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Background: Recent research has identified mesenchymal stem cells (MSCs) with-
in Dupuytren’s disease (DD) tissue and they have been proposed to give rise to
the myofibroblasts, implicated in the progression of this condition. The aim of
this study was to identify and characterize the primitive population that might be
upstream of the MSC population, within DD.

Methods: Formalin-fixed paraffin-embedded 4-pm-thick sections of DD cords and
nodules obtained from 6 patients underwent 3,3-diaminobenzidine and immuno-
fluorescent immunohistochemical staining for embryonic stem cell (ESC) markers

FICA* R OCT4, NANOG, SOX2, pSTAT3, and SALL4 and endothelial markers CD34 and
Swee T. Tan, MBBS, FII}}?DC’E{ ERG. NanoString gene expression analysis was performed to determine the tran-

scriptional activation of these markers.

Results: Immunohistochemical staining demonstrated the expression of ESC
markers OCT4, NANOG, SOX2, pSTAT3, and SALL4 on the endothelium of the
microvessels expressing CD34 and ERG, particularly those surrounding the DD
nodules. NanoString analysis confirmed the transcriptional activation of OCT4,
NANOG, STAT3, and SALL4, but not SOX2.

Conclusion: This article demonstrates the novel finding of an ESC-like population
expressing ESC markers OCT4, NANOG, SOX2, pSTAT3, and SALL4, localized
to the endothelium of the microvessels within DD tissue, suggesting a potential
therapeutic target for this condition. (Plast Reconstr Surg Glob Open 2016;4:¢1064;
doi: 10.1097/GOX.0000000000001064; Published online 23 November 2016.)
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fibroproliferative condition'? involving the palmar

fascia of the hand,"? with a male-to-female ratio of
5.9:1.° The incidence rises with age, particularly in those
of Northern European descent.'?

An autosomal dominant trait has been observed in pa-
tients with DD.** Although chromosomal abnormalities
have been noted in DD, it may not be a simple monogen-
ic disorder but a complex, multifactorial disease involv-
ing the dysfunction of multiple pathways.*® Overexertion
of the hands, injury, diabetes mellitus,® alcoholism,” and
liver diseases’” have been attributed to the onset of DD,
although this remains speculative.!

D upuytren’s disease (DD) is a chronic, irreversible,
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Ledderhose disease (plantar fascia fibromatosis), Pey-
ronie’s disease (penile fibromatosis), and Garrod’s nod-
ules (affecting the dorsum of proximal interphalangeal
joints) represent more generalized DD with extrapalmar
manifestations.®

Fasciectomy—the most common treatment for DD,
involving surgical removal of the cords and nodules to re-
lease the flexion contracture*®—is associated with a 66%
recurrence rate."® Dermatofasciotomy, with additional ex-
cision of the overlying skin and surrounding tissues and
full-thickness skin grafting,”'” reduces the recurrence rate
to 11.6%."*® This suggests that the overlying skin and tis-
sues surrounding the diseased palmar fascia are crucial
in the development of DD,”! potentially acting as the
reservoir of progenitor cells which may give rise to myo-
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fibroblasts that characterize DD."? This concept has been
applied to fibrotic conditions affecting other organs such
as the liver, in which hepatic stellate cells have been dem-
onstrated to differentiate into myofibroblasts.?

Steroids have been used for the treatment of DD, by
direct intralesional injections into the nodules to prevent
progression of the disease, or onto the surgical sites post-
operatively to prevent recurrence.'"'* A 66% success rate
has been reported in patients without prior steroid injec-
tions or surgery for DD, receiving up to 3 cycles of injec-
tions.” Complications associated with steroid injections
for DD include infection, nerve injury, tendon laceration,
and chronic pain."”

