studies, also in the light of bioinformatic prediction data that indicated it as benign or tolerated. The last
missense mutation is p.V228M, which was predicted as tolerated by SIFT and probably damaging by
Polyphen-2. Bioinformatics software resources for molecular diagnosis sometimes provide conflicting
indications [27,35] and cannot predict whether a mutation causes a gain or loss of function. The results
of our transfection experiments suggested that p.V228M is a pathogenic mutation because it shows a
30% reduction in transcriptional activity with respect to wild type FOXC2. As expected, this mutation
does not modify nuclear localization. The impaired transcriptional activity was, therefore, probably
due to lower DNA-binding-activity. Accordingly, the 3D model of p.V228M revealed that the mutant
protein might have altered tertiary structure due to significant changes in the secondary structure of
amino acids located in the FHD (I-Tasser).

Finally, we performed a functional evaluation of two frameshift mutations, p.H199Pfs*264 and
p.I213Tfs*18, localized in the central region of FOXC2. They lead to the formation of truncated proteins,
lacking more than 50% of the native sequence and with an extra-long stretch of 264 and 18 amino
acids, respectively. Although these mutant proteins showed a relevant modification of 3D structure,
they conserved the ability to localize to the nucleus and to bind DNA. However, both caused a
significant loss of protein function and the formation of nonhomogeneous nuclear aggregates. Indeed,
the p.L80F and p.R121H mutations also show nuclear protein aggregates, but they never colocalize
with DNA [17,26,27]. Similar results have also been reported for other frameshift and missense FOXC2
mutations [27,34].

When we investigated the consequence of p.H199Pfs*264 and p.I213Tfs*18 protein expression in
transfected cells, we found that they strongly induced cell death. Similar results were obtained for
missense mutations in the FHD, p.L80F and p.R121H. Conversely, the other missense mutations outside
the FHD (p.I213V and p.V228M) did not show protein nuclear aggregation, nor did they alter cell
viability. Cells transfected with mutant proteins that cause nuclear aggregation are unable to promote
mitotic entry. At different periods after transfection (24, 48 and 72 h), their number did not increase and
most of them died. On the contrary, frequent mitotic events can be observed in cells transfected with
FOXC2 native sequence, demonstrating that the transcription factor is involved in cell proliferation.
This result agrees with a great deal of previously reported evidence attesting the key role of FOXC2 in
promoting the proliferation of tumor cells in vitro and in vivo [36–38]. It has also been shown that
wild type FOXC2 can induce expression of several cell cycle regulators, including cyclin-dependent
kinase 1 (CDK1) [19]. CDK1 is a key regulator of each phase of mitosis; indeed, initiation of the mitotic
process requires nuclear translocation and activation of CDK1 [39,40]. As described below, we failed to
detect mitosis among cells transfected with those FOXC2 mutant plasmids that caused nuclear protein
aggregation. Since we did not even observe the initial phases of mitosis (prophase and prometaphase),
we hypothesize that these mutations lead to mitotic block from its onset. These findings strengthen
the link between FOXC2 and cell proliferation. As the percentage of FOXC2 insertions and deletions
(leading to frameshift) is high, and the number of FHD missense mutations identified in LD patients is
growing, further studies to assess the molecular consequences of such mutations on cell proliferation
would be worthwhile. We do not have any evidence of differences in the stability of mutant FOXC2
mRNAs isolated from lymphocytes of control subjects and LD patients. Our results show that aberrant
FOXC2 mRNAs are not eliminated by the nonsense-mediated decay pathway. It therefore cannot be
excluded that FOXC2 mutant proteins are synthesized in vivo and exert their harmful effect on the
tissues where they are produced. We do not know the molecular mechanism by which FOXC2 evades
NMD. FOXC2 apparently falls in the category of an intronless gene that escapes both NMD and other
mechanisms that serve to eliminate aberrant transcripts, presumably by virtue of being intronless.
This was also demonstrated previously for some other genes [41–43].

In conclusion, our functional studies further highlighted the different molecular consequences of
some FOXC2 mutations identified in families with lymphedema-distichiasis. We also provided the
first evidence that some inactivating mutations cause strong inhibition of cell proliferation. Larger
functional and clinical studies are needed to elucidate a possible correlation between different FOXC2



Int. J. Mol. Sci. 2020, 21, 5112 13 of 18

mutations and the broad phenotypic heterogeneity observed in LD patients: heterogeneity that is not
yet supported by biochemical or genetic evidence.

