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Abstract: Two-dimensional cultivation is typically used for
cell growth, but the method reduces the characteristics of
chondrocytes and stem cells, and limits culture area. There-
fore, development of three-dimensional culture method is
needed to mimic in vivo environment, improve quality of
cells and scale-up efficiently. Improving proliferation and
chondrogenesis is available by co-culture of chondrocytes
and mesenchymal stem cells (MSCs) that leads to interaction
between two kinds of cells. However, the co-culture has prob-
lems that permeability of sphere diminishes as aggregate size
increased and ratio of two kinds of cells composing each
spheres is different. In this work, co-cultivation method using
controlled sphere composed of chondrocytes and MSCs was
established and enhanced chondrogenesis. Periosteum-derived
progenitor cells (PDPCs) that are appropriate for cell therapy
source of articular cartilage were used as MSCs. Controlled
spheres were formed in the hanging-drop plates and shifted
for being induced chondrogenesis in 35-mm non-adhesive
culture dishes at a rotation rate of 60 rpm. After inducing
chondrogenesis, gene expressions related with chondrogene-
sis were found to be improved and it was apparent that the uti-
lization of controlled spheres promoted chondrogenesis. As a
result, available numbers of cells per unit area were increased
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and chondrogenic differentiation ability was improved com-
pared to typical two-dimensional culture. This approach shows
the potential in cartilage regeneration as it can provide suffi-
cient numbers of chondrocytes.
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1. INTRODUCTION
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OFS T Aoo| = A E £ATF @ o] WhAE 4= Qi [3]. I 2. MATERIALS AND METHODS
Sh A ZA] 5A| 2 7| M ZE 0|85} H 3| A= 1.0x10° cells
o|A4Fe] M7} @ s o] wjF WA o] Aghe 2 vk W 2.1 @I A X9 B QW)
Ho g tfFo NZ2E = A 73‘%1]*401 Sk mhebA . dEAEY EeE A A2 APt yd
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(suspension culture)S 3= BFE o] W= 31 Qlok. S A 7t

e 32w oF W F wjorE 7 A2 S] $3 (aggrega-
tion)2] &%= & embryonic body~ PN 7= R o] S0

7M1 v ool = A8 o] -7 9 sphereE FAAI7]+= 3
Zpd v i o] ke Sl [4]. Al 9] aggregation 1=
oho] 321 v eFsH Al 2 Afo] o) 4T HAdo] EstA o]
Fol A m 221wl oF WP ok A W 28 FAHA
ARG 4= 7] W iZoll Az A5 A AP =Y 5 et
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o] g&gel qlof A28 SAT 54 FHAIZI7] Sl 5 uf
OF (co-culture) Hr¥ o] A& %t Co-culture= & = 11
ol/f o thg TF MEZE &2 2ol Al i Fsto] Al 1t
AT A28 E5 T v 9F (monoculture) T Af| 32 9] 4] 0]
U EA o] StiE o ok [6]. whebA Ao Fde ST}
517] flsko] A& H4of] SHA co-cultureE 0] &3 thF3t Al
7 AU [7]. L = AEA|Ze} FAE7| M S co-
culture 3}H Z7HE & 7] A 3£ of| A E-H] =] += fibroblast growth
factor-1 (FGF-1)0] 27| M| 329} AZA|E9] ZA]of A A Q]
FEFE w| KTt [8]. 0L} B2 co-culture W2 FIHHE 7] A
L7} BH]3}= thrombospondin-27} &9 A 58S =
KAzl wabs ZAZIT okl A ik 9]

B ALof| A AR Zuf G- ALA| 3E (periosteum-derived
progenitor cells, PDPCs)= £ 7+ E 7| A 32 A A} (cluster of
differentiation, CD)¢l CD9, CD90, CD1669]| %FAl-S L} a1,
Z A Zo| A EH B = FAAS] CD45ol| 5735 UEHY
= PDPCs= & 54 85 7HA| 3L 7| 7F vl oF S0 .= 71
HE7IM Y] Fol Al JAE FAE 4= Qlth. 3, &2 4
EA7E QAL A 0] A Fof T A Rukg-o] glrk= A4