More recently, injection of collagenase Clostridium
histolyticum (CCH)—an enzyme causing collagen lysis,
leading to rupture of the DD cords—has been used as a
nonoperative treatment.*'* However, the long-term safety
of CCH administration is unknown and repeated use may
be associated with coagulation and neuromuscular disor-
ders.>"

While the origin of DD remains enigmatic,* myofibro-
blasts—cells possessing features of both smooth muscle
cells and fibroblasts'*—have been attributed to its de-
velopment.™'® However, what remains unknown is the
origin of these cells."? DD manifests as a nodule through
aberrant, uncontrolled proliferation of myofibroblasts®'®
which progresses to form thick collagenous cords along
lines of tension, resulting in fixed flexion contracture of
the affected digits with functional loss."?

Earlier studies suggest smooth muscle cells being the
origin of myofibroblasts in DD,'” whereas more recent re-
search demonstrates mesenchymal stem cells (MSCs) giv-
ing rise to the phenotypic myofibroblasts.'®

We hypothesized the presence of an embryonic stem
cell (ESC)-like population within DD, which may give
rise to the MSC population that produces the aberrant
myofibroblasts, leading to the development of DD. In this
study, we analyzed the transcriptional and translational ex-
pression of the following ESC markers: NANOG, involved
in the maintenance of pluripotency and self-renewal of
ESCs'; SOX2, involved in ESC gene expression®’; pSTATS3,
critical for cellular regulation pathways?'; SALL4, crucial
for ESC pluripotency and regulation of OCT4*%; and
OCTH4, an essential factor for regulation of pluripotency
and self-renewal,'*?! using immunohistochemical staining
and NanoString gene expression analysis.

MATERIALS AND METHODS

Tissue Samples

DD tissue samples from 6 male patients aged 66-78
(mean, 69.3) years and a normal palmar fascia were
sourced from the Gillies McIndoe Research Institute Tis-
sue Bank for this study, which is approved by the Central
Regional Health and Disability Ethics Committee (refer-
ence number, 13NTB155). Samples were divided by the
operating surgeon (JRA) into cords and nodules, which
were separately snap-frozen, formalin-fixed, and paraffin-
embedded.
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Histochemical and Immunohistochemical Staining

Hematoxylin and eosin (H&E) staining of 4-pm-thick
formalin-fixed paraffin-embedded sections of the normal
palmar fascia and DD tissues from 6 patients was used to
confirm the presence of DD cords and nodules. 3,3-Di-
aminobenzidine (DAB) and immunofluorescent immu-
nohistochemical staining were then performed using the
Leica Bond Rx autostainer (Leica, Sydney, Australia) with
the primary antibodies: CD34 (ready-to-use; cat# PA0212,
Leica, Newcastle, United Kingdom), OCT4 (1:200; cat#
NBPI-47923, Novus Biologicus, Littleton, Colo.), NANOG
(1:1,000; cat# NBPI-04320, Novus Biologicus), SOX2
(1:500, cat# PA1-094, Thermo Fisher Scientific, Rockford,
Calif.), pSTAT3 (1:100; cat# D3A7, Cell Signaling, Dan-
vers, Mass.), and SALL4 (1:30; cat #6E3, Cell Marque,
Rocklin, Calif.). All antibodies were diluted in Bond pri-
mary diluent (Leica).

A combination of Vectafluor Excel anti-rabbit 594
(ready-to-use, cat# VEDK-1594, Vector Laboratories, Bur-
lingame, Calif.) and Alexa Fluor anti-mouse 488 (1:500,
cat# A21202, Life Technologies) was used to detect com-
binations that included NANOG, SOX2, and pSTAT3;
whereas that of Vectafluor Excel anti-mouse (ready-to-use,
cat# VEDK2488, Vector Laboratories) and Alexa Fluor
anti-rabbit 594 (1:500, cat# A21207, Life Technologies) to
detect combinations that included OCT4 or SALLA4.

DAB immunohistochemical-stained slides were
mounted in Surgipath Micromount mounting medium
(cat# 3801732, Leica) and immunofluorescent immuno-
histochemical-stained slides were mounted in Vectashield
HardSet antifade mounting medium and counter-stained
with 4’6-diamino-2-phenylindole (cat# H-1500, Vector
Laboratories).

