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Abstract

Dermis isolated adult stem (DIAS) cells, a subpopulation of dermis cells capable of chondrogenic differentiation in the
presence of cartilage extracellular matrix, are a promising source of autologous cells for tissue engineering. Hypoxia,
through known mechanisms, has profound effects on in vitro chondrogenesis of mesenchymal stem cells and could be used
to improve the expansion and differentiation processes for DIAS cells. The objective of this study was to build upon the
mechanistic knowledge of hypoxia and translate it to tissue engineering applications to enhance chondrogenic
differentiation of DIAS cells through exposure to hypoxic conditions (5% O2) during expansion and/or differentiation. DIAS
cells were isolated and expanded in hypoxic (5% O2) or normoxic (20% O2) conditions, then differentiated for 2 weeks in
micromass culture on chondroitin sulfate-coated surfaces in both environments. Monolayer cells were examined for
proliferation rate and colony forming efficiency. Micromasses were assessed for cellular, biochemical, and histological
properties. Differentiation in hypoxic conditions following normoxic expansion increased per cell production of collagen
type II 2.3 fold and glycosaminoglycans 1.2 fold relative to continuous normoxic culture (p,0.0001). Groups expanded in
hypoxia produced 51% more collagen and 23% more GAGs than those expanded in normoxia (p,0.0001). Hypoxia also
limited cell proliferation in monolayer and in 3D culture. Collectively, these data show hypoxic differentiation following
normoxic expansion significantly enhances chondrogenic differentiation of DIAS cells, improving the potential utility of
these cells for cartilage engineering.
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Introduction

Hyaline articular cartilage and fibrocartilage of temporoman-

dibular joint (TMJ) and knee meniscus lack the intrinsic ability for

self-repair. Efforts to engineer tissues in vitro using primary cells

have resulted in constructs with clinical dimensions and functional

properties approaching those of native cartilage [1,2] and

fibrocartilage [3,4]. As the isolation of primary cells for autologous

treatments is associated with invasive procedures, limited cell

availability, and donor site morbidity, a significant challenge on

the path toward clinical translation of these efforts is the

development of appropriate cell sources.

A variety of stem cells, both embryonic [5–8] and adult [9–11],

have been explored for their chondrogenic potential. While stem

cells have been isolated from numerous adult tissues, skin is a

particularly attractive source as it is highly regenerative and

minimizes the invasiveness of cell isolation. It has been shown that

the dermis contains a population of cells capable of chondrogen-

esis [12–17]. Our group has found that adult dermal fibroblasts

are capable of chondrogenic differentiation when cultured on the

aggrecan, the main proteoglycan found in cartilage [13]. We

showed that a subpopulation with high chondrogenic potential,

termed dermis-isolated adult stem (DIAS) cells, could be selected

through rapid adherence to tissue culture polystyrene surfaces

[18,19]. We also demonstrated the ability of DIAS cells to not only

produce cartilage-like extracellular matrix (ECM), but also form

tissue engineered constructs with robust mechanical properties

[16]. However, the properties of constructs engineered using DIAS

cells do not reach native tissue biochemical and biomechanical

values; therefore it is necessary to further enhance the DIAS cell

expansion and chondrodifferentiation protocols.

Mesenchymal stem cells (MSCs) are sensitive to ambient oxygen

levels during in vitro expansion [20]. Reduced oxygen tension (,5%

O2) has been shown to increase proliferation [21], enhance

colony-forming efficiency [22], and prevent phenotypic drift [23]

during monolayer culture of bone-marrow derived MSCs. In

addition, hypoxic (2% O2) expansion of adipose-derived stem cells

(ASCs) upregulates collagen II gene expression and increases

sulfated glycosaminoglycan (GAG) deposition in high density

culture relative to normoxic (21% O2) expansion, suggesting that

hypoxia may influence early chondrogenesis [24]. In dermal

fibroblasts, reduced oxygen tension during monolayer culture

modulates expression of a myriad proteins, including those related

to transcriptional control, metabolism, and matrix remodeling
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[25], though the effect of hypoxia during expansion on subsequent

chondrogenic capacity of dermis cells is unknown.

MSC differentiation into chondrocytes during development

occurs in a hypoxic environment (1–6% O2) [26,27], and, in vitro,

hypoxia promotes chondrogenic differentiation. Reduced oxygen

tension during differentiation of stem cells upregulates expression of

cartilage-related genes [8,28–31] and increases production of

cartilage-specific matrix [28,31–33]. A study by Mizuno et al. [34]

showed enhanced chondrogenesis of immature dermal fibroblasts

seeded on collagen/demineralized bone powder sponges in low

oxygen (5% O2), and increased production of hypoxia inducible

factor-1a (HIF-1a), a known regulator of hypoxic chondrogenic

differentiation [35]. Others have elucidated the mechanism of

hypoxia-induced chondrogenic differentiation in stem cells

[26,36–38], therefore it is the aim of this study to characterize

the functional outcomes of DIAS cell exposure to hypoxia. Based

on these findings, it was hypothesized that the chondrogenic

differentiation of DIAS cells would be enhanced under low

ambient oxygen.