o] ATt [10]. o] H 3t 542 717 PDPCs9| A3+ 3/ A
AAMEZAmA ] Do PFY A2E A= AS FHo2
HAZ AN 22} co-culturedto] £35S SXIAI 7] 1L HA| A 0 &2
N2E wf ke 4= ol 32k vk W& A gaholt A
M| 329} PDPCsE 3290 =2 HjoFs}t7| 9]5}¢] hanging-drop
RO AL ) 9 20l shere 3A47)
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BAl 44 ¥ A5 242 Agsholrh. AZEHE phos-
phate buffered saline (PBS; Invitrogen, CA, USA) 2. & 33] A
28} t}2- Dulbecco's modified Eagle's medium (DMEM,; In-
vitrogen) ©. &2 &2tk A2 9] 718 A A 817] 9{8f 0.2% col-
lagenase type I1 (Worthington biochemical, NJ, USA)E A 7}5}
2447} HES 5 A= ol S 2] 5}o] 1200rpm01w 3R
RIS ST A5 A S Aok H2 S PBS 39 4
Hojo] ABEAO2NE ABAZE Beloiolch. HojH
HAZA|Z7F 80% SA15HS wf Alth Hﬁoti SFAAL, 0.05%
trypsin-EDTA (Invitrogen) & AR8-3}0] A| L& 3|3} 3t}

22. 8% 4 AFAES) g2 & W
4 olao] 448 B UL TUELG A7 o o] 2
o) vfjoFalo] Zut g2 A3 (periosteum-derived cells, PDCs)

Sholth 22 S PBSE A &3 &, 22 Ao g
A2 229 A= 24-well plate (SPL Life science,
Seoul, Korea)o]] F-2FA|7]41, 10% fetal bovine serum (FBS;
Invitrogen)™} 1% penicillin/streptomycin (P/S; Invitrogen)©]
A 7He DMEME g o] 331t} 5% CO7t 5+ 5 += 37°C, CO,
incubator (Sanyo Electric, Osaka Japan)of| A 74 E<F wlj s}
of 20 2RH A2F Fesklch S83 49 PDCsE
3]4~3}¢] FACSVantage (Becton Dickinson, NJ, USA)=
PDPCsHF A8l & o &2 Eg3lic) [10]. E2]%E PDPCs= T-
flask (SPL Life science)ol 10% FBS®} 1% P/S7} 323t
DMEM AH§:3Fe] uj bt

3. AN E} 9 53 AFAE9 3K co-culture
FJ o I A| 329} PDPCs 9] aggregation- -3- =597 sphere
HAAZ] & rotation platform& o83} o] W23}t A
AN Z2} PDPCsE 3:72] |- && .31sto] & 4x10° cells/well
9] &L & Perfecta3D 96-well hanging drop plate (3D Biomat-
rix, MI, USA)ol| HZ&aFeich. v <] = 10% FBSS} 1% P/S7}
3hel DMEM AH§513, 3271 wopat o= | 23} &
E=Q1A7} 1+ 35-mm culture dish (SPL Life science)= A 3
Z A 32-Y wioFE 517] Y8 A 35-mm culture dishoj] A]

e & 4ol Chaetal o A+ A5 Hig o = 5191
t}. 3.84x10° cells/mL 2] %= 2 2 mL2] StemPro Chondroge-
nesis Differentiation Kit (Invitrogen)& % 7}t & orbital sha-
ker (Vision Scientific, Daejeon, Korea)o]| 4] 60 rpm O 2 5%
CO7F F2E%E 37°C, CO, incubatoro] A 8 &F3} %3 ).
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2.4. WST-1 assay

WST-1 assay+= 7] 2l high sensitive water soluble tetrazolium
salt7} Ao}Qli= A| 3L 9] dehydrogenase?} HH3-5}10] 4=-8-A for-
N EZEg|ope] 582 o]-§3k Al 4

o
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ZAHo|th A28 v A 2 st Fof EZ-Cytox (iTSBIO,
Seoul, Korea)E # 7}l th. 28 2ps}at 37°C, 5% CO,7}
51 &= CO, incubatorof| A] 1A]7F REGA| AT B/ H &
Al formazan2- 96-well plate (Nunc, NY, USA)o] 7] 1L Bio-
track II plate reader (GE Healthcare, NJ, USA)E ©]-&3}¢] 450
nmo] 4 SHEE 45t