Positive human control samples were tonsil for
pSTAT3,” infantile hemangioma for SALL4* and
NANOG,?* skin for SOX2,* and myometrium for OCT4.%
Negative controls included sections of DD tissue by omit-
ting the primary antibodies to determine the specificity of
the amplification cascade.

Image Analysis. DAB immunohistochemical-stained
slides were viewed and imaged using the Olympus
BXb53 microscope fitted with an Olympus DP21 digital
camera (Olympus, Tokyo, Japan). Immunofluorescent
immunohistochemical-stained slides were viewed and
imaged using the Olympus FV1200 biological confocal
laser-scanning microscope and processed with cellSens
Dimension 1.11 software wusing 2D deconvolution
algorithm (Olympus).

Nanostring Gene Expression Analysis

RNA was extracted separately from snap-frozen DD
cords and nodules from the original cohort of 6 patients
used for DAB immunohistochemical staining, and was
used for NanoString nCounter Gene Expression Assay
(Nanostring Technologies, Seattle, Wash.). Total RNA
was extracted using the Mag]ET RNA kit (Thermo Fisher
Scientific) with the protocol adapted for tissue, and run
on a KingFisher Duo machine (Thermo Fisher Scientif-
ic). RNA samples were then quantitated on a Qubit 2.0
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fluorometer (Life Technologies) and were subjected to
RNA integrity analysis using the 2100 Bioanalyzer Instru-
ment (Agilent Technologies, Santa Clara, Calif.). Samples
then underwent NanoString nCounter gene expression
assay performed by New Zealand Genomics (Dunedin,
New Zealand) according to the manufacturer’s protocol.
Probes for the genes encoding NANOG (NM_024865.2),
SALL4 (NM_020436.3), SOX2 (NM_003106.2), OCT4
(NM_002701.4), and STAT3 (NM_139276.2) and the
housekeeping gene GUSB (NM_000181.1) were designed
and manufactured by NanoString Technologies. Raw data
was analyzed using nSolver software (NanoString Technol-
ogies) using standard settings and normalized against the
housekeeping gene.

RESULTS

Histochemical and 3,3-Diaminobenzidine Immunohisto-
chemical Staining

The cords (Fig. 1A) and nodules (Fig. 1B) including
the microvessels within DD tissues were identified and
confirmed on H&E-stained slides.

OCT4 was expressed, primarily localized to the endothe-
lium of the microvessels within both DD cords and nodules
(Figs. 2A, B, brown). Cytoplasmic staining of NANOG was
also demonstrated on the endothelium of the microvessels
within DD cords and nodules (Figs. 2C, D, brown). The
presence of an ESC-like population within the endothelium
of the microvessels associated with DD cords and nodules
was further supported by nuclear and cytoplasmic staining
of SOX2 (Figs. 2E, F, brown). SALL4 was present within
the pericyte layer of the microvessels of the samples studied
(Figs. 2G, H, brown). The ESC-like population on the en-
dothelium of the microvessels within DD was confirmed by
its intense nuclear staining for pSTAT3 (Figs. 21, J, brown).

Similarly, DAB immunohistochemical staining for the
normal palmar fascia revealed absence of staining for
OCT4, NANOG, SOX2, SALL4, and pSTAT3 (See PDF,
Supplemental Digital Content 1, which displays DAB im-
munohistochemical-stained images of normal palmer
fascia for OCT4 (A, brown), NANOG (B, brown), SOX2
(C, brown), SALL4 (D, brown), pSTAT3 (E, brown), http://
links.lww.com/PRSGO/A269).

Positive staining was demonstrated in myometrial blood
vessels for OCT4 (A, brown); infantile hemangioma for
NANOG (B, brown), SOX2 (C, brown), and SALL4 (D,
brown); and tonsil for pSTAT3 (E, brown). Negative con-
trol DD tissue samples (F) demonstrated minimal staining
(See PDF, Supplemental Digital Content 2, which displays
DAB immunohistochemical-stained images of positive con-
trol human samples, http://links.lww.com/PRSGO/A270).