In an effort to refine the expansion and differentiation processes

for DIAS cells, and to gain an understanding of how hypoxia

affects the chondrogenesis of DIAS cells, this study examined the

effects of hypoxia during expansion and chondrogenic differenti-

ation. We hypothesized that exposure to hypoxia during expansion

and/or differentiation would enhance chondrogenesis of DIAS

cells. The primary criterion for evaluating chondrogenesis was

collagen type II production during differentiation, both overall and

relative to cell number and total collagen production. Sulfated

GAG production was also quantified, and deposition of collagen

types I and II, total collagen, and GAGs were examined

histologically. In addition, we examined proliferation and colony

forming units (CFU-F) in monolayer to evaluate the effects of

hypoxia on the cell-growth characteristics of DIAS cells.

Methods

Dermal Fibroblast Isolation
Full-thickness skins from the abdomens of seven adult goats

were obtained from a local abattoir (Fisher Ham & Meat, Spring,

TX). The dermis was isolated, minced, and digested in medium

containing 0.2% type II collagenase (Worthington, Lakewood, NJ)

at 37uC with agitation. Base medium consisted of DMEM with

4.5 g/L glucose and L-glutamine (Gibco, Grand Island, NY), 1%

penicillin/streptomycin/fungizone (Biowhittaker, Walkersville,

MD), and 1% non-essential amino acids (Life Technologies,

Gaithersburg, MD). Digests were diluted with expansion medium

(base medium with 10% FBS [Biowhittaker]), filtered, and

centrifuged at 300 g. Cells were resuspended in expansion

medium, combined, and plated in flasks.

Expansion in Hypoxia and Normoxia and Isolation of a
Chondroinducible DIAS Cell Subpopulation

Cells were cultured separately in hypoxic (5% O2) or normoxic

(20% O2) incubators. All liquids were preconditioned in 100 mm

petri dishes in the respective incubators for .12 h prior to use on

cell cultures to acclimate to environmental O2 levels [39]. Upon

reaching 80–85% confluence (,5 days), cultures were treated with

0.5% Dispase (BD, Franklin Lakes, NJ) for 15 minutes to detach

keratinocytes, and the non-adherent cells were discarded. After

expansion to 80–85% confluence (,3 days), all cells were lifted

using trypsin and EDTA (Sigma, St. Louis, MO). To isolate the

chondroinducible subpopulation (DIAS cells), the cell suspension

was exposed to tissue-culture polystyrene (TCP) flasks for 10

minutes, and floating cells were discarded [18]. The flasks were

washed 3x with PBS and cultured in expansion medium until

reaching 80–85% confluence (,5 days), then lifted using trypsin

and EDTA for monolayer assays and differentiation culture.

Assessment of Monolayer Proliferation and Clonogenesis
DIAS cells were resuspended and 104 cells were added to

100 mm petri dishes with expansion medium and cultured in

hypoxic (5% O2) or normoxic (20% O2) incubators. At each time

point (day 0, 1, 3, 5, 7, 9, and 11), cells were collected and frozen

at 280uC. After collecting cells from each time point, cell number

was determined using Picogreen Cell Proliferation Assay Kit

(Molecular Probes, Eugene, OR).

For DIAS cell CFU (CFU-F) assessment, 102 DIAS cells were

cultured undisturbed in 100 mm Petri dishes for 2 weeks. Dishes

were fixed with methanol, stained with 2% crystal violet, and

colonies greater than 2 mm diameter were counted. The % CFU-

F was determined as the number of colonies normalized to seeded

cells. Due to limitations in cell number and processing, cells used

for clonal analysis were not used for chondrogenic differentiation.

Chondrogenic Differentiation on Coated Surfaces
Cells expanded separately in monolayer from those used in

clonal analysis were cultured in both environments during

differentiation (hypoxia R hypoxia (HH), hypoxia R normoxia

(HN), normoxia R hypoxia (NH), normoxia R normoxia (NN)).

The micromass differentiation protocol was modified from the

procedure described by Ahrens et al. [40]. This method was shown

to induce DIAS cell chondrogenesis in a manner similar to the

aggrecan method described previously [18] in an unpublished

study from our laboratory. Coated surfaces were prepared in 24-

well TCP plates. A sterile 0.08% chondroitin sulfate (Sigma)

solution was prepared and 20 ml was dropped into each well and

allowed to dry overnight.