4. Materials and Methods

4.1. Generation of FOXC2 Site-Directed Mutagenesis Plasmids

FOXC2 cDNA was previously cloned into pcDNA3.1/NT-GFP-TOPO to produce NT-GFP-FOXC2,
expressing FOXC2 with GFP at the N-terminus [27]. Point mutations were introduced using the
primers reported in Supplementary Table S1 with the Phusion Site-Directed Mutagenesis Kit (Thermo
Fisher Scientific, Waltham, MA, USA). After mutagenesis, all expression constructs were verified by
DNA sequencing. NT-GFP-FOXC2 (wild type) and NT-GFP-FOXC2 mutant plasmids were used as
templates to amplify FOXC2 control and mutant cDNA sequences with FOXC2-F and FOXC2-R primers
(reported above). The PCR products were subcloned into pcDNA3.3-TOPO (Invitrogen, Carslbad, CA,
USA) to produce control and mutant FOXC2 proteins without any tag.

4.2. Analysis of FOXC2 Protein Expression in HeLa Transfected Cells

HeLa cells were transiently transfected with NT-GFP-FOXC2 recombinant plasmids using the
Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific Waltham, MA, USA). After 48 h of
transfection, cytosol and nucleus subcellular protein fractions were prepared from confluent HeLa cells.
After extensive washing with Dulbecco’s phosphate-buffered saline (DPBS), subcellular protein fractions
were extracted using FractionPrep cell fractionation kit (Biovision, Milpitas, CA, USA). The protein
concentration of cell extracts was quantified by Coomassie (Bradford) Protein Assay Kit (Pierce, Thermo
Fisher Scientific, Waltham, MA, USA). Proteins (25 µg/well) were separated by electrophoresis on
10% SDS-polyacrylamide gel (Bio-Rad, Hercules, CA, USA), transferred to a nitrocellulose membrane
(Bio-rad, Hercules, CA, USA) and then immunoblotted using a mouse monoclonal antibody (dil. 1:2000)
raised against Green Fluorescent Protein (GFP, Abnova, Taipei, Taiwan). Signals were detected using
the SuperSignal West Pico Complete Mouse Detection Kit (PIERCE, Thermo Fisher Scientific, Waltham,
MA, USA) containing ImmunoPure peroxidase conjugated goat antimouse IgG (dil 1:20,000).

4.3. Localization of FOXC2 Mutant Proteins in HeLa and Nuclear Morphological Observation

For transient transfections, HeLa cells were cultured on glass coverslips in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and allowed to adhere overnight.
The next day, the cells were transiently transfected with recombinant NT-GFP-FOXC2 plasmids
using the Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific, Waltham, MA, USA).
After 24 h, cells were fixed, stained with DAPI (4′,6-diamidino-2-phenylindole), and examined with
a Leica MB5000B microscope equipped with 40× and 100× Fluorart oil immersion objectives (Leica,
Wetzlar, Germany).

Cells transfected with expression vectors containing FOXC2 without tag were permeabilized
with phosphate-buffered saline containing 0.1% (v/v) Triton X-100 (PBS-X), blocked with 5% (w/v)
bovine serum albumin in PBS-X and incubated with antiFOXC2 polyclonal antibody (Abcam, ab5060,
Cambridge, UK) (1:500) for 1 h at room temperature. After extensive washing in PBS-X, the cells
were incubated with a FITC-conjugated goat secondary antibody at a dilution of 1:500 (Thermo Fisher
Scientific, Waltham, MA, USA). Cells were stained with DAPI, mounted on slides and examined by
microscope as previously described.

HeLa cells were also seeded at 30,000 cells/cm2 on coverslips in 3 cm Costar plates, grown to
semiconfluence and then transfected with wild type and mutant FOXC2 plasmids for 24 and 72 h.
Cells were fixed and stained with DAPI and examined as reported above.
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4.4. Luciferase Assays

HeLa cells were cotransfected with 20 ng FOXC1 luciferase reporter [44] and 100 ng wild type
or mutant plasmids using TurboFect reagent (Thermo Scientific, Waltham, MA, USA), according to
the manufacturer’s recommendations in a 96 well format. Each transfection was set up in triplicate.
To measure FOXC2 activity, all transfected cell lines were incubated for 40 h prior to lysis of the culture
and addition of substrate from the Britelight plus kit (PerkinElmer, Waltham, MA, USA). Luminescence
detection was performed using the Glomax luminometer (Promega, Madison, WI, USA). For each
sample, the average expression level in fluorescent units (FU) (from Photinus pyralis, reporter) was
calculated after correction for transfection efficiency. This was obtained as a measure of GFP fluorescence
in the cells transfected with NT-GFP-FOXC2 recombinant plasmids [27]. The same experimental
conditions were used for transient transfection of wild type or FOXC2 mutant plasmids subcloned into
pcDNA3.3, a mammalian expression vector without tag. Dual-luciferase assays were used to obtain
sequential quantification of Photinus pyralis luciferase (reporter vector) and Renilla reniformis luciferase
(control vector). Luminescence detection for all transfected plasmids was performed using the Glomax
luminometer (Promega, Madison, WI, USA). Reactions were replicated three times, using the Promega
Dual Luciferase Assay kit (Promega, Madison, WI, USA).

