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1 atggagtctg agcagctgtt ccatagaggc tactatagaa acagctacaa cagcataacc 
61 agcgcgagta gcgatgagga gctcctagat,ggagcaggtg ccattatgga ctttcagact 

121 tctgaagatg acaatttgtt agacggggac acagcagctg gaactcatta tacaatgaca 
181 aatggaggca gcattaatag ctctacacac ttgctggatc ttttagatga gcctatccca 
241 ggtgtcggta cctacgatga tttccatact attgactggg tgcgagagaa gtgtaaggac 
301 agagaaaggc acagacggat caacagtaaa aaaaaagaat cagcatggga aatgacaaaa 
361 agtctgtatg acgcctggtc aggatggctt gtcgttacac tgacgggact ggcatcaggg 
421 gcactagctg gattgataga cattgctgct gactggatga ctgacctgaa ggagggcatc 
481 tgcctcagtg·cattgtggta caaccatgaa cagtgttgtt ggggctctaa tgagacaacg 
541 tttgaagaga gggataaatg tccacagtgg aaaacatggg cagagttaat cattggccaa 
601 gcagagggcc ctggatctta tatcatgaac tacatcatgt atatcttttg ggctttgagt 
661 tttgcctttc ttgcagtttc tttggtgaaa gtatttgctc catatgcctg tggctctgga 
721 attccagaga ttaaaactat tttgagtgga tttatcatca gaggatactt gggaaaatgg 
781 actttaatga ttaaaactat cacgttagtg ctggctgtgg catcaggttt gagtttagga 
841 aaagaaggtc ccctggtaca tgttgcctgc tgctgtggaa atatcttttc ctacctcttt 
'901' ccaaagtata 1gcaccaatga· agctaaaaag agggaggtgc tgtcagccgc ctcagctgct 
961 ggggtttctg tggcttttgg tgcaccgatc ggaggagttc tttttagctt ggaggaggtt 

1021 agctattatt ttcctctcaa aactttatgg agatcatttt ttgctgcttt ggtggcagca 
1081 tttgttttga gatccatcaa tccatttggt aacagccgtc tggtcctctt ttatgtggag 
1141 tatcatacac catggtacct ttttgaactg tttcctttta ttctcctagg ggtatttgga 
1201 gggctttggg gagctttttt tattagggca aatattgcct ggtgtcgtcg acgcaagtcc. 
1261 accaaatttg gaaagtatcc tgttctcgaa gtcattattg ttgcagccat tactgctgtg 
1321 atagccttcc ccaacccata cacaaggctc aacaccagtg aactgattaa agagctgttt 
1381 acagattgtg ggccgttgga atcctcctct ctctgtgact acagaaatga catgaatgcc 
1441 agtaaaattg ttgacgatat tcctgaccgt ccagcaggcg ttggagtata ttcagctatc 
1501 tggcagttgt gcctagcgct catatttaaa ataataatga cagtattcac ttttgg'tatc 
1561 aaggtcccgt caggcttgtt tatccccagc atggccattg gagccattgc agggagaatt 
1621 gtggggatcg ctgtggagca gcttgcctac tatcaccacg actggtttat cttcaaggag 
1681 tggtgtgagg ttggggctga ctgcatcact cccgggctgt atgccatggt tggggctgct 
1741 gcgtgcttag gtggtgtgac aagaatgact gtgtctctgg tggttattgt ttttgaactt 
1801 actggaggct tggaatatat tgttcctctt atggctgcag taatgaccag taaatgggtt 
1861 ggtgatgcct ttggtaggga aggtatttat gaagcacaca tccgactaaa tgggtaccct 
1921 ttcttggatg caaaagaaga attcactcat acaaccctgg ctgctgatgt tatgagacct 
1981 cgaagaagtg accctccctt agctgttttg acacaggaca atatgacagt agatgacata 
2041 gaaaacatga ttaatgaaac cagctataat ggctttcctg" ttataatgtc aaaagaatct 
2101 cagagattag tgggatttgc cctcagaaga gacctgacta ttgcaataga aagtgccaga 
2161 aaaaaacaag aagggattgt tggcagttct cgggtgtgtt ttgcacagca tactccatct 
2221 cttccagcag aaagtccacg gccattaaaa ctgagaagca tccttgacat gagccctttt 
2281 acagtgacag accacacccc aatggagatt gtggtagaca tctttcgaaa gcttggtctg 
2341 aggcagtgcc ttgtaactca caacggacgc ctccttggca. ttataacaaa aaaagatatc 
2401 ctccgtcata tggcccagac _ ggcaaaccaa gaccccgctt caataatgtt caactga 

Fig. 1 



Gene Gea~ank Forward 

Actin NM_007393 5'GATATCGCTGCGCTGGTCGTC 

(SEQ ID NO: 3) 

Alp NM_007431 5' ATCGGAACAACCTGACTGACCCTT 

(SEQ ID NO: 5) 

Clcn3 AF029347 5'CCAAGACCCCGCTTCAA T AA 

(SEQ ID NO: 7) 

Clcn5 NM_016691 5'GAGGAGCCAA TCCCTGGTGTA 

(SEQ ID NO: 9) 

Co/1 NM_007742 5'TTCTCCTGGCAAAGACGGACTCAA 

(SEQ ID NO: 11) 

Qm NM_007541 5' ACCATCmCTGCTCACTCTGCTG 

(SEQ ID NO: 13) 

Runx2 NM_001145920 5' -ATGATGACACTGCCACCTCTGAC 

(SEQ ID NO: 15) 

Fig. 2 

Reverse .!m 
5' ACGCAGCTCA TTGTAGAAGGTGTG 275 

(SEQ ID NO: 4) 

5' ACCCTCATGATGTCCGTGGTCAAT 131 

(SEQ ID NO: 6) 

5'CGAGTCCCGCAGATTAAAGA 122 

(SEQ ID NO: 8) 

5'TTGGTAATCTCTCGGTGCCTA 101 

(SEQ ID NO: 10) 

5' AGGAAGCTGAAGTCAT AACCGCCA 159 

(SEQ ID NO: 12) 

S'TA TTGCCCTCCTGCTTGGACA TGA 117 

(SEQ ID NO: 14) 

5' ACTGCCTGGGGTCTGAAAAAGG 105 

(SEQ ID NO: 16) 

""O 
~ ..... 
('D 

= ..... 

~ 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 
rJJ 
('D 

'? .... 
~ 
~ 

N 
0 .... 
QO 

rJJ 

=­('D 
('D ..... 
N 
0 .... 
1,0 

c 
rJJ 
N 
0 .... 
QO 

---0 
N 
Ul 
QO 
~ 
1,0 
1,0 

> .... 



·A·s N 
II 

c175ol *** -g· ~CLC3 
5 1500 II CLC5 

C Cl 
._g ~ 1250 
l3 ID 

:g .91000 
.0 a, 
>, > 
~ ~ 750 
z~ 

C I*** 

B 
_15 
..... 

C II o..c: 
'iii3 
1/) 010 
~ ... 
a,(!) 
Xo w-
<( Q) 
z.2: 5 
a:: ro 
Ew 
~ 

•Growth Medium 
* • Differentiation Medium ' 

/ 

C -15 -
C II o..c: 
-~ 3 10 ~e 
a.(!) 
Xo w-
<( !I? 
Z-- 5 
c:: ro 
E"<u c:: 

0 Growth Medium 
•··oitrerentiation Medium 

* 

~ ii '°l ~ 250 ns _ o....---=---.. -oir-i 
~ Background 
0 0 .- --l MSC - Mineralizing OB 

CLC3 CLC5 
Human Osteoblasts 

CLC3 CLC5 
Murine Osteoblasts 

D Cortical bone labeled with anti CLC3 E . ~-
Calcein Labels FE: 

. _-3 
..c: 
:g 5J 
3! 

-, 
Qi 4 
.D 

j 3 
C 

~ 2 
cu 

(.) 

. Wild Type · CLC3·1· 'NildType CLC3·'· 20 µm 
1LLLIL: 
O WT CLC3"1" I 

Fig. 3 

""O 
~ ..... 
('D 

= ..... 

t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 
rJJ 
('D 

'? .... 
~ 
~ 

N 
0 .... 
QO 

rJJ 

=­('D 
('D ..... 
~ 

0 .... 
1,0 

c 
rJJ 
N 
0 .... 
QO 

---0 
N 
Ul 
QO 
~ 
1,0 
1,0 

> .... 



Patent Application Publication Sep. 13, 2018 Sheet 4 of 9 US 2018/0258399 Al 

<: 
0 0 

·~! 
-oz 

.:,,:. .:,,:. C: 0::: 
It') .... ro .s:: 
"- (') ;. 1/) 

I I <">u, 

I " ~ Oo 
S~l::> VN~4S + -,-£Ql~ ....l....1 ~. (!) Oo 

I I -It :t;; 

-,-£Q7~ -IC i5 -+ 
C") 

.s:::: g ~ 
adA!Pl!M I e 0 

<!) 

It) C: 
:t:: ~ (I) g i5 C. 

(0 

?:' q C?- .s:::: 

(.) ~ E ~ ::!2 
0 ~ <: <: ... 

<!) .,, ,,t C') N .... 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
c:i c:i c:i c:i c:i c:i 

'"O LL (u1ioe1J oi al\ne1aJ) S~l~ (1) 
~ 

(1) 
(/) 

ro 
..c 
a.. 

i=I "" C -~ Q) .::::..~: 
Q) 

Q) = u.: 
~ 0 (lJ' 
CJ) <1J C• l 

iij 'O ~ C: - C: C 't: (\l ' a.. ~ ~ t: ll ~ ~ !? Jl LL Ej~j fl.Eu 
0 ~ 

(9 ~-=g~ ~ " Q) C , :,u, "'. fl. C: (\l • oe 
fl. 0 m . 

al Q) I.{) C') 
O> 0 0 .... 

w Q) ...J ...J 
~ 0 0 

~~1 adA.1 Pl!M 
I Q) 

~-§ -,-£:>l:> za:: 
Jappe7 dq oo ~ I·~ (")f? 

adA.L Pl!M "'~[ ~ Q) u0> ,f<O <.>~ 
...JE :!.. 

! s cc u·.:: .,.£:>1:> IM~ a. j 0 
d ~ >, 

.Jappe7 dq 00 ~ ·■ <.> <11 
0 
t-.,, .., M "' ~ 0 

<oom x) unov /a:>uepunqv 

<( 0 



Patent Application Publication Sep. 13, 2018 Sheet 5 of 9 US 2018/0258399 Al 

A 
0.0 

C 

ti 
a, cc. 0.04 
c 
0 

·; 0.02 
Q. 

ii1 

Osterix 

** 

B 
Alkaline Phosphatase 

C 
Collagen I a:1 0.04 0.15 

0.03 * 
0.1 

0.02 

0.01 

* 0.0IQ.&,, ... --.-1-....1 ...... - 0.001.L..1 ....... .l..r .... ..i..,-,.._ 0.00 
Growth wr CLC3-I- CLC3-I- Growth wr CLC3-I- CLC3,I. Growth WT CLC3.,_ CLC3+ 
Medium CLC5kd Medium CLC5kd Medium CLC5kd 

Osteoblast Diff 2 Weeks Osteoblast Diff 2 Weeks Osteoblast Diff 2 Weeks 

D Runx2 E Osteoprotegerin 
0.03 0.008 ~.20 B~ Sialoprotein 

C 

* ** t.; 
cp 0. 0.1 
!!;:-0.02 
C 
0 - 0.004 ·;; 
rn .,.-
[ 0.01 
>< w 

0.00 
Growth wr CLC3.J. CLC3.J. Growth WT CLC3-I- CLC3.J. Growth WT CLC3·" CLC3" 
Medium CLC5kd Medium CLC5kd Medium CLC5kd 

Osteoblast Diff 2 Weeks Osteoblast Diff 2 Weeks 

G Alkaline Phosphatase 
V\/ild Type MSC CLC3•· CLC3'· CLC5shRNA 

( 
\. 

l 
_J 

Osteoblast Diff 2 Weeks 

Fig. 5 



Patent Application Publication Sep. 13, 2018 Sheet 6 of 9 US 2018/0258399 Al 

CLC3.._ CLC3.._ CLCSshRNA 

~ 

E 

Fig. 6 

8 110 _ Alkaline Phosphatase Activity 
EO ➔ ,,..-,oo ~CO2 

ro-

ti_ 
Wild Type CLC3"" CLC3'' 

D,. 