2.5. AA AL AHuH-$ (RT-PCR)

A=Az} £714|329] o] F4AE &elstr] $lsl ui
Sk A 3EE 3]43}9] RNeasy Plus Mini Kit (Qiagen, Hilden,
Germany)2 total RNAS %3191t} &3 RNAS 5= &
2743} 3 Maxime RT Premix Kit (iNtRon, Seongnam, Korea)
o] &7}8}aL T100 Thermal Cycler (Bio-Rad, CA, USA)E ©]
8-5}0] 45°Co)| A 6042, 95°Co| A 5 53t HH-E-AlA cDNAE
38T PCRE 14 ¥l cDNAS} T -4 2} 9] primer&
AccuPower PCR Premix (Bioneer, Daejeon, Korea)ol g1l
T100 Thermal CyclerZ ©]-8-5}0] primer?] 4] Ao w3
o] WFS-AJ A 31, 1.5% agarose gelol| A A 7] 5-& 4285}
T FAAE A8 HFE RT-PCRS 14 H cDNA
o] primer®} iQTM SYBR Green Supermix (Bio-Rad, CA,
USA)E 4 11 Rotor-Gene Q (Qiagen, Hilden, Germany)E A}
85}0] 7} primero] §H4) % 7Aof o] 403] WHE S35}
11, melting curve S 2+215}7] 93] 62-95°C7}14] 0.2°Cu}} &
3 24 Shol Tk AHR primere] 4 2.9} 242 Table |

3} 2k,

2.6. Glycosaminoglycan assay

Glycosaminoglycan (GAG)E A 2435}17] 9J5to] wjoF=
M| 325 PBSE A& 3}al papain extraction reagentsS 7}t
$-of] 60°Cof| Al 3A[ZF 5<t WESAI ZATE 21 5 10,000 gofl A
102 5ot Y4l e]sto] A5 HS 3]43}aL, Blyscan Assay
Kit (Biocolor, County Antrim, UK)E A-&-3}¢] GAGE FM
shleh M E GAGE 12,000 rpmof| A 1027+ 422 5}of
o120 A x E-o dissociation reagentS 3 715t 3 96-well plate
o] %4 Multiskan GO Microplate Spectrophotometer (Thermo
Fisher Scientific, MA, USA)E- 0|23} 656 nmoj| 4] &34

Table 1. Oligonucleotide primers for the detection of target mRNAs

& 27459t

3. RESULTS AND DISCUSSION

3.1. AZA 29} 29§ AFAE9] 33Y co-culture ¥
L Ra-

3Z} co-culture H} R 0. 2 A Z A L9} PDPCsE v Fs}t7] 9
Sho] M| 7F9] aggregation: -3 =597 sphereS & A A At}
Co-cultureo]| A= 7 A|Z9] H]|-&o] sphere®] 3 Jof Fa3t
&S sto g 71 9] sphereE ¥ /J Al Z 0| hanging-drop
O 2 AZA|ZL}PDPCs | Hl& 24 S oFith AEAZ 9
H|&0] 352 217 of| Al = sphere & /g o] o] F| ]| 2FQL} (Fig.
1(a)-1(c)). 3FA] 9k, PDPCs 9] H]-&-0] =0} & ~& aggregation?]
Tzt SXE o] F3 ol 7H7hE sphere7t &/ = It} (Fig.
1(d)-1(f)). A=A 222} PDPCs 9| H|&0] 3:7Y 7-5-of -3 9]
sphere P e} 7} 7H & {2 H = AL skt (Fig. 1(d)).
FUAE71M| 3200 A sphereE A A B Fshe 2 Al
EEMNZ HIAA A Z7AED e QL B dH7HE
o] A}H3}= anoikis mechanisme &= 202 B A
ek [7]. ol E 3t 7141228 54 wjiZofl co-culture 27 o
A] PDPCs®] H|&0] =55 sphere7} 2 A A o= A
=Rl