DIAS cells were suspended in chondrogenic medium consisting

of base medium with 50 mg/ml ascorbic acid-2-phosphate (Acros

Organics, Geel, Belgium), 0.4 mM proline (Acros), 50 mg/ml

ITS+ Premix (BD Biosciences, Bedford, MA), 1027 M dexameth-

asone (Sigma), 10 ng/ml transforming growth factor b1 (TGF-b1)

(Peprotech, Rocky Hill, NJ), 100 ng/ml recombinant human

insulin-like growth factor (Peprotech), and 1% FBS. 26105 cells

were seeded in a 20 ml droplet on the dried surface. After 4 hours,

500 ml of chondrogenic medium was carefully added around the

condensed cell mass, and 250 ml of media was exchanged every

other day for 14 days.

Quantitative Biochemistry
After 14 days, the contents of four wells were combined to make

one sample for quantitative biochemical analysis. Samples were

digested in pepsin (10 mg/ml) with acetic acid, followed by

pancreatic elastase (1 mg/ml) in Tris buffer at 4uC. Cellularity was

determined using the Picogreen kit. Total sulfated GAG content

was determined using a dimethylmethylene blue (DMMB) dye-

binding assay kit (Biocolor, Newtownabbey, Northern Ireland).

Total collagen content was determined after hydrolyzing samples

with 2 normal NaOH for 20 minutes at 110uC with a chloramine-

T hydroxyproline assay using Sircol standards (Biocolor) [41].

Collagen type II was quantified using an indirect enzyme-linked

immunosorbent assay (ELISA). Samples and standards were

incubated in a 96-well plate overnight at 4uC. Wells were blocked

with BSA overnight at 4uC, then exposed to a primary antibody,

anti-collagen type II IgG (Cedarlane Labs, Burlington, NC) for

1 hour at 20uC. The secondary antibody, anti-IgG horseradish

peroxidase (Millipore, Temecula, CA) was then applied for 1 hour

at 20uC. Between each incubation step, wells were washed 3x with
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0.05% Tween-20. Results were visualized at 450 nm using a TMB

substrate.

Histology and Immunohistochemistry
Micromasses were cryo-sectioned at 14 mm. Histology sections

were fixed in 10% phosphate buffered formalin and stained with

picrosirius red to examine collagen. Immunohistochemical (IHC)

analyses for collagen types I and II were performed on acetone-

fixed sections using primary antibodies from US Biological (anti-

collagen type I, Swampsacott, MA) and Cedarlane Labs (anti-

collagen type II). Secondary antibodies and avidin-biotinylnated

enzymes (VectastainABC kit, Burlingame, CA) were applied,

followed by DAB reagent (Vector labs), and slides were

counterstained with hematoxylin.

Statistical Analyses
For proliferation assays, n = 3 was used at each time point, while

n = 5 was used for CFU-F and quantitative biochemistry. Data

were analyzed with a two-factor analysis of variance (ANOVA),

using Tukey’s HSD post hoc where applicable. Significance was

defined as p,0.05, and data are reported as mean 6 standard

deviation.

Results

Cell Growth and CFU-F
The examination of cell proliferation revealed differences in cell

growth kinetics in hypoxic and normoxic culture (Fig. 1A). There

was no statistical difference between the groups over the first 5

days of growth, though normoxic culture resulted in a statistically

significant increase in cell number at days 7, 9, and 11, compared

with hypoxic culture. Cells cultured in normoxia also had a higher

CFU-F (6368%) than hypoxic cultured cells (3564%) (Fig. 1B).

Cellularity of Micromass Cultures
Cellularity increased during the 14 days of 3D culture for all

treatments (Fig. 2). Hypoxic differentiation decreased cell growth

26% (p,0.0001) relative to normoxic differentiation, while

hypoxic expansion led to a 9% decrease (p = 0.04) in cellularity

of micromasses relative to normoxic expansion. There were no

statistical differences between the NN and HN groups (p = 0.8), or

NH and HH groups (p = 0.2).

Total Collagen Production
Data for total collagen production during differentiation are

shown in Figs. 3A and 3C. Cells expanded in hypoxia produced

51% more total collagen than normoxia-expanded cells (p,

0.0001), while hypoxic differentiation increased collagen produc-

tion 17% (p = 0.004). Hypoxic differentiation also led to an

increase in collagen production of 59% (p,0.0001) relative to

normoxic differentiation, normalized to 105 cells.

Collagen Type II Production
Data for collagen type II production during differentiation are

shown in Figs. 3B and 3D. Hypoxic expansion decreased total

Figure 1. Proliferation and clonogenesis of cells in monolayer. (A) Cells proliferated faster in normoxia than hypoxia. Cell number was greater
in normoxia at days 7 (p = 0.04), 9 (p = 0.04), and 11 (p = 0.002). (B) CFU-F was greater in normoxia than hypoxia (p,0.0001). Data are mean 6 S.D.
doi:10.1371/journal.pone.0098570.g001

Figure 2. Hypoxia limits proliferation during 3D culture. Cells
were seeded at 26105 per micromass (dashed line). Data are mean 6
S.D. Groups not connected by letters are significantly different with p,
0.05.
doi:10.1371/journal.pone.0098570.g002
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production of collagen type II 39% and per 105 cell production

38%, while hypoxic differentiation increased total production of

collagen type II 62% and per 105 cell production 85% (p,0.0001

for all comparisons). The NH group produced 1.6 fold more

collagen type II (p,0.0001) and 2.3 fold more collagen type II per

105 cell (p,0.0001) than the NN group. HN micromasses

contained 95% more collagen type II (p,0.0001) and 37% more

collagen type II per 105 cell (p = 0.02) than NN micromasses.