,o-

CLC5shRNA 

Mineral Density 
(Transmitted Light) 

_L 
l 

o WildType ClC3- CLC3'"• 
CLC5shRNA 



Patent Application Publication 

f ~ adAl Pl!M 

-m9 .,-£:)7:) 

-,..£:)7:) 

adAl Pl!M 

() 
"O 
m .... 
(l) 
(/) 

~ 
..r:. 
a.. 
C 
(l) 
(l) 
~ 

CT; 

a.. 
LL 
C) 

CJ 
Y. 
C 

...... a, 

'("') m 
(0 (.) 

~ (/) _J 

§CJ 0 x .... wo ~ 

~ 
0 Q. 
~.0 

<( 

0 0 
~ ~ 

IO 
~ .... 

' 

I 
I • I 1 
l J ' It) ..E 
0 u 
..I Ill 

~ '.7' c c 
<C <C 

Sep. 13, 2018 Sheet 7 of 9 US 2018/0258399 Al 

)!aaM ~ ll!O g 9 ~ 
S)f38M Z ,~ "1 <( 

IH,MOJ~ U <i {ii 
• 9)198Mi ,~ . lf8aM~WQ g 

lllMOJ~ 0 

• lf8aM ~ WQ ~ g ~ 
S)f38M i I "1 <( 

• lllh\OJ~ - <i {ii 

lf88M ~ WO ~ 
S>tOOMi I 
IIIMOJE) 

CN .... 0 
0 ~ 
ci 0 LL (u,i:,e-g oi a11,le1aJ) s:::n::::, 

..... 
a. . u-=, 
- :::s -o 
(1) = u ro 
Cll C 
't: ro :::so 

~-gl1-. C Cll 
0 

CD 

- ' 

w 
Q) 
0) ... 
(I) 

2 

I,() 

u 
...I 
u 

i 

l 
("I) 

u 
--' u 



Ao.oa 
C: 

~ 0.06 

co. 
~ 0.04 
C: 

~ 0.02 
C: 

■ CLC3"' 
a CLC3"· CLC5shRNA 

RunX2 
B 
~ 0.010 

10.003 
8 0,00$ 

i 0.004 
"O 
§ 0.002 

CLC5 
C 

C: 
ts 0.20 
<( 
CO. 0.15 

~ c: 0.10 
(U 

"g 0.05 

Alkaline Phosphatase 
D 
c 31 Osteocalcin 
~ 

~ 
c6.2 ns 

8 
C: 

~1 

.5 
<( 0.00 .D WJ -I WI I WI [ <( 0.000 I -., f ~ I • 

::, 
.0 
<( 0.00 I w,r ·J ""I I -~ l "'t I 

C: 
::, 
.0 
<( 

E 
Growth 1 2 3 4 

Osteobtast Differentiation Week 

Alkaline Phosphatase 
Wild Type MSC CLC3·1· CLc3-1- CLCSshRNIA 

Growth 1 2 3 4 
Osteoblast Dlfforontlatlon Woek 

F 
Growtb 1 2 3 Week 

Osteoblast Differentiation 

Wild Type MSC 

0 
08 Oiff 1 Week 

Silver Stain 
CLCJ-1· CLCJ-1· CLC5shRNIA 

4xi, . . 
t1::, ·.' \. 
~.i-•,; • ' ·-lit,.~-..:.._, 

I,:.,/ , ' . ,. . .... . ·'• .. ', ... ;. ·•. ,_. , ·' ,,~ ~,• . .- . ·;. V 
. -;', " ;: ' ' ( i (·-' ; \ '. . -,~ 

, ,:-., '",,_v,.\ , " ; 1 • ~· ,' ,. , ~ 
,-~ I I•/ 1 f, , ~ ,, ¥;.; 

,., ~- ;,. f ..._ , I ' • • I ~ :I' "«- l 
,; . , ' . , ... '-~~-~-d _,,.•· ... _~_.:.~~--2J 

4x 

r . ~, 
1 

t 
_ __J 

,w-. ~· ... \,.--~-:--.. , • .-:ri r-.. ~. ~ ~~~ i- l',r-~-;: ~- -~ ~-- :_~~ , .- . ~, ,, •:.."\ ,,.. .. i~·j r"J~.'- - _·: )[t~ ~h"-- •_ ~ P1 r,_- ---> _~ .. ~~~ ce-:,• 1 ,,.,~ .. ,"':';;.· .. . I' ._,,~""'"'"-i~"" ,I'·~'/;', . - ..... ' 
,~,.•'"'"I'.---.,/,~[". \•''•,:!"',:~\'.(~(-,,-1'"-, .~:; 1 _,,,A".,_,)'°',,?\--.,,, .... ' 
I \\:''•<\• ·J. ,'.i,1 t ', 1 ,,\"/';F-¢'_ -',, ·,.,I 1,-- i , . ,.,,.__f · j 
1 "~>, .. .,...'.:J'.~.,•·.,; • •, •,!'t:' / , ~>t.. ~!{ ./ ' ,, I I s-:'11' ,~//<,, t/~, -,t ♦ ~ 
1 ..,.,,l{t'<,\•·\ ~-' :,j,). i·,?'·"·-~,,.,,. - . __ 4 1 "t,!~- /: 11 ·: .. 1) , 

1 Ox I · • , · , s . • , . ·" . '> • ,_ ~. -- • . .. • .1, ,. - , vW , --~ -~--, . ) , 11 
".. ,.1 ~ , I Y. .. l t ' . , . I\' ',1 t"-- ',.. . i 4c (" # ,i. ... ~ ' . , , ~, \ • f..;, ;I '" , ; , ,\ " ,c· <,· ,·'· -; ;' ;,' '. •. , . t ~ ' 

!.~ :• ~ t •,, ~.,'J,:-:' • :~",/ ;·f' -':~\X.,''f!,t. <,,, ;i,.,,c~,./~-, rr,, --~-,~Y~j/.,',i', ,~., 
· - ', • · '" · ~1r ... ,'.{'1 ' · •..< ,,,•, · 1'> ,, fJ1'1(• -. · ~ ·: "' -r~tt1 '•·, -1'~-,.-., !., 
I •,r{ 1 .. .. ; \,JI~ 1,1··,~~ '4 i ;',J\, )"-).-lt\j~,;:.<>•~ ,' 1

; _., '-'() '/' r•l. 1 'IN 

g(J.~' -f, .. , .,,,,·"':v.· •, • i:j'.-.v/ .,., '. ·\,'"' ·, I ;. .. ,· ... J ~,-- . 'I_ 

~P/\.i(;/~~~,i 1v_;::. --:.>-\/ · .. ,J· _ 1;r,t••; •· -. ,., , 
"-'·· ............. _... 1 ---- .j .·,. - • -· . ./ ~- .#.,. . l. 

10x 

.,, 
--.· '!':) 

. 

1 • l 
~ L ___ ------_J 

Fig. 8 

"-= 
~ ..... 
('D 

= ..... 

t 
"e -.... (') 

~ ..... .... 
0 = 
"-= = O" -.... (') 

~ ..... .... 
0 = 
rJJ 
('D 

'? .... 
(,H 
~ 

N 
0 .... 
QO 

rJJ 

=­('D 
('D ..... 
QO 

0 .... 
1,0 

c 
rJJ 
N 
0 .... 
QO 

---0 
N 
Ul 
QO 
(,H 
1,0 
1,0 

> .... 



A Wild Jl~ M~C 

~ . !Y: ·,✓- .... .. . ". 
' ';· "~ ,. ;,v~'L. •-~-~ :£,-.. ............ •. 

I ~, 
1: ~~.. . .. ,.._.'tr:,·. 

--~::,·•·~--.. . ; ::, . "' . .;_ . . ~ 
. -·~ . - ., ~,"\.. _-:<r. -o~ _.4. -Cb~ ...... --

C Wild Type MSC 
ff ...!'.l-. • .... __ ,, .. -.; 
' "- . I.ii 

CLC3"' C!:_C3'· CLC5shRNA B 10), 

-'--~·-~ 00-..,,,.,." ... ~ .. :· ·.• .. 
- • oo· 

.• . : .... ", 
-· . ' ' 10 .... .,,.. ..:t.l 
.,l,d ·- .!111111 00. 

~~ 

!,() 

'° ~ --,..- .. . . . - -- --
~ ",~ --z1~ 

. ;-., 
t;' '~ 

----1ooim 

• 

CLC3'· CLCSshRNA r---- -
I ,. .. , 

' . ~ 
.. 

,,J .~ -~ ,,. . lk''!t·· ... ~/ : ··:\\.;.~ . , . ·' ., . ........ 
. 

Fig. 9 

\ 

• I 

)0-

20 -

10 • 

0 

D 40 

3$ 

30 

"· 
20-

15 

10 

s 

0 

I 

Alkaline Phosphatase Activity 
p,OC) 

0-002 

'Mid Typo CLC3~ CLC3" 
CLC5shRNA 

Mineral Density 
(Transmitted Light) 

J 

' 'Mid Typo 

----, 
I 

°cLC3•; 

i>•OOoll 

r r::-..___ 
CLC3" 

CLCSshRNA 

"-= 
~ ..... 
('D 

= ..... 

t 
"e -.... (') 

~ ..... .... 
0 = 
"-= = O" -.... (') 

~ ..... .... 
0 = 
rJ'1 
('D 

'? .... 
~ 
~ 

N 
0 .... 
QO 

rJ'1 
=­('D 
('D ..... 
1,0 

0 .... 
1,0 

c 
rJ'1 
N 
0 .... 
QO 

---0 
N 
Ul 
QO 
~ 
1,0 
1,0 

> .... 