4.5. Trypan Blue Exclusion Test of Viability

HeLa cells were transfected with wild type and FOXC2 mutant plasmids and incubated at 37 ◦C
in a 95% air/5% CO2 atmosphere for 24, 48 and 72 h. The cells were then suspended in DPBS containing
trypan blue and examined to determine the percentage of cells with clear cytoplasm (viable cells) versus
cells with blue cytoplasm (nonviable cells) under a light microscopic. Each sample was performed in
triplicate. The experiment was repeated twice.

4.6. RT-PCR Analysis of FOXC2 mRNA from Peripheral Blood of LD Patients

Total RNA was isolated from lymphocytes of LD and control subjects with TRIzol (Invitrogen,
Carslbad, CA, USA). All subjects gave their informed consent before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki. One microgram of RNA was
converted to cDNA by RT-PCR using random hexamers (0.5 µmg), 400 units of MMLV-RT(Moloney
murine leukemia virus), 1.6 mM total dNTPs, 20 units of Rnasin and 0.4 mM dithiothreitol in a 50 µL
reaction solution containing 10× RT buffer. Moreover, for each biological sample, 1 µg RNA was
incubated with all the reagents reported above with the exception of MMLV-RT.

Before reverse transcription, RNA was treated with DNase I in order to eliminate DNA
contamination. RT-PCR reactions were optimized for FOXC2 and GAPDH genes in order to avoid
saturation. Regression curves assaying different amounts of cDNAs (corresponding to different mRNA
concentrations) and different numbers of amplification cycles were performed (data not shown).
Fifty nanograms of cDNA were used to perform PCR amplification with primers designed to produce
an 89 bp fragment of the FOXC2 transcript. PCR conditions were as follows: denaturation at 95 ◦C
for 90 s, annealing at 50 ◦C for 30 s and extension at 72 ◦C for 30 s in the first round, denaturation at
94 ◦C for 30 s, annealing at 50 ◦C for 30 s and extension at 72 ◦C for 30 s for 24 cycles; denaturation
at 94 ◦C for 30 s, annealing at 50 ◦C for 30 s and terminal extension at 72 ◦C for 60 s in the last cycle.
Analysis of FOXC2 expression was carried out on +RT and –RT cDNA samples in order to exclude the
presence of traces of DNA. Negative control samples were also added to each RT-PCR experiment.
The PCR products were electrophoresed on a 2% agarose gel containing GelGreen Nucleic Acid Gel
Stain (Biotium, Fremont, CA, USA). The concentration of FOXC2 gene was normalized to the constant
level of GAPDH in each sample. Images of gels were acquired (Bio-Rad Gel Doc 2000, Bio-Rad,
Hercules, CA, USA) and scanned using Quantity One Analysis software (Bio-Rad, Hercules, CA, USA).
This software provides the mean of each band (i.e., the mean intensity of the pixels in the band volume)
and the concentration of PCR products, calculated from standards included in each gel.
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Finally, the RT-PCR products of LD patients were purified (NucleoSpin Extract II, Macherey-Nagel,
Dueren, Germany) and sequenced on a 3730 DNA analyzer by the BigDye Terminator V1.1 Cycle
sequencing kit (Applied Biosystems, Foster City, CA, USA).

4.7. Statistical and Bioinformatic Analysis

Statistical analysis of quantitative RT-PCR and luciferase assay data was performed using SPSS
v.19 package (SPSS, Chicago, IL, USA). Values were compared using Student’s t-test. A p-value ≤ 0.05
was considered statistically significant.

The effect of amino acid substitutions on protein function was predicted using ClustalW (https:
//www.ebi.ac.uk/Tools/msa/clustalw2/), SIFT (http://sift.jcvi.org) and PolyPhen (http://genetics.bwh.
harvard.edu/pph2) software. A multiple sequence alignment of mammalian FOXC2 proteins was
used as input for ClustalW. The NCBI reference sequence (FOXC2 protein NCBI accession number:
NP_005242.1.) of human FOXC2 protein was used as input for SIFT and PolyPhen, with default query
options. Investigation of secondary and tertiary structure was performed using i-Tasser bioinformatic
tool (https://zhanglab.ccmb.med.umich.edu/I-TASSER/).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/14/
5112/s1.
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