Collagen type II/total collagen (Fig. 3E) was 1.3 fold greater for

groups expanded in normoxia (NN, NH) relative to hypoxic

expansion (p,0.0001) and the ratio was increased 23% (p = 0.003)

with subsequent hypoxic differentiation. The NH group had a

Figure 3. Collagen accumulation during micromass culture. Hypoxic expansion led to increased total collagen accumulation (A) and collagen
accumulation per cell (C) during differentiation. Overall collagen type II production was greatest in the NH group (B) as was collagen type II
production per cell (D) and relative to total collagen production (E). Data are mean 6 S.D. Groups not connected by letters are significantly different.
Significance defined as p,0.05.
doi:10.1371/journal.pone.0098570.g003
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collagen type II/total collagen ratio of 0.15, statistically greater

than all other groups.

GAG Production
Data for sulfated GAG content are shown in Fig. 4. Hypoxic

expansion increased total sulfated GAG production by 23% (p,

0.0001), while hypoxic differentiation increased GAGs by 15%

(p,0.0001). Similar trends were apparent when normalized to cell

number. For normoxia-expanded groups, hypoxic differentiation

(NH) increased GAG by 73% and increased GAG per cell by

124% over normoxic differentiation (NN) (p,0.0001). For the

hypoxia-expanded groups, hypoxic differentiation (HH) decreased

total GAG by 16% (p,0.0001) but increased per cell GAG

production by 19% (p = 0.01) over normoxic differentiation (HN).

Histological Evaluation
Representative pictures from the histological examination of

micromass ECM from all groups are presented in Fig. 5.

Immunostaining revealed the presence of collagen types I and II

in all constructs. Collagen type I staining was strongest in the HH

group, and weakest in the NN group. Collagen type II staining was

more prominent in the NH group, while staining in the NN and HH

groups was less evident. All groups stained brightly for collagen with

picrosirius red with no apparent differences among groups.

Discussion

The overall aim of this study was to enhance in vitro

chondrogenesis of DIAS cells by examining the effects of reduced

oxygen tension. Cells were cultured in hypoxic (5% O2) and

normoxic (20% O2) environments during expansion and differen-

tiation, and chondrogenesis was assessed through analysis of ECM

production and cell-growth characteristics. Hypoxic differentiation

(NH) dramatically increased production of collagen type II and

increased the ratio of collagen type II to total collagen production

compared to continuous normoxic culture (NN), Hypoxic

differentiation (NH) also dramatically increased sulfated GAG

production per cell compared to continuous normoxic exposure

(NN). These results together identify NH as the best treatment to

enhance chondrogenesis of DIAS cells. In addition, hypoxic

expansion (HN and HH) significantly increased total matrix

production relative to continuous normoxic culture (NN). These

results demonstrate the potent effects of oxygen tension on the

chondrogenic ability of DIAS cells, and improve the utility of these

cells for cartilage and fibrocartilage tissue engineering.

In general, chondrogenic differentiation of skin-derived progen-

itor cells has been evaluated via histology and immunofluorescence

[17,42,43], making this study is the first to quantify collagen type II

protein production by DIAS cells. The group that produced the

greatest amount (NH) synthesized 1.3 mg of collagen type II per 105

cells, on par with reported values for ASC chondrogenesis at 2

weeks [44]. Collagen type II is produced in significant quantities

almost exclusively in cartilaginous tissues. It is the most abundant

protein in hyaline articular cartilage, while fibrocartilages from the

TMJ and knee meniscus contain varying ratios of collagen type II to

other collagens [45]. The production of this protein in comparison

with other matrix constituents can provide a quantitative measure of

the chondrocytic character of cells following chondrogenic treat-

ments. In this study, 15% of the total collagen produced by the NH

group was type II, compared to 8% for the NN and HN groups and

3% for the HH group. These values are all indicative of a

fibrochondrocyte phenotype, though hypoxic differentiation ad-

vanced the cells further towards a chondrocyte phenotype.