3.2. Co-culture EA3 o A A 4] &<l

Hanging-drop ¥ S &2 aggregation®] =% ZA|EQ}
PDPCs €] co-culture 73 of| A Al 32 0] F-A15 &1 5}GI T ¢
A ZREE v oret @ w S I A| 22 PDPCSE 3:79
H|& 2 &35t co-culture?] 4] &2 v 18t A1}, co-culture
20 Tl wiFE Y o =2 SAES e Lt (Fig.
2). AZA| e} Z 7ML co-culture S FFYTFH E7] AL
O] Abo] E71}] (cytokine) Y= &3l A=Al 42 A
=ohs Ao 2 AHA T [12]. E]E, 33k v ol A £7]
A|3E9} co-cultureS E3l| T3 9] sphere A 0= A|E9 H
%3 Z7}A)A anoikis mechanismo| - = E| ] k31 AL A}
e AAsk SAES Y 7 Sk wEbA 2 Aol =

mRNA Sense / antisense sequences Size (bp) Annealing temperature (°C)
5'-GCTCTCCAGAACATCATCCCTGCC-3'
GAPDH 5'-CGTTGTCATACCAGGAAATGAGCTT-3' 346 >4
Nano 5'-CAGAAAAACAACTGGCCGAA-3' 253 54
& 5'-GGCCTGATTGITCCAGGATT-3'
5'-“AAGCGATCAAGCAGCGACTA-3'
Octd 5'-CCTCAGITTGAATGCATGGG-3' 237 >
5'-GCCAGGTGCTCAAAGGCTA-3'
Sox9 213 58
5-TCTCGTTCAGAAGICTCCAGAG-3'
5'-CTGCTTCCGAGGCATTTCAG-3'
Aggrecan 98 57

5'-CTTGGGTCACGATCCACTCC-3'

GAPDH: glyceraldehyde-3-phosphate dehydrogenase
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@ b)

Fig. 1. Comparison of sphere formation in the ratios of chondrocy-
tes:PDPCs as follows: (a) 10:0, (b) 8:2, (c) 7:3, (d) 3:7, (e) 2:8 and
(f) 0:10. When the ratio of chondrocytes and PDPCs was 3:7, the
spheres were suitable for three-dimensional co-cultures.

Z7| N ZE 0] 83} co-culture7} H|ZZ L] ZA]o]] LA Z Q1
& F= AL Folsl Kt F A H sphereE rotation platform
2 o] g3to] O 2 B o} joFS 3 9o = agglomerate
7F A E A g 73 0 FEE A8 (Fig. 3). o] =%t
A= E7IH 27 A5 2 23E = I ol A aggregation '
39} 1910] B E-cadhering] welo] 445}, 4|27} 7
Fo g ¥slele 545 7 AL 917] o]t} [13]. E3E, 7]
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Fig. 2. Determination of proliferation in monocultures and co-cul-
tures with three-dimensional condition. The co-cultures of chondro-
cytes and PDPCs showed a higher growth rate. The criterion for
significant differences is: * for p<0.05.

917] W&o 329 co-culture S 0] -g-5}0] T
A= oM AAE L A EdS =Y 5

3.3.33-9 Wi Fol A AZTAN =] B3} §2l

32+¥ co-culture BHF A AZAERE BIHE F23 5, A
ZA e} 27| E] EolHQl FHAE o] &3to] 37t
o] o H A FAA A Flst T B3k i 2, 4,6
Uztof] RT-PCRE E5to] A-ZA| el el w 572212l Sox9
I} Aggrecan TE & 7HA|F 0 &2 sl t. 2H2ko] (ARt
L F7r9E 7] PDPCstt Y w32 w9} v w3}
o] co-culture 2710 A B =2 =0 2 UF = it} (Fig. 4).
E7INE2E T w4 -oll= Aggrecan -7 7H9]
< 23t 6 Aol = Eeldh 5= gl o] E7|AHE v &0
2 2710 4] aggregationS -5} Fig. 10]|A] gelgh A
A9 sphere®] 7|7} F7ksto] Uiof §Ix|g A 272 &
A Ago] o]Folx)7] FE7] Wioll NE] Aefol FS
FAG SRS dojdk Ao g AR Hh 2rtH o B}
i 6 zbol] AFAxEe} 7| Z2HH A% dHAES
7 #sHATE. Co-culture 224 ol A AEZA|Z 7042 Sox9
Aggrecan2 At & 0 & gho] WHE o] B9l £V A EZ H4
ZF¢1 Nanog®} Octd= 7] 2] W o] x|z ekobet. thed wfjofo

Fig. 3. Sphere formation during chondrogenic differentiation of chondrocytes and PDPCs at (a) day 3, (b) 6 and (c) 9. Homogeneous size

of sphere was maintained in the co-culture condition.