US 2018/0258399 Al 

METHOD OF MAKING TRABECULAR 
BONE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This Application claims the benefit of U.S. Provi­
sional Patent Application No. 62/219,480, filed Sep. 16, 
2015, which is incorporated herein by reference in its 
entirety 

STATEMENT REGARDING FEDERAL 
FUNDING 

[0002] This invention was made with govermnent support 
under grant Nos. AR065407 andAR055208, awarded by the 
National Institutes of Health. The govermnent has certain 
rights in the invention. 
[0003] Provided herein is a method of making trabecular 
bone. 
[0004] Hypotheses describing the etiology of idiopathic 
osteoporosis include a smattering of incomplete tubular 
acidosis and calcium wasting hypotheses, but in most cases 
have no rationale for the finding of osteoporosis. There is a 
clear problem with osteoporosis not fitting known categories 
of matrix defects. This likely reflects the existence of many 
mineral transport defects that, if not lethal, have mild or 
moderate phenotypes. Since humans are long-lived, defects 
accumulate with time to produce skeletal fragility, and cases 
may have multi-factorial causes. 
[0005] In an attempt to "close the loop" regarding one 
major incomplete system, acid elimination to drive miner­
alization to completion, Blair et al. (2011, Calcium and bone 
disease. Bio/actors 37: 159-167) produced conclusive data 
that without CLC-3 and CLC-5, osteoblasts cannot miner­
alize in vitro. It is likely that for further in vivo studies, cell 
specific knockouts may be required; mutations of Clcn5 
cause Dent's disease (Silva et al., 2003, The CIC-5 knockout 
mouse model of Dent's disease has renal hypercalciuria and 
increased bone turnover. J Bone Miner Res 18: 615-623) and 
constitutive CLC-3/CLC-5 double knockout animals are 
likely to be lethal. 
[0006] Precedents in bone include that CLC-7 mediates 
exchange of extracellular H+ for c1- and is required for 
normal osteoclast function. In addition, in a singular study, 
Wang et al. (2010, Osteogenic role of endosomal chloride 
channels in MC3T3-El cells. Mal Cell Biochem 342: 191-
199), CLCs 3, 4, and 5 were hypothesized to drive osteoblast 
differentiation. Each CLC, when over-expressed in MC3T3-
El osteoblast-like cells, localized to peripheral membranes 
and was associated with increased mineralization, in the 
mineralization pattern seen in normal wild-type cells. Fur­
ther, the same group recently showed that over-expressing 
CLC-3 in MC3T3-El rendered cells susceptible to mechani­
cal force-induced up-regulation of bone markers (Wang et 
al. 2015, Chloride Channel Function as a Mechanical Sen­
sitive Channel in Osteoblast. Biochem Cell Biol 2015 13 Jul. 
10.1139/bcb-2015-0018 [e-published before print]). 
[0007] Much further work is required fully to characterize 
outward proton transport with bone mineral formation. The 
H+ gradient during mineral transport is minor, but "uphill"; 
bone matrix is maintained at about pH 7.6-7.8. The extra­
cellular chloride concentration is unknown, and precipita­
tion of mineral may leave a hypotonic solution, requiring 
aquaporins or another water transport mechanism. Further, a 

1 
Sep. 13, 2018 

cation is required to drive c1-;H+ exchange, since 1t 1s 
electrogenic. Potassium conductance is the likely candidate; 
a specific channel is not known, and there are many candi­
dates. Additionally, chloride balance of the osteoblasts 
would be jeopardized by massive Cl/H exchange; a com­
pensatory mechanism must exist, possibly a KC! symport. 
Proton balance is not a problem; transit of acid from the 
osteoblast is the function of NHE Na/H exchangers at the 
basolateral membranes of osteoblasts. In human mineraliz­
ing osteoblast cRNA screens high expression of both aqua­
porin and KC! symport transcripts are shown, but those will 
require specific study to validate the hypothesis that they 
fulfill support roles during bone synthesis in the isolated 
extracellular matrix compartment. There are many other 
specializations of osteoblasts, including high levels of 
expression of glutathione peroxidases and superoxide dis­
mutases, which may be required to counteract free radical 
production during synthesis of bone matrix. 
[0008] A lack of complete understanding of the mecha­
nism of osteoporosis, and of bone formation in general, has 
resulted in a lack of suitable methods of preparing bone 
tissue, particularly trabecular bone tissue as a treatment for 
osteoporosis, traumatic injury to the bones or other defects 
or conditions that require a useful trabecular structure. A 
generation of attempts to make bone with suitable charac­
teristics for surgical implants has fallen short. Despite 
numerous types of bioreactors containing many different 
types of supporting matrix or scaffold and mesenchymal 
stem cells, getting the artificial tissue to form meaningful 
three-dimensional bone has been a major challenge. Prob­
lems include difficulties in MSC expansion and decoupling 
of cell growth and bone matrix formation. A cell line that 
produces trabecular bone reliably might greatly reduce the 
second problem, increasing efficiency and reducing depen­
dency on scaffolds. 

SUMMARY 

[0009] A method of producing bone material is provided. 
The method comprising: culturing CLC3 knockdown osteo­
blasts ex vivo in culture medium for a length of time such 
that bone material is produced. In one aspect, the CLC3 
knockdown osteoblasts are obtained by culturing CLC3 
knockdown mesenchymal stem cells or osteoblast precursor 
cells in osteoblast differentiation medium for a length of 
time such that bone material is produced. The material is 
then either implanted in a patient as bone, or is devitalized 
to produce bone matrix prior to implantation. The method 
produces trabecular bone material, which to date has been a 
substantial challenge. In another aspect, a method is pro­
vided of producing a cell able to produce trabecular bone 
material, comprising knocking down expression of CLC3 in 
an osteoblast precursor, and differentiating the osteoblast 
precursor into an osteoblast. In another aspect, a cell culture 
is provided comprising a CLC3 knockdown mesenchymal 
stem cell or osteoblast precursor cell, in osteoblast differ­
entiation medium. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] FIG. 1 provides an example of the Mus musculus 
chloride channel protein 3 (CLCN3) mRNA (GenBank: 
AF029347.1, SEQ ID NO: 1). 
[0011] FIG. 2 provides primer sequences and predicted 
PCR products for PCR reactions described in Example 1. 
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[0012] FIG. 3 shows expression of CLC-3 and CLC-5 in 
mineralizing osteoblasts, and the mild bone phenotype of the 
CLC-3 knockout mouse. A. Micro-array gene screens of 
mineralizing osteoblasts showed strong expression of 
CLC-3 and CLC-5, greatly increased over expression in 
precursor MSC. The black line labeled background is the 
median fluorescent signal of non-expressed genes. This is 
extremely strong expression for this class of genes, in many 
fold that of cells using CLC-3 in acid vesicles within the 
cells. B-C. Quantitative PCR confirmed amplification of 
CLC-3 and CLC-5 in mineralizing human osteoblasts rela­
tive to growing cells (B); CLC-3 and CLC-5 mRNAs 
increased with differentiation. CLC-3 and CLC-5 in murine 
MSC and osteoblasts (C) showed the same pattern of 
expression; in this case differences for CLC-5 did not reach 
significance (p=0.09). In all cases the pattern of CLC 
expression confirmed gene screening (FIG. 3, A). Larger 
changes in CLC-5 expression occurred in replicates and in 
Clcn3-/- osteoblasts (see FIG. 4, F). D. Fluorescent CLC-3 
antibody labeling of mouse bone from wild type and CLC-3 
knockout animals. Each field is 350 µm across, and shows a 
section of cortical bone. In the wild type (left) there is strong 
labeling in the surface layer of osteoblasts at the apical 
surface (arrows); labeling carries down into the canalicular 
system connecting the osteocytes and osteoblasts (arrow­
heads). That the unusual cell membrane pattern is actually 
CLC-3, and not artifact, is shown by comparison with the 
CLC-3 knockout bone (right). The weak red at the bone 
periphery is an artifact due to the edge of the dense matrix. 
E. Characterization of bone formation in the CLC-3 knock­
out mouse, in three month old animals labeled with calcein 
5 and 1 days before sacrifice, showed only minor effects, 
including slight broadening of the calcein labels. F. Blinded 
measurements of inter-label distance showed a small, but 
significant, increase in the CLC-3 knockout animals. N=20, 
mean±SEM. 

[0013] FIG. 4 shows preparation of CLC-3 and CLC-3/5 
null mesenchymal stem cells. A. PCR to probes in exon 6 to 
7 showing complete removal in MSC from CLC-3 knockout 
animals. The neomycin control verifies presence of the insert 
(see text). B. Green fluorescent protein to document lenti­
viral infection of MSC with plasmid carrying both GFP and 
CLC-5 shRNA. Initial infection was -25% efficient; puro­
mycin selection increased the proportion of knockdown cells 
to quantitative (lower panel). However, shRNA degradation 
of target was -80% efficient, see PCR data following. C. 
Western blot of CLC-5 wild type and c1cn3-1

- MSC, with 
and without lentiviral knockdown of CLC-5, in osteoblast 
differentiation medium 2 weeks. The increase in CLC-5 in 
the CLC-3 null cells is not an artifact, see PCR assays 
following. With lentiviral shRNA, CLC-5 protein declined 
80-90% relative to matched cultures without shRNA, to 
levels similar to wild type CLC-5 expression (left). One of 
two Western blots with similar results is shown. D. Effect of 
CLC-3 KO on CLC-3 and CLC-5 mRNA expression. For 
CLC-3, primers for exons 1-2 detect a region unaffected by 
the knockout (in which a portion of exon 6 and exon 7 are 
deleted); this shows the amount of non-functional CLC-3 
mRNA, which is not changed significantly in the knockout. 
The probe for CLC-5 amplifies a portion of exon 7; note the 
increase in CLC-3 knockout cells. The primers are listed in 
FIG. 2. Mean±range, n=2 is shown, in one of two experi­
ments with similar results. E. Antibodies demonstrate that 
CLC-3 and CLC-5 occur in wild-type murine bone in 
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essentially the same distribution, in the canalicular system 
and at the basolateral surface of the osteoblasts. High power 
fields, 400 microns across. Distribution of CLC-3 is shown 
in green, CLC-5 in red, and the two merged are shown at the 
top. F. Effect of lentiviral shRNA on CLC-5 in wild type 
littermate and CLC-5 knockout MSC, in growth medium 
(left of each group) and after one week in differentiation 
medium. Differences relative to the growth medium con­
trols, p<0.05, *, of p<0.01. One of two experiments is 
shown, each with n=2. 

[0014] FIG. 5 shows the effect of CLC-3 absence, and of 
CLC-5 knockdown in Clcn3_1

_ cells, on bone matrix pro­
duction and mineralization. A-F. Quantitative PCR for major 
osteoblast proteins in growing wild type cells and in wild 
type, Clcn3_1_ cells, and Clcn3_1_ cells with lentiviral 
CLC-5 shRNA, at two weeks in osteoblast differentiation 
medium. A. Osterix. B. Alkaline phosphatase. C. Col I al. 
D. Runx2. E. Osteoprotegerin. F. Bone sialoprotein. The 
proteins are expressed less in growing cells, and highest in 
wild type. In some, but not all, cases, expression is reduced 
in the knockout/knockdown cells, but remains higher than in 
the growing cells. G-H. Alkaline phosphatase and mineral 
production in cell cultures. Round fields are whole wells of 
6 well plates; micrographs are 1.6 mm across. G. Alkaline 
phosphatase activity was similar in wild type cells or 
Clcn3_1

_ cells with and without CLC-5 shRNA. Alkaline 
phosphatase distribution was more uniform in c1cn3-1

-

±CLC-5 knockdown cells. The lower panels are low power 
micrographs in cultures 14 days in osteoblast differentiation 
medium. H. In whole cultures, mineral appeared nodular in 
the control, was more uniformly distributed in Clcn3-1

-, 

cells, and was absent in the Clcn3_1
_ cells with CLC-5 

shRNA at 14 days in osteoblast differentiation medium. Low 
power micrographs showed that the c1cn3-1

- cells had a 
remarkable trabecular pattern (see FIG. 6). This pattern of 
bone differentiation was remarkably consistent in different 
isolates of c1cn3-1

- cells, in two MSC isolates and in several 
replicates of each isolate. 