In this study, we also examined the effect of hypoxic expansion

on subsequent chondrogenesis and explored whether pre-differ-

entiation exposure to hypoxia would select for or ‘prime’ the

chondrogenic subpopulation. While this has been shown for ASCs

[24], this study does not conclusively show that such is also the

case for DIAS cells. With respect to engineering cartilage, there

have been conflicting results pertaining to the application of

hypoxia and its benefits and drawbacks [24,46–49]. It was recently

shown that hypoxia applied during the collagen synthesis phase

versus the collagen maturation phase of a developing tissue has

drastically different outcomes [50]. A similar temporal dependence

for hypoxia’s use in expansion and differentiation likely exists and

should be further explored in future studies. Continuous hypoxic

exposure (HH) increased overall matrix production but reduced

the collagen type II to total collagen ratio. Coupled with the

monolayer expansion assessments that showed decreased prolifer-

ation and clonogenesis, the results indicate a phenotypic switch

from mitotic to biosynthetic activity. The possible presence of non-

chondrogenically differentiated, mature fibroblasts in the system

does not likely contribute to the decrease in proliferative activity of

DIAS cells under hypoxia because while monolayer culture of

fibroblasts under chronic hypoxia is known to upregulate expression

Figure 4. GAG accumulation during micromass culture. Cells
exposed to hypoxia (HH, HN, NH) produced more GAG overall (A) and
per cell (B) relative to continuous normoxic culture (NN) (p,0.05). Data
are mean 6 S.D. Groups not connected by letters are significantly
different.
doi:10.1371/journal.pone.0098570.g004
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of TGF-b1 [51], and a1(I) procollagen [52,53], increase synthesis of

collagen type I [54], and limit cell proliferation [55,56], acute (less

than six passages) exposure to hypoxia is known to increase

fibroblast population doublings [57]. From these data, we can

speculate that exposure of cells to hypoxia during monolayer

expansion limited the chondrogenic ability of DIAS cells prior to

differentiation in 3D by reducing cell plasticity and committing cells

to a synthetic phenotype. Interestingly, the collagen type II per total

collagen ratio of the HN was unchanged relative to the NN group,

indicating (at least partial) reversal of this response upon reoxygena-

tion, a phenomenon supported by the literature [56].

The mechanism of hypoxia in in vitro chondrogenic differenti-

ation of stem cells is established. For example, in hypoxic culture

of MSCs, prolyl hydroxylase activity is reduced, allowing the HIF-

1a subunit of the HIF dimer to stabilize and translocate to the

nucleus where it accumulates [37]. Acting in concert with HIF-1b,

HIF-1a binds to hypoxia responsive elements, thereby initiating

the transcription of genes involved in chondrogenesis and

cartilage-specific extracellular matrix production such as collagen

II, lysyl oxidase, chondroitin-4-sulfonotransferase-2, and Sox9

[26,37,38]. Furthermore, hypoxia-induced increases in collagen II

and Sox9 expression and proteoglycan deposition are inhibited by

HIF-1a siRNA [37]. The in-vitro effects of hypoxia mirror the role

of hypoxia in developmental chondrogenesis which takes place in

an environment of 1–6% O2 [27,58]. The role of hypoxia in

developmental chondrogenesis and the chondrogenic differentia-

tion of established stem cells, such as bone marrow-derived MSCs

and adipose derived stem cells, is well-known and convergent [36].

While further studies should be conducted to confirm the same

mechanisms in DIAS cells, this knowledge and its conservation

between cell types shifts importance towards characterizing the

functional effects of hypoxia.

Methodologies that facilitate in vitro stem cell chondrogenesis

typically have a basis in physiological processes or characteristics of

native cartilage. In this and our previous study [18], DIAS cells were

grown on physiological surfaces; the cartilage-derived matrix

molecule aggrecan, and its predominant GAG, chondroitin sulfate.

These surfaces induce a physiological response in which cells

assemble into high-density aggregates, reminiscent of mesodermal

cell condensation which precedes nascent cartilage development in

utero [59]. The reduced oxygen level utilized in this study is similar to

that experienced by native chondrocytes, estimated to be 1–8%

depending on tissue location [60,61]. In this study, concurrent

application of signals derived from native cartilage physiology,

comprising high-density cell culture, cell-matrix interactions, soluble

chondrogenic agents, and reduced oxygen tension, enhanced

chondrogenesis. Exploration into temporal application of these

and additional stimuli, motivated by native cartilage physiology, will

likely enhance this process further.

In conclusion, this study demonstrates enhancement of DIAS cell

chondrogenesis by applying hypoxic culture conditions. Translation

of in vitro cartilage regeneration models will require identification of

clinically useful cells, and the use of skin as a donor tissue is

especially promising due to the ease of procurement and negligible

damage to the donor site. The final goal of this work is to use

patients’ own skin cells to create functional, autologous tissues for

cartilage repair and replacement. Building on our previous study,

which demonstrated the isolation and differentiation of a chon-

droinducible subpopulation of cells from the dermis, and these

findings provide an important advancement towards that goal.
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Figure 5. Histological sections of micromasses after 2 weeks. Collagen type I staining was strongest for HH (first row), while collagen type II
staining was strongest for NH (second row). All groups stained positive for collagen (third row).
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Hypoxia Affects DIAS Cell Chondrogenic Differentiation

PLOS ONE | www.plosone.org 6 May 2014 | Volume 9 | Issue 5 | e98570



References

1. Hu JC, Athanasiou KA (2006) A self-assembling process in articular cartilage

tissue engineering. Tissue Eng 12: 969–979.