Immunofluorescent Immunohistochemical Staining

To confirm localization of the ESC markers to the en-
dothelium, we performed immunofluorescent immuno-
histochemical costaining on two representative DD cord
samples of these markers with the endothelial markers
ERG? (Figs. 3A-C, red) and CD34* (Figs. 3A, D-F, green).
This confirmed the expression of ERG (Fig. 3A, red) on

the CD34" endothelium (Fig. 3A, green). OCT4 (Fig. 3B,
green) was expressed on the ERG' endothelium of the
microvessels (Figs. 3B, C, green), whereas SALL4 was ex-
pressed in the pericytes (Fig. 3C, green). SOX2 (Fig. 3D,
red) was localized to the nuclei of the CD34* endothelial
cells (Fig. 3D, green). pSTAT3 (Fig. 3E, red) and NANOG
(Fig. 3F, red) were localized to the CD34" endothelium of
the microvessels (Figs. 3E, F, green).

Individual immunofluorescent immunohistochemical
staining for each of the aforementioned proteins are present-
ed in Supplemental Digital Content 3. (See PDF, Supplemen-
tal Digital Content 3, which displays split immunofluorescent
immunohistochemical-stained images of DD cord presented
in Figure 3 which shows ERG (A, red) and OCT4 (B, green)
on the same tissue section; ERG (C, red) and SALL4 (D,
green) on the same tissue section; and CD34 (E, G&I, green)
on the sections probed for SOX2 (F, red), pSTAT3 (H, red)
and NANOG (], red) http://links.lww.com/PRSGO/A271.)

Nanostring Gene Expression Analysis

NanoString analysis confirmed the presence of the
mRNA transcripts for SALL4, NANOG, OCT4, and STAT3
in the DD cords and nodules of all 6 patients (Fig. 4), where-
as SOX2 was below the detectable levels in all the samples.

DISCUSSION

Once labeled as the “Viking disease,” epidemiological
studies on DD have implied a genetic basis to this con-
dition with increased prevalence among individuals of
Northern European descent, affecting nearly 30% of the
Norwegian population aged over 60 years.” However, the
development of DD is not solely attributable to genetic
predisposition and should be considered a complex dis-
ease with multiple intrinsic and extrinsic factors.

Studies of DD over the past 50 years have focused on
the potential role of myofibroblasts. However, recent re-
search has shifted the attention toward defining the pro-
genitor cell population giving rise to myofibroblasts.'?

Hindocha etal' demonstrated increased expression of the
common MSC markers CD13 and CD29 by cells within DD
nodule, cord, perinodular fat, and skin, compared with con-
trol tissue from patients undergoing carpal tunnel surgery.
Increased expression of these MSC markers, especially within
DD nodules, has led to the postulation that MSCs provide
a reservoir sustaining the myofibroblast population in DD.!
These findings implicate fat and skin tissues surrounding the
diseased palmar fascia, in the formation of myofibroblasts.?

Our study identified and characterized an ESC-like
population localized to the microvessels within the tissues
surrounding the DD nodules and cords. These novel find-
ings, along with previous studies, support the concept that
the microvessels within DD contain a primitive popula-
tion, and it is intriguing that the recently reported MSC
population are also present in the similar area.! Itis there-
fore exciting to speculate that the ESC-like population re-
ported here give rise to the downstream MSC population,
potentially through an endothelial to mesenchymal transi-
tion (EndoMT), similarly reported in keloid scar (KS),*
although this requires further investigation.
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Fig. 1. Representative H&E-stained slides of DD cords (A) and nodules (B) showing the microvessels
within the nodules and cords. Original magnification: x100 (inset showing the microvessels at x400).