[0015] FIG. 6 shows the characteristics of alkaline phos­
phatase and mineral deposition at high power in wild type, 
Clcn3-/-, and Clcn3-/- with CLC-5 shRNA cells. All data 
for cultures are at two weeks in bone differentiation medium, 
except part G. A. Alkaline phosphatase. Strong alkaline 
phosphatase activity occurs in fine linear areas consistent 
with cell surface and cell process-associated activity in wild 
type (left), Clcn3_1_ (middle) and Clcn3_1_ and CLC-5 
shRNA cells (right). In Clcn3_1

_ cells there is dense alkaline 
phosphatase adjacent to much of the trabecular bone (refrac­
tile, unstained) (arrows, center panel). Fields are 250 µm 
across. B. Quantitative alkaline phosphatase activity at three 
weeks by densitometry of four replicates, similar to FIG. 5, 
G-H upper panels. There was no difference between CLC-3 
negative and CLC-3 negative CLC-5 shRNA cells. C. Silver 
stain for bone mineral. In wild type and in Clcn3_1

_ cells, 
lacunae indicate that cells incorporated in the matrix. In the 
Clcn3_1

_ and CLC-5 shRNA cells, no significant mineral 
occurs, although minor amounts of linear labeling are seen 
in the pattern similar to strong cell surface associated 
alkaline phosphatase activity (A, right panel, arrows), sug­
gesting non-specific phosphate precipitation at sites of very 
high alkaline phosphatase (see text). Fields are 250 µm 
across. D. Densitometry for mineral, quantified as dark 
matter in transmitted light, in four replicates of the three cell 
types at two weeks in differentiation medium. There was no 
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difference in overall absorbance in wild type and Clcn3_1
_ 

cells, despite the remarkable difference in matrix pattern. 
The Clcn3_1

_ and CLC-5 shRNA cells made no meaningful 
mineral. E. A cell culture ofC!cn3_1

_ cells as in (D) middle, 
but maintained in osteogenic medium for an additional 
week. The mineral area has expanded and now appears in 
sheet-like form with windows in irregular distribution. In 
this large area, it is clearly seen that some of the pattern is 
laid out but not fully mineralized. Magnification is the same 
as (D), with an expanded field, 750 µm across. 

[0016] FIG. 7 shows preparation of CLC3 and CLC3/5 
null mesenchymal stem cells. A. PCR to probes in exon 6 to 
7 showing complete removal in MSC from CLC3 knockout 
animals. B. Green fluorescent protein to document lentiviral 
infection of MSC with plasmid carrying both GFP and 
CLC5 shRNA. Initial infection was -20% efficient; puro­
mycin selection increased the proportion of knockdown cells 
4-5 fold, see PCR data following. C. Western blot of CLC5 
in two week osteoblast cultures with and without lentiviral 
knockdown of CLC5. The increase in CLC5 in the CLC3 
null cells is not an artifact, see PCR assays following. With 
lentiviral shRNA CLC5 protein declined 80-90% relative to 
matched cultures without shRNA. D. Effect of CLC3 KO on 
CLC3 and CLC5 expression. The PCR probe for CLC3, to 
exon 1-2, is unaffected in the knockout, which has a portion 
of exon 6 and exon 7 deleted. These cells make a nonfunc­
tional CLC3. The probe for CLC5 amplifies a portion of 
exon 7; primers are listed in FIG. 2. Mean±range for two 
replicates are shown; one of two experiments with similar 
results. E. Antibodies demonstrate that CLC3 and CLC5 
occur in wild-type murine bone in essentially the same 
distribution, in the canilicular system and at the basolateral 
surface of the osteoblasts. High power fields, 400 microns 
across. Distribution of CLC3 is shown in green, CLC5 in 
red, and the two merged are shown at the top. F. Effect of 
lentiviral shRNA on CLC5 in wild type and CLC5 knockout 
MSC, in growth medium (left of each group) and after one 
or two weeks in differentiation medium. Differences relative 
to the wild type control, p<0.05, *, differences relative to the 
CLC3 knockout, p<0.05, t. One of two duplicate experi­
ments is shown, each performed in duplicate. 

[0017] FIG. 8 shows the effect of CLC3 absence, and of 
CLC5 knockdown in CLC3-/- cells, on bone matrix pro­
duction and mineralization. Low power photographs 3.5 mm 
across at 4x, and 1.6 mm at 1 Ox. A. Lentiviral suppression 
of CLC5 has no effect on mRNA for the master regulator 
RunX2, during growth or differentiation. B. Suppression of 
CLC5 in the same cultures. Continuous reduction relative to 
CLC3 null controls. C. Alkaline phosphatase mRNA was 
consistently higher in the CLC knockout cells with CLC5 
suppressed as well. Expression dropped in week 4 to much 
lower levels, and is not shown. D. Expression of osteocalcin 
peaked at week 1 in differentiation medium. It was not 
significantly affected by suppression of CLC5. Other times 
had much lower expression and are not shown. E. Alkaline 
phosphatase activity was similar in wild type cells or 
CLC3-/- cells with and without CLC5 shRNA. The 
CLC3-/- cells had remarkable trabecular mineral (see FIG. 
8, F) In the CLC3 knockout and control, alkaline phos­
phatase was strongest adjacent to mineralizing matrix (see 
FIG. 9). F. Mineral was nodular in the control, trabecular in 
the CLC3-/-, and absent in the CLC3-/- cells with CLC5 
shRNA. The colunms of mineral in CLC3-/- cells were 
bordered by alkaline phosphatase (see FIG. 9). This pattern 
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of bone differentiation was remarkably consistent in differ­
ent isolates of CLC3-/- cells, and in several replicates of 
each isolate. Wild type and CLC3-/- mineral included 
lacunae, or osteocyte-like cells (see FIG. 9). 
[0018] FIG. 9 shows the characteristics of alkaline phos­
phatase and mineral deposition at high power in wild type, 
CLC3-/-, and CLC3-/- with CLC5 shRNA cells. A. Alka­
line phosphatase. There is focal dense alkaline phosphatase 
in wild type (left) and in CLC3-/-, CLC5 shRNAcells right, 
in fine linear areas consistent with cell surface and cell 
process-associated activity. In the CLC3-/- cells there is 
also dense alkaline phosphatase adjacent to most of the 
trabecular bone, which is refractile unstained material here 
(arrows, center panel). B. Quantitative alkaline phosphatase 
activity. Activity in wild type cells was strong in nodules, but 
overall slightly, but significantly, less than the cells with 
modified CLCs. There was no difference between CLC3 
negative and CLC3 negative CLC5 shRNA cells. C. Silver 
stain for bone mineral. In wild type and in CLC3-/- cells, 
lacunae indicate that cells incorporated in the matrix. In the 
CLC3-/-+CLC5 shRNA cells, no significant mineral 
occurs, although minor amounts of linear labeling are seen 
in the pattern similar to strong cell surface associated 
alkaline phosphatase activity (A, right panel, arrows), sug­
gesting non-specific phosphate precipitation at sites of very 
high alkaline phosphatase (see text). D. Densitometry for 
mineral, quantified as dark matter in transmitted light, in the 
three cell types. This avoids variability in silver labeling of 
mineralized matrix. There is no difference in overall mineral 
deposition in wild type and CLC3-/- cells, despite the large 
difference in the pattern of mineralized matrix. The 
CLC3-/-+CLC5 shRNA cells make no meaningful miner­
alized matrix. 