2. Elder BD, Athanasiou KA (2008) Synergistic and additive effects of hydrostatic
pressure and growth factors on tissue formation. PLoS One 3: e2341.

3. Hoben GM, Athanasiou KA (2008) Creating a spectrum of fibrocartilages

through different cell sources and biochemical stimuli. Biotechnol Bioeng 100:
587–598.

4. Aufderheide AC, Athanasiou KA (2007) Assessment of a bovine co-culture,

scaffold-free method for growing meniscus-shaped constructs. Tissue Eng 13:
2195–2205.

5. Hoben GM, Koay EJ, Athanasiou KA (2008) Fibrochondrogenesis in two

embryonic stem cell lines: effects of differentiation timelines. Stem Cells 26: 422–
430.

6. Hoben GM, Willard VP, Athanasiou KA (2009) Fibrochondrogenesis of hESCs:

growth factor combinations and cocultures. Stem Cells Dev 18: 283–292.

7. Koay EJ, Hoben GM, Athanasiou KA (2007) Tissue engineering with
chondrogenically differentiated human embryonic stem cells. Stem Cells 25:

2183–2190.

8. Koay EJ, Athanasiou KA (2008) Hypoxic chondrogenic differentiation of human

embryonic stem cells enhances cartilage protein synthesis and biomechanical
functionality. Osteoarthritis Cartilage 16: 1450–1456.

9. Mackay AM, Beck SC, Murphy JM, Barry FP, Chichester CO, et al. (1998)

Chondrogenic differentiation of cultured human mesenchymal stem cells from
marrow. Tissue Eng 4: 415–428.

10. Erickson GR, Gimble JM, Franklin DM, Rice HE, Awad H, et al. (2002)

Chondrogenic potential of adipose tissue-derived stromal cells in vitro and in
vivo. Biochem Biophys Res Commun 290: 763–769.

11. Diekman BO, Rowland CR, Caplan AI, Lennon D, Guilak F (2009)

Chondrogenesis of adult stem cells from adipose tissue and bone marrow:
Induction by growth factors and cartilage derived matrix. Tissue Eng Part A.

12. Glowacki J, Yates KE, Maclean R, Mizuno S (2005) In vitro engineering of

cartilage: effects of serum substitutes, TGF-beta, and IL-1alpha. Orthod
Craniofac Res 8: 200–208.

13. French MM, Rose S, Canseco J, Athanasiou KA (2004) Chondrogenic

differentiation of adult dermal fibroblasts. Ann Biomed Eng 32: 50–56.

14. Mizuno S, Glowacki J (1996) Three-dimensional composite of demineralized
bone powder and collagen for in vitro analysis of chondroinduction of human

dermal fibroblasts. Biomaterials 17: 1819–1825.

15. Nicoll SB, Wedrychowska A, Smith NR, Bhatnagar RS (2001) Modulation of
proteoglycan and collagen profiles in human dermal fibroblasts by high density

micromass culture and treatment with lactic acid suggests change to a

chondrogenic phenotype. Connect Tissue Res 42: 59–69.
16. Sanchez-Adams J, Athanasiou KA (2012) Dermis isolated adult stem cells for

cartilage tissue engineering. Biomaterials 33: 109–119.

17. Vaculik C, Schuster C, Bauer W, Iram N, Pfisterer K, et al. (2012) Human

dermis harbors distinct mesenchymal stromal cell subsets. J Invest Dermatol 132:
563–574.

18. Deng Y, Hu JC, Athanasiou KA (2007) Isolation and chondroinduction of a

dermis-isolated, aggrecan-sensitive subpopulation with high chondrogenic
potential. Arthritis Rheum 56: 168–176.

19. Sanchez-Adams J, Athanasiou KA (2012) Dermis isolated adult stem cells for

cartilage tissue engineering. Biomaterials 33: 109–119.

20. Ma T, Grayson WL, Frohlich M, Vunjak-Novakovic G (2009) Hypoxia and
stem cell-based engineering of mesenchymal tissues. Biotechnol Prog 25: 32–42.

21. Grayson WL, Zhao F, Bunnell B, Ma T (2007) Hypoxia enhances proliferation

and tissue formation of human mesenchymal stem cells. Biochem Biophys Res
Commun 358: 948–953.

22. Lennon DP, Edmison JM, Caplan AI (2001) Cultivation of rat marrow-derived

mesenchymal stem cells in reduced oxygen tension: effects on in vitro and in vivo
osteochondrogenesis. J Cell Physiol 187: 345–355.