124 Korean Society for Biotechnology and Bioengineering Journal 31(2): 120-125 (2016)

Monoculture
(PDPCs )

(Chondrocytes/PDPCs)

Aggrecan

Fig. 4. mRNA expressions of chondrogenesis marker genes after inducing chondrogenesis. Sox9 and Aggrecan genes were highly detected

in co-culture of chondrocytes and PDPCs.
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Fig. 5. Evaluation of expression level of chondrocyte genes (Sox9 and Aggrecan) and stemness genes (Nanog and Oct4) at day 6. Co-
cultures showed a significantly enhanced chondrogenesis and had low-level expression of stemness genes.

2 PDCPsE Q24| Z 2 H3HA] 7] W Fig, 49 AT}e} 70| o
A ZHE AR EEEo] Wk o™ Nanoget Octd -7
A wA EEE o] E7)H 20 A o] FAH Ae Flst
ATk (Fig. 5). 27|41 229} AZA| 225 T v FstH =714
320]| ]3| 4] £ E] = thrombospondin-27} ¢1&2] ZAY ¢
= SHAIA dE3E FAAE 5= Qo FGF-1 #8|= %
AEo] ABA | FHo| EEE % 4 k. o] HiEke
2, A A9} PDPCs9] co-culture 73 A 0] AJA|EZ
o 3 58S £+ 2SS
AEA| O] 295 H oA T
BAZ2) So w1l GAGS] W 4
Z7| Mot A 2E T v ¥t S W GAGS
o] 23] F7heh 900 st ujef 128 ol
Hla| 4 GAGS] Hralo] 6.2u) Z7kakolc). whol »
A= GAGE] W] Bhobg Bk ofi 2} 62l of
o] A3 7ras3itt (Fig. 6). A=AlZ o 7
of whe} e} lojut Al ES] o] 7t
off A2z 5w st ol S asttt [14]. wehk
O gEst aHy glo] dEANEE #3t age 5
9 co-culture = o] §5to] g A=A 2ES
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Fig. 6. Quantification of total GAG at day 0, 6, 12 after inducing
chondrogenesis. At day 12, co-cultures of chondrocytes and PDPCs
showed increased quantification of GAG, whereas amount of GAG
was decreased in PDPCs monocultures. The criteria for significant
differences are: * for p<0.05 and *** for p<0.001.
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4. CONCLUSION

£ AdFolM s HY BEH A mol ARE= dEAEE
Fog A= AL B O Z 3214 co-culture WS 33}
T AIA| 2} Z 7] M| 2] aggfegatlon* =3} sphere
3 oI5} 2|2 o] v &S A} AL, A E sphereo] Z

e
2 gHolslich A=A} PDPCs— 3:7 H]&- = hanging-
drop HI'H-&- 0] &3}o] T 9] sphereS & A A 7] &, rotation
platformol] A 23} ulj Q¥ 73 -2-0]| &= sphere e 7} A& -4

E Qe B F A ]:-54 co-cultureE £ A th wjofo 2
AZA S S qﬁHVMMJQZMEg:ﬂqg

t}. Co-culture _7132101]/\1 LA EZE S w3l A3}, o
A £ Bo] §72 L e o] wo] B vhehd A&
Rlsti ). o] A7, PDPCset A 2£.9] co-culture S Z-3]
A AZMEZRE B3-S =o|1, 33 HjoF W o 2 ThY
A G % 753t M EE S7HAA @77kl tie] o
SAZE €& 5 A 7 H4HA| (microcarrier) E+= A

A7 (scaflold) g1 sphere 4 & f0t0] 7f el 3744
co-culture HFHS AR A o] uf] & ol AF A 0 7 I AH S
31 9)7] v ol AEA 2A A B TEE 4 S
ACR 7|
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