DETAILED DESCRIPTION 

[0019] The use of numerical values in the various ranges 
specified in this application, unless expressly indicated 
otherwise, are stated as approximations as though the mini­
mum and maximum values within the stated ranges are both 
preceded by the word "about". In this manner, slight varia­
tions above and below the stated ranges can be used to 
achieve substantially the same results as values within the 
ranges. Also, unless indicated otherwise, the disclosure of 
these ranges is intended as a continuous range including 
every value between the minimum and maximum values. 
For definitions provided herein, those definitions refer to 
word forms, cognates and grammatical variants of those 
words or phrases. As used herein "a" and "an" refer to one 
or more. 
[0020] As used herein, the term "patient" or "subject" 
refers to members of the animal kingdom including but not 
limited to human beings and "mammal" refers to all mam­
mals, including, but not limited to human beings. 
[0021] As used herein, the "treatment" or "treating" of a 
wound or defect means administration to a patient by any 
suitable dosage regimen, procedure and/or administration 
route of a composition, device or structure with the object of 
achieving a desirable clinical/medical end-point, including 
attracting progenitor cells, healing a wound, correcting a 
defect, amelioration of one or more sequelae of an injury or 
defect, etc. 
[0022] As used herein, the terms "comprising," "com­
prise" or "comprised," and variations thereof, are open 
ended and do not exclude the presence of other elements not 
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identified. In contrast, the term "consisting of' and varia­
tions thereof is intended to be closed, and excludes addi­
tional elements in anything but trace amounts. The terms "a" 
and "an" are intended to refer to one or more. 
[0023] According to a first aspect of the invention, a 
method of making bone material, for example trabecular 
bone or trabecular bone matrix ( devitalized bone), e.g., a 
deposit of a calcium phosphate such as hydroxyapatite 
having a trabecular three-dimensional structure, is provided. 
According to one aspect, the bone material produced by the 
method is useful for implantation to support engraftment of 
joints and other orthopedic, and reconstructive applications 
such as titanium rods for teeth. In another aspect, the bone 
material produced by the method is useful to support healing 
of nonunion of fractures. In yet another aspect, the bone 
material produced by the method is useful to support healing 
oflarge defects, such as in the skull. The method comprises 
culturing CLC3 knockdown mesenchymal stem cells in 
osteoblast differentiation medium for a length of time such 
that bone material, e.g., trabecular bone material is pro­
duced. The method produces CLC3 knockdown osteoblasts. 
By CLC3 knockdown it is meant that expression ofCLC3 in 
the specified cell is completely reduced or significantly 
reduced, that is, to the extent that trabecular bone material is 
made when the CLC3 knockdown mesenchymal stem cells 
are cultured in osteoblast differentiation medium. Osteo­
blasts are hydroxyapatite-producing cells, that produce col­
lagen, osteocalcin, and/or osteopontin. 
[0024] CLC3 is the Chloride Voltage-Gated Channel 3 
protein, including the human CLCN3 gene ( e.g., as 
described in HGNC: 2021, Entrez Gene: 1182, Ensembl: 
ENSG0000Ol 09572, OMIM: 600580, UniProtKB: P51790, 
and GenBank Reference Nos. NM_001243372.1 and 
NP _001230301.1) or product thereof, and its counterpart in 
other species, such as the murine CLC3 gene ( e.g., as 
described in Gene ID: 12725, GenBank Reference Nos. 
NM_007711.3, AF029347 (FIG. 1), and NP_031737.3) 
described in the Example below. 
[0025] Cell culture medium includes any useful medium 
in which cells can be grown in vitro or ex vivo. Non-limiting 
examples include DMEM, and RPMI (e.g., RMPI 1640, 
12% Fetal Bovine Serum and antibiotics). Medium is often 
supplemented with serum, such as fetal bovine serum, and 
antibiotics. In the context of the methods of preparing bone 
described herein, any medium capable of supporting osteo­
blast cells, and in which hydroxyapatite can be deposited, is 
suitable. 
[0026] The CLC3 knockdown cells described herein 
include mesenchymal stem cells, and mesenchymal cell 
lines, as well as osteoblast precursor cells or cell lines 
thereof, in which CLC3 production is knocked down such 
that when cultured in osteoblast differentiation medium, e.g., 
as described herein, the cells produce bone. Isolating mes­
enchymal stem cells from, e.g., bone marrow or adipose 
tissue is routine. Mesenchymal stem cells can be passaged a 
number of times to produce useful cell populations. One way 
to obtain CLC3 knockdown mesenchymal cells is by pro­
ducing a CLC3 knockdown transgenic mouse, and isolating 
mesenchymal stem cells from the transgenic animal, as 
shown below. In that aspect, the animal's cells are used to 
produce the bone material, which can serve as a useful 
source of xenogeneic bone matrix. Likewise, in another 
aspect, the mesenchymal stem cells are human, but not from 
the individual to be treated, therefore serving as a source of 
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allogeneic bone matrix. In yet another aspect, a patient's 
mesenchymal stem cells are isolated, and serve as an autolo­
gous source of bone or bone matrix. 
[0027] Mesenchymal stem cells can be differentiated to 
osteoblasts by a variety of culture methods. In one aspect, 
they are cultured in osteoblast differentiation medium. By 
"osteoblast differentiation medium", it is meant cell culture 
medium suitable for culture of mesenchymal stem cells, and 
for differentiation of the mesenchymal stem cells to the 
osteoblast phenotype. 
[0028] In one aspect, the cell culture medium comprises 
ascorbic acid and a phosphate source, such as glycerol-2-
phosphate, and optionally a glucocorticoid, such as hydro­
cortisone or dexamethasone. In one aspect, the osteoblast 
differentiation medium does not include a glucocorticoid. 
For example, in an example below, osteoblast differentiation 
was induced by 30 µg/ml ascorbic acid, 200 nM hydrocor­
tisone, and 10 mM glycerol-2-phosphate, with FBS reduced 
to 10%. Other methods are broadly-known (see, e.g., Apom­
maeklong, P, et al., Phenotypic Characterization, Osteoblas­
tic Differentiation, and Bone Regeneration Capacity of 
Human Embryonic Stem Cell-Derived Mesenchymal Stem 
Cells 2009 Stem Cells Dev. 18(7): 955-968, osteogenic 
medium was 90% a-MEM, 10% heat-inactivated FBS, 50 
µg/mL ascorbic acid, 5 mM ~-glycerophosphate, and 100 
nM dexamethasone). 
[0029] As indicated above, the mesenchymal stem cells 
are CLC3 knockdown cells. A variety of methods of knock­
ing down (e.g., knocking out, reducing, or otherwise low­
ering) expression ofCLC3 are broadly-known and available, 
and can be implemented readily with knowledge of the gene 
sequence of CLC3 ( e.g. human CLCN3, described above) In 
one aspect, the method is RNA interference (see examples 
below), as is broadly-known. Other methods for knocking 
down gene expression include mutagenesis of the gene, such 
as mutation of the coding or regulatory sequences of the 
gene. Additional examples of technologies useful for pro­
duction of MSCs having expression of CLC3 knocked down 
include, but are not limited to, shRNA, siRNA, TALEN, or 
CRISPR/Cas systems. 
[0030] In one aspect, RNA interference (RNAi) is used. 
Briefly, RNAi is a process that cells use to 'turn off' or 
silence unwanted genes. In RN Ai, dsRNA ( double stranded 
RNA) in the cell's cytoplasm is cut by an enzyme called 
Dicer into double stranded small interfering RNA (siRNA) 
molecules which are 20-25 nucleotides long. This siRNA 
binds to an RNA-Induced Silencing Complex (RISC) which 
separates the two strands into the passenger and guide 
strand. The passenger strand is degraded while the RISC 
takes the guide strand to a specific mRNA site, cleaving it so 
that the unwanted target protein is not produced. This is how 
the gene is 'silenced'. Utilization of endogenous RNAi 
systems allows for the knockdown of any gene of interest. 
The RNAi pathway is initiated when dsRNA enters the 
cytoplasm. The source of the dsRNA may be: synthetic 
(siRNA) or single stranded RNA (ssRNA) containing two 
complementary sequences separated by a non-complemen­
tary sequence, which folds back on itself to form a synthetic 
short hairpin RNA (shRNA). siRNA and shRNA are typical 
methods used for targeted gene knockdown. 
[0031] As an alternative to gene knockdown, the herein 
described methods may be achieved through gene knockout, 
for instance, through TALEN or CRISPR/Cas. Briefly, tran­
scription activator-like effector nucleases (TALEN s) are 
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restriction enzymes that can be engineered to cut specific 
sequences of DNA. They are made by fusing a TAL effector 
DNA-binding domain to a DNA cleavage domain (a nucle­
ase which cuts DNA strands). Transcription activator-like 
effectors (TALEs) can be engineered to bind practically any 
desired DNA sequence, so when combined with a nuclease, 
DNA can be cut at specific locations. The restriction 
enzymes can be introduced into cells, for use in gene editing 
or for genome editing in situ, a technique known as genome 
editing with engineered nucleases. The CRISPR-Cas9 sys­
tem is composed of a short noncoding guide RNA (gRNA) 
that has two molecular components: a target-specific 
CRISPR RNA (crRNA) and an auxiliary trans-activating 
crRNA (tracrRNA). The gRNA unit guides the Cas9 protein 
to a specific genomic locus via base pairing between the 
crRNA sequence and the target sequence. CRISPR loci are 
composed of a series of repeats separated by segments of 
exogenous DNA (of -30 bp in length), called spacers. The 
repeat-spacer array is transcribed as a long precursor and 
processed within repeat sequences to generate small crRNAs 
that specify the target sequences (also known as protospac­
ers) cleaved by Cas9 protein, the nuclease component of 
CRISPR system. CRISPR spacers are then used to recognize 
and silence exogenous genetic elements at the DNA level. 
Essential for cleavage is a three-nucleotide sequence motif 
(NGG) immediately downstream on the 3' end of the target 
region, known as the protospacer-adjacent motif (PAM). The 
PAM is present in the target DNA, but not the crRNA that 
targets it. Upon binding to the target sequence, the Cas9 
protein induces a specific double-strand break. Following 
DNA cleavage, the break is repaired by cellular repair 
machinery through non-homologous end joining (NHEJ) or 
homology-directed repair (HDR) mechanisms. With target 
specificity defined by a very short RNA-coding region, the 
CRISPR-Cas9 system greatly simplifies genome editing. 
[0032] The CLC3 knockdown mesenchymal stem cells are 
cultured in any bioreactor. A large variety of bioreactor 
structures and systems are known in the art, and are useful 
so long as the methods described herein can be performed in 
the bioreactor. In one aspect, the bioreactor structure in 
which the bone is formed is shaped to serve as a mold for the 
produced bone material, as are known in the art. In one 
aspect, the CLC3 knockdown mesenchymal stem cells are 
cultured in a hydrogel matrix to facilitate three-dimensional 
expansion of the trabecular matrix. 
[0033] In one aspect, the bone matrix described herein is 
used directly from culture for implantation in a patient. This 
is especially the case where the mesenchymal stem cells 
used to prepare the bone material are autologous. 
[0034] In one aspect, once bone matrix is prepared, it is 
devitalized, meaning any live cells are killed or removed so 
that once implanted, the bone material is incorporated into 
the recipient's tissue and infiltrated by the recipient's cells. 
Devitalized bone, e.g., bone matrix, is currently prepared by 
a variety of methods, including by use of formalin and/or 
other solvents. Other methods of preparing devitalized bone 
are broadly-known, and are useful for preparing bone matrix 
from bone produced by the methods described herein. 
[0035] The decellularized material is optionally sterilized, 
for example by gamma irradiation. Once decellularized, the 
bone material is implanted in a patient to support bone 
growth or repair. 
[0036] As indicated above, the bone material produced by 
the method described herein is useful for bone or tooth repair 
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or insufficiency. It can be used as a single piece of material, 
or it may be comminuted and optionally formed into a slurry 
prior to implantation, which can be injected. As indicated 
above, it can be used for bone repair, by placing the material 
at a site of injury in a patient. It can be used to correct a 
defect (e.g., a congenital defect) in a patient. It also can be 
used to treat osteoporosis by introduction of the material at 
sites of trabecular ( cancellous) bone loss, such as the spine, 
hip, or wrist. In one aspect, the bone material is combined 
with a metallic, ceramic, or polymeric medical implant 
device, such as screws, pins, or artificial joint implants or 
prostheses. The bone material may be grown on, deposited 
onto or into, or otherwise combined with the medical device. 
In one aspect, the metal device comprises one or more of a 
cobalt-chrome alloy, a stainless steel, titanium, tantalum, 
and/or a titanium alloy that optionally comprises non-me­
tallic and metallic components. In one aspect, the device 
comprises a commercial pure titanium. In another, the 
device comprises a titanium alloy that comprises one or 
more of molybdenum, tantalum, niobium, zirconium, iron, 
manganese, chromium, cobalt, nickel, aluminum and lan­
thanum. The titanium alloy may be an alloy comprising Ti, 
Al, and V, such as, for example, an alloy comprising about 
90% wt. Ti, about 6% wt. Al and about 4% wt. V (Ti6Al4V). 
In one aspect, the device comprises filaments. In another, 
fused beads. The device may comprise an inorganic, cal­
cium-containing mineral, such as, without limitation, apa­
tite, hydroxyapatite or a mineral comprising Ca, P and 0. 
The scaffold also may comprise a polymer (plastic) and/or a 
ceramic. 
[0037] In one aspect, e.g., where the bone material is 
produced from autologous cells, the bone material is used 
directly in a patient. In another aspect, where the method 
produces a bone matrix, once decellularized and optionally 
sterilized, the bone material according to any aspect of the 
invention is either used, or packaged into a medically 
acceptable container, such as a plastic vial or other container, 
or a pouch, such as barrier-coated or metallized Mylar® or 
other suitable films, such as polyester terephthalate or poly­
ester films. 

Example 1 

[0038] Osteoblast form an epithelium-like layer with tight 
junctions separating bone matrix from extracellular fluid. 
During mineral deposition, calcium and phosphate precipi­
tation in hydroxyapatite liberates 0.8 mole of H+ per mole 
ca+2

. Thus, acid export is needed for mineral formation. Ion 
transport was examined, supporting osteoblast vectorial 
mineral deposition. Previously, it was established that Na/H 
exchangers 1 and 6 are highly expressed at secretory osteo­
blast basolateral surfaces and neutralize massive acid loads. 
The Na/H exchanger regulatory factor-I (NHERFl), a pdz 
organizing protein, occurs at mineralizing osteoblast baso­
lateral surfaces. It was hypothesized that high capacity 
proton transport from matrix into osteoblast cytosol must 
exist to support acid transcytosis for mineral deposition. 
Gene screening in mineralizing osteoblasts showed dramatic 
expression of chloride-proton antiporters CLC-3 and CLC-
5. Antibody localization showed that CLC-3 and CLC-5 
occur at the apical secretory surface facing the bone matrix 
and in membranes of buried osteocytes. Surprisingly, the 
Clcn3_1

_ mouse has only mildly disordered mineralization. 
However, Clcn3_1

_ osteoblasts have large compensatory 
increases in CLC-5 expression. c1cn3-1

- osteoblasts in vitro 
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mineralize in a striking and novel trabecular pattern; wild 
type osteoblasts form bone nodules. In mesenchymal stem 
cells from c1cn3-1

- mice, lentiviral CLC-5 shRNA created 
Clcn3-1

-, CLC-5 knockdown cells, validated by Western 
blot and PCR. Osteoblasts from these cells produced no 
mineral under conditions where wild type or Clcn3_;_ cells 
mineralize well. Based on this, it is concluded that regulated 
acid export, mediated by chloride-proton exchange, is essen­
tial to drive normal bone mineralization, and that CLC 
transporters also regulate fine patterning of bone. 

Materials and Methods: 

[0039] Genome-wide expression screening was as 
described (Robinson et al, 2010, FSH-receptor isoforms and 
FSH-dependent gene transcription in human monocytes and 
osteoclasts. Biochem Biophys Res Commun 394: 12-17), 
using isolated RNA to make double-stranded cDNA, from 
which biotin labeled cRNA was made and hybridized to the 
DNA array on glass. The Hu145 133.2 probe-set of 54676 
cDNAs, 20 replicates per target, was used (Affymetrix, 
Santa Clara, Calif.). Presence of transcripts and differences 
between treatments were determined from the signal and 
variation of each assay replicate, with statistical confidence 
indicated. CLC-3 knockout mice. Mice with a knockout 
allele replacing 13 bp of exon 6 and all of exon 7 with an 
insert including neomycin resistance were the kind gift of 
Fred Lamb, Vanderbilt University (Dickerson et al., 2002, 
Altered GABAergic function accompanies hippocampal 
degeneration in mice lacking CIC-3 voltage-gated chloride 
channels. Brain Res 958: 227-250). The animals have a 
mixed 129/Sv and C57Bl/6J background. Knockout, wild 
type, and heterozygote littermates were used. For analysis of 
bone growth in situ, animals were labeled with 25 µg/gram 
body weight with calcein at 4 and 1 day prior to sacrifice, to 
show bone formation as fluorescent bands in frozen sections 
of bone as described (Liu et al., 2012, Na+/H+ exchanger 
regulatory factor 1 (NHERFl) directly regulates osteogen­
esis. Journal of Biological Chemistry 287: 43312-43321). 