The identification of an ESC-like population exhibiting in-
creased multipotent and self-renewal capabilities within KS by
us® and others™ implies the presence of a similarly primitive
population of stem cells within DD. Zhang et al*! proposed a
“pathological niche” governing the deregulation of multiple

pathways, especially the IL-17/1L-6 inflammatory axis, lead-
ing to the aberrant selfrenewal and increased proliferation
of cells within KS. The microenvironment of DD tissues may
thus play a pivotal role in the deregulation of the homeostatic
pathways maintaining the stem cell populations within DD.

Fig. 2. Representative DAB immunohistochemical-stained slides of DD cords (A, C, E, G, and |) and nodules (B, D, F, H, and J) showing
the expression of OCT4 (A and B; brown), NANOG (C and D; brown), SOX2 (E and F; brown), SALL4 (G and H; brown), and pSTAT3 (I and J;
brown) on the microvessels within DD tissues. The expression of OCT4 (E and F), NANOG (C and D), SOX2 (E and F), and pSTAT3 (I and
J) was localized to the endothelium of the microvessels, whereas SALL4 (G and H) was primarily localized to the pericyte layer of the
microvessels. Original magnification: x400.
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Fig. 3. Representative immunofluorescent immunohistochemical-stained sections of DD cords, demonstrating coexpression of the en-
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dothelial markers ERG (A, red) on the CD34* endothelium (A, green). OCT4 (B, green) and SALL4 (C, green) were localized to the ERG" en-
dothelium of the microvessels (B and C; red). SOX2 (D, red), pSTAT3 (E, red), and NANOG (F, red) were expressed on the CD34* endothelium
(D-F, green). The nuclei were counterstained with 4’6-diamino-2-phenylindole (A-F, blue). Scale bar: 20 pm.
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Fig. 4. mRNA transcripts of NANOG, OCT4, SALL4, and STAT3 but
not SOX2 were expressed in DD nodules and cords from 6 patients.
Their expression was normalized over GUSB housekeeper and pre-
sented as relative units (RU).

The expression of ESC markers NANOG, pSTAT3,
SALL4, and OCT4—both transcriptionally and trans-
lationally—defines an ESC-like population primarily
localized to the endothelium of the microvessels in the
cord and nodule of DD tissue. Interestingly, SOX2 was
only detected by immunohistochemical staining but not
NanoString analysis. This may be due to the transcriptional

production of SOX2 being no longer active within the
DD tissues used in our study, or the “hang-over” protein
being present within the tissue. Itis intriguing that SALL4
was predominantly expressed on the pericyte layer of the
microvessels. We speculate that the SALL4" cells are po-
tentially derived from, and are therefore downstream of,
the more primitive endothelium in a similar way that peri-
cytes have been proposed to arise from the hemogenic
endothelium,* although this is beyond the scope of this
study. Furthermore, the absence of these aforementioned
ESC markers at the immunohistochemical level in normal
palmar fascia is intriguing, and we infer a potential role
for these phenotypic primitive cells in the ethiopathogen-
esis of DD.

It is also exciting to speculate that the endothelium of
the microvessels within DD may undergo an EndoMT,* by
which the endothelial cells acquire a primitive stem cell
phenotype and subsequent transition to a myofibroblastic
phenotype,?™ leading to the formation of nodules and
cords in DD."? This EndoMT process can be induced by a
variety of growth factors, such as TGF-§}, observed in many
fibroproliferative disorders including KS.*** We hypoth-
esize that EndoMT plays a fundamental role in DD and fi-
brotic conditions affecting other organs such as the heart,

99

kidney, and liver.* Alternatively, the microvessels within
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DD may act as a reservoir for ESCs that give rise to MSCs,
the progenitor of myofibroblasts.”

To the best of our knowledge, this is the first report

demonstrating the presence of an ESC-ike population
within the microvessels in DD nodules and cords, suggest-
ing a potential cellular origin for the myofibroblasts in
DD. The identification of this primitive population within
DD underscores the need for further work to characterize
these cells by identifying their regulatory pathway as po-
tential novel therapeutic target for this condition.
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