23. D’Ippolito G, Diabira S, Howard GA, Roos BA, Schiller PC (2006) Low oxygen

tension inhibits osteogenic differentiation and enhances stemness of human
MIAMI cells. Bone 39: 513–522.

24. Xu Y, Malladi P, Chiou M, Bekerman E, Giaccia AJ, et al. (2007) In vitro

expansion of adipose-derived adult stromal cells in hypoxia enhances early
chondrogenesis. Tissue Eng 13: 2981–2993.

25. Boraldi F, Annovi G, Carraro F, Naldini A, Tiozzo R, et al. (2007) Hypoxia

influences the cellular cross-talk of human dermal fibroblasts. A proteomic
approach. Biochim Biophys Acta 1774: 1402–1413.

26. Schipani E (2005) Hypoxia and HIF-1 alpha in chondrogenesis. Semin Cell Dev

Biol 16: 539–546.

27. Duval E, Leclercq S, Elissalde JM, Demoor M, Galera P, et al. (2009) Hypoxia-
inducible factor 1alpha inhibits the fibroblast-like markers type I and type III

collagen during hypoxia-induced chondrocyte redifferentiation: hypoxia not

only induces type II collagen and aggrecan, but it also inhibits type I and type III
collagen in the hypoxia-inducible factor 1alpha-dependent redifferentiation of

chondrocytes. Arthritis Rheum 60: 3038–3048.

28. Khan WS, Adesida AB, Hardingham TE (2007) Hypoxic conditions increase
hypoxia-inducible transcription factor 2alpha and enhance chondrogenesis in

stem cells from the infrapatellar fat pad of osteoarthritis patients. Arthritis Res
Ther 9: R55.

29. Martin-Rendon E, Hale SJ, Ryan D, Baban D, Forde SP, et al. (2007)

Transcriptional profiling of human cord blood CD133+ and cultured bone
marrow mesenchymal stem cells in response to hypoxia. Stem Cells 25: 1003–

1012.

30. Adesida AB, Grady LM, Khan WS, Millward-Sadler SJ, Salter DM, et al. (2007)

Human meniscus cells express hypoxia inducible factor-1alpha and increased
SOX9 in response to low oxygen tension in cell aggregate culture. Arthritis Res

Ther 9: R69.

31. Adesida AB, Grady LM, Khan WS, Hardingham TE (2006) The matrix-
forming phenotype of cultured human meniscus cells is enhanced after culture

with fibroblast growth factor 2 and is further stimulated by hypoxia. Arthritis
Res Ther 8: R61.

32. Hansen U, Schunke M, Domm C, Ioannidis N, Hassenpflug J, et al. (2001)

Combination of reduced oxygen tension and intermittent hydrostatic pressure: a
useful tool in articular cartilage tissue engineering. J Biomech 34: 941–949.

33. Wang DW, Fermor B, Gimble JM, Awad HA, Guilak F (2005) Influence of

oxygen on the proliferation and metabolism of adipose derived adult stem cells.

J Cell Physiol 204: 184–191.
34. Mizuno S, Glowacki J (2005) Low oxygen tension enhances chondroinduction

by demineralized bone matrix in human dermal fibroblasts in vitro. Cells Tissues

Organs 180: 151–158.

35. Malladi P, Xu Y, Chiou M, Giaccia AJ, Longaker MT (2007) Hypoxia inducible
factor-1alpha deficiency affects chondrogenesis of adipose-derived adult stromal

cells. Tissue Eng 13: 1159–1171.

36. Chung HM, Won CH, Sung JH (2009) Responses of adipose-derived stem cells
during hypoxia: enhanced skin-regenerative potential. Expert Opin Biol Ther 9:

1499–1508.

37. Kanichai M, Ferguson D, Prendergast PJ, Campbell VA (2008) Hypoxia
promotes chondrogenesis in rat mesenchymal stem cells: a role for AKT and

hypoxia-inducible factor (HIF)-1alpha. J Cell Physiol 216: 708–715.

38. Robins JC, Akeno N, Mukherjee A, Dalal RR, Aronow BJ, et al. (2005) Hypoxia
induces chondrocyte-specific gene expression in mesenchymal cells in association

with transcriptional activation of Sox9. Bone 37: 313–322.

39. Allen CB, Schneider BK, White CW (2001) Limitations to oxygen diffusion and

equilibration in in vitro cell exposure systems in hyperoxia and hypoxia.
Am J Physiol Lung Cell Mol Physiol 281: L1021–1027.

40. Ahrens PB, Solursh M, Reiter RS (1977) Stage-related capacity for limb

chondrogenesis in cell culture. Dev Biol 60: 69–82.

41. Reddy GK, Enwemeka CS (1996) A simplified method for the analysis of
hydroxyproline in biological tissues. Clin Biochem 29: 225–229.