[0040] Human mesenchymal stem cells and osteoblasts. 
Cells, pre-tested media and supplements (Bullet kit) were 
from Lonza (Walkersville, Md.). The hMSCs used were 
from a 22 year old female; human osteoblasts were from an 
11 year old female. All Cell culture was at 3 7° C., in 5% CO2 

humidified air, and media were replaced each 2-3 days 
unless noted. Cells were grown in Dulbecco's modified 
essential medium (DMEM) with 5.5 mM of glucose with 
L-glutamine, sodium pyruvate, 10% Fetal Bovine Serum, 30 
µg/ml of ascorbic acid, 30 µg/ml gentamicin and 15 ng/ml 
amphotericin-B. 

[0041] Mouse MSC were isolated as described (Liu et al., 
2012, Na+/H+ exchanger regulatory factor 1 (NHERFl) 
directly regulates osteogenesis. Journal of Biological Chem­
istry 287: 43312-43321). Bone marrow from six month old 
mice was collected by flushing femora and tibiae with RPMI 
1640, 12% FBS and antibiotics. Disaggregated cells were 
filtered to remove clumps, and plated. At 3 h nonadherent 
cells were washed off and re-plated. Cells then adherent on 
day 2 were washed and grown in mouse MesenCult medium 
with serum (StemCell Technologies, Vancouver, Canada). 
At 80% confluence cultures were trypsinized and re-plated 
at 5xl05/cm2 and grown in DMEMwith 5.5 mM of glucose, 
FBS, and antibiotics. MSCs were used at passages 5-10. 
Osteoblast differentiation was induced by 30 µg/ml ascorbic 
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acid, 200 nM hydrocortisone, and 10 mM glycerol-2-phos­
phate, with FBS reduced to 10%. 

[0042] Lentivirus. A pLKO shRNA lentiviral plasmid for 
mouse was purchased as E. coli bacterial stock (CLC-N5 
TRC shRNA 69494, Sigma, Saint Louis, Mo.), containing 
the shRNA: CCGGCCTATGATGATTTCAACACAACTC­
GAGTTGTGTTGAAATCATCATAGGTTTTTG (SEQ ID 
NO: 2), GFP, puromycin and ampicillin resistance. A colony 
was isolated and grown in Luria broth with ampicillin; 
plasmid was isolated by alkaline lysis; endotoxin was 
removed by nonionic detergent phase separation (Mira­
CLEAN, Mirus-Bio, Madison, Wis.). Vector preparation and 
titration were as described (Ravi et al, 2015, Epidermal 
growth factor activates the Rho GTPase-activating protein 
(GAP) Deleted in Liver Cancer 1 via focal adhesion kinase 
and protein phosphatase 2A. J Biol Chem 290: 4149-62; 
Sena-Esteves et al, 2004, Optimized large-scale production 
of high titer lentivirus vector pseudotypes. J Viral Methods 
122: 131-139; and Geraerts et al, 2005, Upscaling oflenti­
viral vector production by tangential flow filtration. J Gene 
Med 7: 1299-1310), and packaged using commercial enve­
lope and packaging plasmid preparations (Addgene, Cam­
bridge, Mass.). High efficiency plasmid delivery was 
obtained using Trans!T-LTl (Mirus-Bio, Madison, Wis.) in 
serum-free MEM (OptiMEM, Sigma) with 3 µI ofTrans!T­
LTl per µg of DNA, incubated with the plasmids for 30 min. 
This mixture was incubated with packaging cells, HEK293T 
at passage 2-5, in DMEM with 25 mM of glucose and 
antibiotics, overnight. Medium containing viral particles 
was collected every 24 hand stored at 4 ° C., filtered through 
0.45 µm cellulose and concentrated with 15 kD retention 
centrifugal filters (Amicon, Millipore, Billerica, Mass.). 
Virus titer was determined by anti p24 ELISA (Lenti-X p24 
Rapid Titer, Clontech, Mountain View, Calif.). 

[0043] Viral transduction. Infection was as described 
(Wein et al, 2008, Lentivirus delivery of shRNA constructs 
into osteoblasts. Methods Mo! Biol 455: 149-155). MSCs 
were transduced at 60-70% confluence with lentivirus in 
minimal medium volume 6 µg/ml of 1,5-Dimethyl-1,5-
diazaundecamethylene polymethobromide (Polybrene, 
Sigma). Calculated multiplicity of infection was 9. Cells 
were placed in growth medium 24 h after the transduction. 
Cells were selected using 2.5 µg/ml puromycin for 7 days, 
beginning 48 hours after transduction. 

[0044] Protein extraction, Western blots, and in situ label­
ing. 2xl06 cells were lysed on ice for 5 minutes with RIPA 
buffer (10 mM Tris, 1 mM EDTA, 0.5 mM EGTA, 1 % Triton 
X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM 
NaCl at pH 8, with proteinase and phosphatase inhibitors. 
Lysates were sonicated and cleared by centrifugation. Pro­
tein concentration was determined by bicinchoninic acid 
(Thermo Fisher) binding. After heating 5 min at 95° C. in 
sample buffer, aliquots, 40 µg or as stated, were separated on 
12% SDS-polyacrylamide gels in Laemmli buffers. Proteins 
were transferred to polyvinylidine-derivitized nylon; unre­
acted groups were neutralized in 50 mM Tris, 140 mM NaCl, 
0.05% polyoxyethylene-20-sorbitan laurate (Tween 20), pH 
7.4 (TBST) with 5% nonfat dry milk overnight at 4° C. 
Membranes were rinsed with TBST and incubated with 
primary antibodies: goat polyclonal anti-CLC-5 D-17, rec­
ognizing a CLC-5 specific internal epitope (Santa Cruz, 
Santa Cruz, Calif., USA), 1:150, or rabbit polyclonal anti­
CLC-3 raised to amino acids 80-125 of human CLC-3 
(Bioss, Woburn Mass., USA), 1 :400, or mouse anti-~-actin 
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(Sigma), 1 :40,000 overnight at 4 ° C. Unbound antibody was 
washed off with TBST; secondary antibodies at were added 
1 :40,000 for 1 hour: Horseradish peroxidase-conjugated 
(HRP) goat anti rabbit IgG or HRP donkey anti goat IgG 
(Jackson ImmunoResearch, Westgrove Pa., USA), or HRP 
anti mouse IgG (Sigma). After washing, antibodies visual­
ized by enhanced chemiluminescence (SuperSignal, Life 
Technologies). For in situ labeling of CLC-3/5, protocols 
used frozen sections of mouse bone and the anti-CLC 
primary antibodies as in Western blots, and fluorescent 
second antibodies and photographed in an inverted fluores­
cence microscope using a 40x oil objective as described 
(Palagano et al, 2015, Buried in the Middle but Guilty: 
Intronic Mutations in the TCIRG 1 Gene Cause Human 
Autosomal Recessive Osteopetrosis. J Bone Miner Res 2015 
Mar. 31. doi:10.1002/jbmr.2517). Sections of mouse bone 
fixed with cold acetone, decalcified with 10% sodium cit­
rate; in this case, anti-CLC-3 was used at 1:100 dilution and 
anti-CLC-5 at 1:25. Secondary antibodies were donkey 
anti-goat Cy3 and donkey anti-Rabbit Alexa 488, both at 
1 :500 (Jackson ImmunoResearch, West Grove, Pa. and 
Invitrogen, Carlsbad, Calif., respectively). Nuclei were 
stained with Hoechst 33342 (Thermo-Fisher, Pittsburgh 
Pa.). 

[0045] RNA and DNA extraction and PCR. Messenger 
RNA was isolated by oligo (dT) affinity (RNeasy; Qiagen, 
Valencia Calif., USA). First strand cDNA was synthesized 
with Moloney murine leukemia virus reverse transcriptase 
(Superscript III, Life Technologies), and random hexamer 
primers, 10 mM DTT, and recombinant RNase inhibitor 
(RNaseOUT, Life Technologies). Quantitative RT-PCR was 
performed using cDNA as the template in 25 µI reaction 
mixtures with premixed SYBR green, dNTPs, buffer, Taq 
DNA polymerase (SYBR Green Master Mix; Stratagene/ 
Agilent, Santa Clara, Calif. USA) with 1 µI of first strand 
cDNA and 250 nM primers (FIG. 2). Expression relative to 
mouse ~-actin or human glyceraldehyde-3-phosphate dehy­
drogenase cDNA was calculated as described (Robinson et 
al., 2009, Estrogen inhibits RANKL-stimulated osteoclastic 
differentiation of human monocytes through estrogen and 
RANKL-regulated interaction of estrogen receptor-alpha 
with BCARl and Traf6. Exp Cell Res 315: 1287-1301). 
Product sizes were verified by electrophoresis on 2% aga­
rose. Unless noted, PCR used 94° C. denaturation for 2 
minutes, 57° C. annealing for 30 seconds, and 72° C. 
elongation for 1 minute, for 36 cycles, and duplicate assays 
each run in duplicate were performed. DNA was isolated by 
homogenization in denaturing buffer and binding on silica 
glass colunms (EZNADNA/RNAisolation, Omega BioTek, 
Norcross, Ga.). PCRs contained 1 µI of DNA and 0.5 unit of 
Taqpolymerase (Platinium Taq, Invitrogen, Carlsbad, Calif., 
USA). 

[0046] Histomorphometry, histochemistry and in situ 
labeling. Alkaline phosphatase activity was determined 
using 7-bromo-3-hydroxy-2-naphthoic-o-anisidide (naph­
tha! AS-BI phosphate) substrate, reacted with fast blue to 
precipitate blue insoluble product, at pH 9.5 (leukocytes 
alkaline phosphatase kit, Sigma). Von Kassa silver stain for 
mineral used cell cultures fixed in 3.7% formaldehyde for 2 
minutes. Mineral was stained with 2% AgNO3 under UV 
light for 10 minutes. Animals were labeled with 25 µg/g of 
animal weight of calcein 4 days and 1 day prior to sacrifice. 
Frozen sections of vertebrae, 4 µm thick, were obtained 
using carbide blades and a tape transfer system (CryoJane; 

7 
Sep. 13, 2018 

Instrumedics, St. Louis, Mo.). Histomorphometric analysis 
was as described (Robinson et al., 2012, Gene disruption of 
the calcium channel Orai 1 results in inhibition of osteoclast 
and osteoblast differentiation and impairs skeletal develop­
ment. Laboratory Investigation 92: 1071-1083). 
[0047] Statistics. Unless stated, the data are mean±SD. 
Individual comparisons used Student's T test; Multiple 
comparisons used analysis of variance; ps0.05 is reported as 
significant. 
[0048] Results: 
[0049] The chloride/hydrogen exchanger CLC-3 is very 
strongly expressed in mineralizing osteoblasts; CLC-5 
occurs at significant levels. It was previously discovered that 
NHEl and NHE6 as massively expressed sodium-hydrogen 
exchangers in the basolateral surface of mineralizing osteo­
blasts (Liu et al., 2011, High capacity Na+/H+ exchange 
activity in mineralizing osteoblasts. Journal of Cell Physi­
ology 226: 1702-1712). Those cells form the epithelium-like 
boundary on the osteon; only this surface is exposed for 
release and efflux of protons to the extracellular compart­
ment (Liu et al., 2012, Na+/H+ exchanger regulatory factor 
1 (NHERFl) directly regulates osteogenesis. Journal of 
Biological Chemistry 287: 43312-43321). The other surface 
of the osteoblasts, the apical membrane, abuts the bone 
matrix compartment. It is hypothesized that it must support 
equal and regulated H+ influx from matrix into the osteo­
blast. 
[0050] Using Affymetrix cRNA microarrays (Robinson et 
al., 2010, FSH-receptor isoforms and FSH-dependent gene 
transcription in human monocytes and osteoclasts. Biochem 
Biophys Res Commun 394: 12-17) expression was compared 
for undifferentiated human MSC and osteoblasts (FIG. 3, A). 
In the human cells, there was a striking change of CLC-3 
expression in MSC, with a median signal in MSC of 29 with 
p value for expression from 0.12-0.35, to a median signal in 
mineralizing osteoblasts of 1,800 with p values uniformly 
<0.0002. A second CLC, CLC-5, was also increased in 
mineralizing osteoblasts, but at lower levels, but with con­
vincing p values of 0.002 to 0.004. The same gene screens 
revealed the increases in NHEl and NHE6 to about 1000 
with p values of <0.0002 in osteoblasts, previously reported 
(Liu et al., 2011, High capacity Na+/H+ exchange activity in 
mineralizing osteoblasts. Journal of Cell Physiology 226: 
1702-1712; Liu et al., 2012, Na+/H+ exchanger regulatory 
factor 1 (NHERFl) directly regulates osteogenesis. Journal 
of Biological Chemistry 287: 43312-43321). Other CLCs 
and other potential regulated inward proton transporters 
were not strongly expressed in human osteoblasts (not 
illustrated). It was therefore concluded that expression of 
CLC-3 and CLC-5, together with NHEl and NHE6 at the 
basolateral membrane, might form the basis of a coordinated 
transcellular system to move H+ produced by precipitation 
ofhydroxyapatite in the matrix. This approach assumes that 
the major mechanisms have a strong overlap in humans and 
mice used in subsequent work; this assumption was vali­
dated by PCR assays comparing the species (FIG. 3, B-C). 
In both human and murine osteoblasts CLC-3 and CLC-5 
mRNAs both CLCs were increased in mineralizing cells. 
Subsequently studied in murine MSC and osteoblasts. 
[0051] This was followed by in situ antibody labeling of 
CLC-3 in bone from Clcn3+/+ and Clcn3_1

_ mice (FIG. 3, D). 
The CLC-3 labeling consistent with osteoblast membrane 
expression of CLC-3 in surface osteoblasts and in the 
membranes of the canalicular system. Osteocytes buried in 
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mineral, from earlier layers of bone formation, maintain 
processes in these canaliculi, connecting to the surface layer 
of osteoblasts synthesizing new matrix. In bone from 
Clcn3_;_ animals labeling was absent (FIG. 3, D, right), 
demonstrating that the strong CLC-3 labeling in the wild 
type animal bone is not an artifact. 

[0052] Surprisingly, the bone phenotype of Clcn3-1
- ani­

mals, at least at the three month's age studied, was very 
mild. By visual inspection the bones of each animal 
appeared unremarkable and very similar; micro-computed 
tomography showed differences on the order of 5%, with a 
trend to lower bone volume, trabecular thickness, and 
increased trabecular spacing in the c1cn3-1

- relative to wild 
type animals, but none of these reached significance (n=S, 
not illustrated). Bone formation in Clcn3+/+ and Clcn3-1

-

animals was compared directly using calcein labeling of 
mineral deposition in vivo (FIG. 3, E-F). Blinded measure­
ment of calcein double labels, done 5 and 1 days before 
sacrifice, showed that the Clcn3-1

- mice have anomalous 
bone mineral deposition, limited to blurring of mineral 
deposition. Note that broadened calcein lines reflect delayed 
mineralization rather than increased mineralization· non­
mineralized matrix accumulates in bone mineralization 
defects including vitamin D deficiency. It was hypothesized 
that the mild phenotype reflects that CLC-5 might compen­
sate for CLC-3 loss. 

[0053] CLC-3 knockout osteoblasts have greatly increased 
CLC-5 expression. Not having access to CLC-5 animals, 
study of bone formation by MSCs in culture was undertaken. 
The MSCs from CLC-3 animals could then be treated with 
lentivirus shRNA to reduce CLC-5, to determine the effect 
of low expression of both CLCs on mineral deposition in 
culture. This might be necessary in any case, since if the 
function ofCLCs is essential, the bone defect ofCLC-3 and 
CLC-5 absence might lethal. To confirm the genotype of 
MSCs from CLC-3 mice, the KO and wild type (WT) alleles 
ofCLC-3 were identified by PCR with genomic DNA using 
primers showing that the targeted region in exons 6-7 was 
absent in cell cultured from the knockout mice (FIG. 4, A), 
with targeting insert neomycin resistance shown as a posi­
tive control. Western blotting revealed low levels of CLC-3 
protein in Clcn3_1

_ mouse (not shown); defective protein is 
present, but non-functional (Dickerson et al., 2002, Altered 
GABAergic function accompanies hippocampal degenera­
tion in mice lacking ClC-3 voltage-gated chloride channels. 
Brain Res 958: 227-250). A plasmid with shRNA targeting 
CLC-5, containing a green fluorescent protein insert, puro­
mycin and ampicillin resistance, and packaged it in lentiviral 
particles was obtained. Lentiviral infection was monitored 
by GFP fluorescence (FIG. 4, B). After initial infection, 25% 
of cells had GFP; after puromycin selection and two weeks 
in culture, all cells were GFP positive (FIG. 4, B, lower 
panel). In wild Type MSCs, CLC-5 was present at low levels 
(FIG. 4, C, left). However, in osteoblasts from Clcn3-1

-

animals, CLC-5 protein was greatly increased by an 
unknown mechanism (FIG. 4, C, middle). After infection 
with the viral vector CLC-5 protein expression was sup­
pressed by shRNA. This was not complete, but to levels 
similar to CLC-5 in wild type cells (FIG. 4, C, right). These 
results were consistent with quantitative PCR in osteoblasts 
cultured for one week in osteoblast differentiation medium 
(FIG. 4, D). Wild type controls infected with scrambled 
shRNA showed no difference relative to the uninfected wild 
type (not illustrated). That CLC-5 mRNA and protein is 
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greatly amplified in Clcn3_1
_ animals, which have a near 

normal bone phenotype (FIG. 3, E-F) suggested that CLC-5 
might functionally compensate for CLC-3 loss. If this 
hypothesis is correct, CLC-5 and CLC-3 should occur in 
similar distribution in osteoblasts and osteocytes. This was 
the case, with antibody labeling of CLC-3 and CLC-5 in 
bone of normal animals having and overlapping distribution 
(FIG. 4, E). Thus, in the osteon, the two channels are 
co-distributed and might compensate each other to a sig­
nificant extent. Additional studies of CLC-5 mRNA in wild 
type and Clcn3_1

_ cells, in growth medium and in differen­
tiation medium, with and without lentiviral CLC-5 shRNA 
confirmed greatly increased CLC-5 in Clcn3-1

- cells, and 
that the shRNA reduced CLC-5 by about 80% in either cell 
type (FIG. 4, F). C57 black mouse cells and wild type 
CLC-3+/+ cells, mainly 129/Sv, showed the same pattern of 
CLC-3 and CLC-5 expression, with or without lentiviral 
CLC-5 knockdown, indicating that there is probably not a 
strong strain-specific effect on CLC expression in mice (not 
shown). The reason for the residual CLC-5 is uncertain but 
likely is due to insufficient hsRNA to suppress the ~ery 
strong CLC-5 expression. Next bone formation was studied 
in Clcn3-/- cells with and without CLC-5 hsRNA relative 
to bone formation in wild type cells. 

[0054] Effect of eliminating CLC-3 and suppressing 
CLC-5 on bone formation in vitro. To understand the 
importance of increased CLC-5 expression in MSC cultured 
from CLC-3 mice shRNA via lentivirus infection was 
applied to reduce CLC-5 expression in bone-forming cul­
tures from Clcn3_1

_ mice, and characterized the resulting 
bone differentiation. The pre-tested shRNA-GFP-puromycin 
resistance construct was designed to target mouse CLC-5, 
and showed specific protein suppression during differentia­
tion in the mouse osteoblast cultures (FIG. 4, F). Retention 
of 10-20% of the very high CLC-5 expression reflects a 
common effect with highly expressed genes, where a large 
amount of mRNA production and processing overwhelms 
the dicer system's ability to degrade shRNA complexes, just 
as occurs in overwhelming viral infections. Notwithstanding 
that CLC-5 suppression was imperfect, the method made 
cells with suppressed CLC-5 similar to levels in wild type 
cells, which was then hypothesized would significantly 
affect bone differentiation in CLC-3 negative, CLC-5 knock­
down cells on osteoblast differentiation. Analysis of bone­
related mRNAs showed that expression is, as expected, 
increased by differentiation in osteoblast-promoting 
medium. Bone protein and promoter expression was highest 
in wild type cells (FIG. 5, A-F). For the bone transcription 
factor osterix, expression was invariant with CLC-3/5 status; 
the transcription factor RunX2 was highest in wild type cells 
Alkaline phosphatase, osteoprotegerin, and bone sialopro­
tein were significantly increased over growing cells in wild 
type and CLC-3/5 modified cells, but were mostly highest in 
the wild type. This may reflect in part different time courses 
of production in the different cell types: Alkaline phos­
phatase, a durable ectoenzyme had strong and uniform 
activity at two weeks (FIG. 5, G) in wild type and CLC 
modified cells. Type I collagen was highly expressed includ­
ing in all of the cell types; in any osteoblast culture a 
minority of cells are active in bone formation; relatively 
highly expressed proteins are less specific markers for that 
reason. 

[0055] In contrast, by undertaking careful analysis of 
mineralization in culture, a remarkable aspect of mineral-
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ization in Clcn3-1
- cells was uncovered, possibly due to the 

increased CLC-5 expression in these cells (FIG. 4). Specifi­
cally, mineral production was widespread and occurred in a 
distinct, fine trabecular pattern with sharp boundaries (FIG. 
5, H, bottom middle panel). In spite of many attempts to 
formulate trabecular bone bioreactors, mineralization 
always has been in patchy, round or spherical nodules and 
bone produced is not generally useful for implantation. The 
highly branching trabeculae were a characteristic of the cells 
from CLC-3 mice and might indicate a practical method of 
creating trabecular bone in vitro; it occurred uniformly in 
CLC-3 cells from separate MSC isolations and in over a 
dozen separate tissue culture differentiation assays. In bone 
differentiation in vitro, mineralization has been inconsistent, 
unreliable (Jakob et al., 2012, Perspective on the evolution 
of cell-based bone tissue engineering strategies. Eur Surg 
Res 49: 1-7), and typically unimpressive even when best 
results are shown. Importantly, in keeping with the hypoth­
esis that Cl/H exchange supports mineral deposition, min­
eral was uniformly absent in matched two week cultures of 
Clcn3_1

_ cells with CLC-5 shRNA. 

[0056] Properties of bone matrix in CLC defective cells at 
high resolution. Because of the remarkable trabecular nature 
of mineralization by the CLC-3 cultured MSCs these cul­
tures were examined at high magnification and quantified 
alkaline phosphatase activity and mineral density. In all cell 
types, alkaline phosphatase occurred in fine linear patterns 
consistent with cell surface-associated activity (FIG. 6, A), 
in keeping with its cell surface expression as established in 
other contexts (Magnusson et al., 1999, Isoforms of bone 
alkaline phosphatase: characterization and origin in human 
trabecular and cortical bone. J Bone Miner Res 14: 1926-
1933). In the Clcn3-1

- cells dense alkaline phosphatase 
activity occurred adjacent the trabecular bone, in keeping 
with its distribution at the bone-attached osteoblast surface 
in vivo (FIG. 6, A, middle, arrows). Quantitative alkaline 
phosphatase activity showed minor increases in activity in 
the cells with modified CLCs, but no difference between 
Clcn3_1_ and Clcn3-1-, CLC-5 shRNA (FIG. 6, B). 