42. Clewes O, Narytnyk A, Gillinder KR, Loughney AD, Murdoch AP, et al. (2011)

Human epidermal neural crest stem cells (hEPI-NCSC)—characterization and
directed differentiation into osteocytes and melanocytes. Stem Cell Rev 7: 799–

814.

43. Lavoie JF, Biernaskie JA, Chen Y, Bagli D, Alman B, et al. (2009) Skin-Derived
Precursors Differentiate Into Skeletogenic Cell Types and Contribute to Bone

Repair. Stem Cells and Development 18: 893–905.

44. Mahmoudifar N, Doran PM (2010) Chondrogenic differentiation of human
adipose-derived stem cells in polyglycolic acid mesh scaffolds under dynamic

culture conditions. Biomaterials 31: 3858–3867.

45. Almarza AJ, Athanasiou KA (2004) Design characteristics for the tissue

engineering of cartilaginous tissues. Ann Biomed Eng 32: 2–17.
46. Fu WL, Jia ZQ, Wang WP, Zhang JY, Fu X, et al. (2011) Proliferation and

apoptosis property of mesenchymal stem cells derived from peripheral blood

under the culture conditions of hypoxia and serum deprivation. Chin
Med J (Engl) 124: 3959–3967.

47. Adesida AB, Mulet-Sierra A, Jomha NM (2012) Hypoxia mediated isolation and

expansion enhances the chondrogenic capacity of bone marrow mesenchymal
stromal cells. Stem Cell Res Ther 3: 9.

48. Buckley CT, Vinardell T, Kelly DJ (2010) Oxygen tension differentially

regulates the functional properties of cartilaginous tissues engineered from
infrapatellar fat pad derived MSCs and articular chondrocytes. Osteoarthritis

Cartilage 18: 1345–1354.

49. Qu C, Lindberg H, Ylarinne JH, Lammi MJ (2012) Five percent oxygen tension
is not beneficial for neocartilage formation in scaffold-free cell cultures. Cell and

Tissue Research 348: 109–117.

50. Makris EA, Hu JC, Athanasiou KA (2013) Hypoxia-induced collagen

crosslinking as a mechanism for enhancing mechanical properties of engineered
articular cartilage. Osteoarthritis Cartilage 21: 634–641.

51. Falanga V, Qian SW, Danielpour D, Katz MH, Roberts AB, et al. (1991)

Hypoxia upregulates the synthesis of TGF-beta 1 by human dermal fibroblasts.
J Invest Dermatol 97: 634–637.

52. Falanga V, Zhou L, Yufit T (2002) Low oxygen tension stimulates collagen

synthesis and COL1A1 transcription through the action of TGF-beta1. J Cell
Physiol 191: 42–50.

53. Falanga V, Martin TA, Takagi H, Kirsner RS, Helfman T, et al. (1993) Low

oxygen tension increases mRNA levels of alpha 1 (I) procollagen in human
dermal fibroblasts. J Cell Physiol 157: 408–412.

54. Steinbrech DS, Longaker MT, Mehrara BJ, Saadeh PB, Chin GS, et al. (1999)

Fibroblast response to hypoxia: the relationship between angiogenesis and

matrix regulation. J Surg Res 84: 127–133.

Hypoxia Affects DIAS Cell Chondrogenic Differentiation

PLOS ONE | www.plosone.org 7 May 2014 | Volume 9 | Issue 5 | e98570



55. Tandara AA, Mustoe TA (2004) Oxygen in wound healing—more than a

nutrient. World J Surg 28: 294–300.
56. Oberringer M, Jennewein M, Motsch SE, Pohlemann T, Seekamp A (2005)

Different cell cycle responses of wound healing protagonists to transient in vitro

hypoxia. Histochem Cell Biol 123: 595–603.
57. Siddiqui A, Galiano RD, Connors D, Gruskin E, Wu L, et al. (1996) Differential

effects of oxygen on human dermal fibroblasts: acute versus chronic hypoxia.
Wound Repair Regen 4: 211–218.

58. Provot S, Schipani E (2007) Fetal growth plate: a developmental model of

cellular adaptation to hypoxia. Ann N Y Acad Sci 1117: 26–39.

59. Pacifici M, Koyama E, Iwamoto M, Gentili C (2000) Development of articular

cartilage: what do we know about it and how may it occur? Connect Tissue Res

41: 175–184.

60. Brighton CT, Heppenstall RB (1971) Oxygen tension in zones of the epiphyseal

plate, the metaphysis and diaphysis. An in vitro and in vivo study in rats and

rabbits. J Bone Joint Surg Am 53: 719–728.

61. Haselgrove JC, Shapiro IM, Silverton SF (1993) Computer modeling of the

oxygen supply and demand of cells of the avian growth cartilage. Am J Physiol

265: C497–506.

Hypoxia Affects DIAS Cell Chondrogenic Differentiation

PLOS ONE | www.plosone.org 8 May 2014 | Volume 9 | Issue 5 | e98570