[0057] Silver stain for bone mineral was strongly positive 
in wild type and CLC-3 cells. At high power, gaps in the 
mineral were observed consistent with bodies of cells 
becoming osteocytes that are incorporated in the mineralized 
matrix (FIG. 6, C, left and middle panels). In Clcn3-1

-, 

CLC-5 shRNA cells, no significant mineral as deposited. 
There were minor amounts of linear labeling at high power, 
in the morphology associated with the cell surface. This 
most likely reflects that, in the presence of the glycerol-2-
phosphate substrate at high concentration (10 mM), some 
calcium-phosphate precipitate occurs outside of cellular 
mineral transport, similar to calcification of hypertrophic 
cartilage. Overall mineral deposition in wild type and 
Clcn3_1

_ cells was essentially the same at two weeks, 
notwithstanding the profound difference in the pattern of 
mineralized matrix. The Clcn3-1

-, CLC-5 shRNA cells made 
no significant mineral. Following the mineralization in 
Clcn3_1

_ cells for an additional week extended the mineral 
deposition to a sheet-like morphology with windows (FIG. 
6, E), and it was clear that the fine patterning boundaries for 
bone formation were defined before mineralization was 
complete (Arrows, FIG. 6, E). 

9 

Sep. 13, 2018 

Example 2 Chloride-Hydrogen Antiports CLC3 and 
CLC5 Drive Osteoblast Mineralization and 

Regulate Fine-Structure Bone Patterning In Vitro 

[0058] Ion transport supporting vectorial mineral deposi­
tion in osteoblasts was examined. An epithelium-like layer 
of osteoblasts separates, by tight junctions, bone matrix from 
extracellular fluid. In mineral deposition, calcium and phos­
phate in solution liberate -0.8 Er/mole of calcium precipi­
tated. Thus, acid export can drive mineral formation. Pre­
viously, massive expression of Na+/H+ exchangers 1 and 6 
(NHEl/6) at the basolateral surface of secretory osteoblasts 
was identified. Further, the pdz organizing protein, Na+/H+ 
exchange regulatory factor 1 (NHERFl), occurs in miner­
alizing osteoblast basolateral surfaces. NHERFl is essential 
to normal osteoblast function, including for phosphate trans­
port via the neutral phosphate transporter-2 (Npt2). It was 
hypothesized that high-capacity proton transport from 
matrix to osteoblasts at the apical surface also must exist to 
support mineral deposition. 
[0059] Materials and Methods: 
[0060] CLC3 knockout mice. Mice with part of ClCN3 
exon 6, and all of exon 7, replaced were the kind gift of Fred 
Lamb, Vanderbilt University (Dickerson et al., Lamb FS. 
Altered GABAergic function accompanies hippocampal 
degeneration in mice lacking ClC-3 voltage-gated chloride 
channels. Brain Res. 2002 Dec. 27; 958(2):227-50). The 
animals have a mixed 129/Sv and C57Bl/6J background. 
Knockout, wild type, and heterozygote littermates were 
used. 
[0061] Mesenchymal stem cells. All Cell culture was at 
37° C., in 5% CO2 humidified air, and media were replaced 
each 2-3 days unless noted. Bone marrow from six month 
old mice was collected by flushing femora and tibiae with 
RPMI 1640, 12% FBS and antibiotics. Disaggregated cells 
were filtered to remove clumps, and plated. At 3 h nonad­
herent cells were washed off and re-plated. Cells then 
adherent on day 2 were washed and grown in mouse 
MesenCult medium with serum (StemCell Technologies, 
Vancouver, Canada). At 80% confluence cultures were 
trypsinized and re-plated at 5xl05/cm2

. MSCs were used at 
passages 5-10. Differentiation used DMEM with 5.5 mM 
glucose, 10% FBS, gentamicin and amphotericin-B. Osteo­
blastic differentiation was induced by adding 3 0 µg/ml 
ascorbic acid, 200 nM hydrocortisone, and 10 mM glycerol-
2-phosphate. 
[0062] Lentivirus. HEK293T cells from passage 2 to 5, 
were grown in DMEM with 25 mM of glucose, 12% FBS, 
30 mg/ml gentamicin and 15 ng/ml amphotericin-B. During 
the lentiviral production serum-free media (OptiMEM-I, 
GIBCO-Life Technologies, Grand Island, N.Y., USA) was 
used. A pretested mouse CLC5 shRNA (ClCN5 Mission 
TRC shRNA, TRCN0000069494, Sigma, St Louis, Mo. 
USA) sequence CCGGCCTATGATGATTTCAACA­
CAACTCGAGTTGTGTTGAAATCATCATAGGTTT TTG 
(SEQ ID NO: 2), was used. The ClCN5 Mission TRC 
shRNA plasmid contains ampicillin and puromycin resis­
tance. A bacterial glycerol stock was grown on LB agar with 
50 µg/ml ampicillin, colonies were picked and grown in LB 
broth and DNA was extracted by alkaline lysis and purified. 
To remove bacterial endotoxins a MiraCLEAN Endotoxin 
Removal (MirusBio) was used. DNA was determined and 
plasmid was sequenced verify identity to the published 
sequence. Vectors were produced by transfection into 
HEK293T; 5xl06 cells were seeded in 10 cm dishes 24 h 
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prior to transfection in growth medium. Medium was 
changed 2 h prior to transfection with OptiMEM. For 
transfection, 5.7 µg of plasmid DNA was used per dish, with 
0.5 µg of envelope plasmid pMD2G, 2.6 µg of packaging 
plasmid (1.3 µg of pRSV-rev plus 1.3 µg of pMDL/pRRE), 
from Addgene, Cambridge Mass., and 2.6 µg of vector 
plasmid (CICN5, Sigma, see above). For high efficiency 
plasmid DNA delivery, a transfection reagent (TransIT-LTl, 
Mirus Bio, Madison Wis., USA) was diluted in OptiMEM 
with 3 µI ofTransIT-LTl per µg of DNA, and incubated with 
plasmids for 30 min. The mixture was added to the pack­
aging cells and incubated overnight. The medium was 
replaced with OptiMEM every 24 h for 3 days post infec­
tion. Conditioned media, with viral particles, were saved and 
stored at 4 ° C. Conditioned media were sterilized by 0.22 µm 
cellulose filters and collected by ultra-filtration in spin filters 
(Amicon Ultra-15, Millipore, Billerica Mass., USA). Virus 
titer was determined by ELISA (Lenti-X p24 Rapid Titer, 
Clontech/Takara, Mtn View, Calif., USA). 

[0063] Transduction of MSCs. WT and KO MSCs were 
seeded at 80-90% confluence to infect 105 cells per well in 
six-well plates in Polybrene (4 µg/ml, Sigma). The medium 
was changed to growth medium 16 h after addition of 
lentivirus. 72 h post-infection puromycin selection was 
initiated. 

[0064] Protein extraction, Western blots, and in situ label­
ing. Twoxl06 cells were lysed on ice for 5 minutes with 
RIPA buffer (10 mM Tris, 1 mM EDTA, 0.5 mM EGTA, 1 % 
Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 
mM NaCl at pH 8, with proteinase and phosphatase inhibi­
tors. Lysates were sonicated 5 minutes at intervals to avoid 
overheating, cleared by centrifugation at 6,000xg for 15 
minutes. Proteins were determined by dye binding (BCA, 
Life Technologies). After heating 5 min at 95° C. in sample 
buffer, aliquots, 40 µg or as stated, were separated on 12% 
SDS-polyacrylamide gels in Laemmli buffers. Proteins were 
transferred to polyvinylidine-derivitized nylon; unreacted 
groups were neutralized in 50 mM Tris, 140 mM NaCl, 
0.05% polyoxyethylene-20-sorbitan monolaurate (TBST) 
with 5% nonfat dry milk overnight at 4 ° C. Membranes were 
rinsed with TBST and incubated with primary antibodies: 
goat polyclonal anti-CIC5 D-17, recognizing a CLC5 spe­
cific internal epitope (Santa Cruz, Santa Cruz, Calif., USA), 
1:150, rabbit polyclonal anti-CIC3 raised to amino acids 
80-125 of human CLC3 (Bioss, Woburn Mass., USA), 
1 :400, or mouse anti-#-actin (Sigma), 1 :40,000 overnight at 
4° C. Unbound antibody was washed off with TBST, and 
secondary antibodies at were added 1 :40,000 for 1 hour: 
Horseradish peroxidase-conjugated (HRP) goat anti rabbit 
IgG or HRP donkey anti goat IgG (Jackson ImmunoRe­
search, Westgrove Pa., USA), or HRP anti mouse IgG 
(Sigma). After washing, antibodies visualized by enhanced 
chemiluminescence (SuperSignal, Life Technologies). For 
in situ labeling ofCLC3/5, protocols used frozen sections of 
mouse bone and the anti-CLC primary antibodies as in 
Western blots, but fluorescent second antibodies as 
described (Liu et al., High capacity Na+/H+ exchange 
activity in mineralizing osteoblasts. J Cell Physiol. 2011 
June; 226(6): 1702-12). 
[0065] RNA extraction and quantitative PCR. Messenger 
RNA was isolated by oligo (dT) affinity (RNeasy; Qiagen, 
Valencia Calif., USA). First strand cDNA was synthesized 
by reverse transcriptase (Superscript III, Life Technologies), 
with random hexamer primers, 10 mM DTT, and recombi-
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nant RNase inhibitor (RNaseOUT, Life Technologies). 
Quantitative RT-PCR was performed using cDNA as the 
template in 20 µI reaction mixtures with premixed SYBR 
green, dNTPs, buffer, Taq DNA polymerase (SYBR Green 
Master Mix; Stratagene/Agilent, Santa Clara, Calif. USA) 
and 20 ng primer pairs for each cDNA (see FIG. 2). 
Expression relative to #-actin cDNA was calculated, and 
product size was verified by electrophoresis on 2% agarose 
essentially as described (Robinson et al., Estrogen inhibits 
RANKL-stimulated osteoclastic differentiation of human 
monocytes through estrogen and RANKL-regulated inter­
action of estrogen receptor-alpha with BCARl and Traf6. 
Exp Cell Res. 2009 Apr. 15; 315(7):1287-301). 
[0066] Histochemistry. ALP activity was determined using 
7-bromo-3-hydroxy-2-naphthoic-o-anisidide (naphtha! AS­
BI phosphate) as substrate, and fast blue to precipitate 
reacted substrate as a blue insoluble product, at pH 9.5 
(leukocytes alkaline phosphatase kit, Sigma). Von Kassa 
silver stain for mineral used cell cultures fixed in 3.7% 
formaldehyde for 2 minutes. Mineral was stained with 2% 
AgNO3 under UV light for 10 min. 
[0067] Statistics. Student's T-test was used for compari­
sons with ps0.05 reported as significant. 
[0068] Results: 
[0069] The chloride/hydrogen exchanger CLC3 is very 
strongly expressed in mineralizing osteoblasts, but CLC5 
also occurs at significant levels. Following the identification 
ofNHEl and NHE6 as massively expressed sodium-hydro­
gen exchangers in the basolateral surface of mineralizing 
osteoblasts (Liu et al., High capacity Na+/H+ exchange 
activity in mineralizing osteoblasts. J Cell Physiol. 2011 
June; 226(6):1702-12), and reviewing the structure of the 
osteoblastic surface as an epithelium-like layer expressing 
the NHEs and NHERFl specifically at the basolateral sur­
face (Liu et al., Na+/H+ exchanger regulatory factor 1 
(NHERFl) directly regulates osteogenesis. J Biol Chem. 
2012 Dec. 21; 287(52):43312-21), possible mediators of 
bone matrix to osteoblast intracellular fluid H+ transport 
were searched for. Comparing gene screen results for undif­
ferentiated MSC and human osteoblasts in mineral promot­
ing medium showed the striking result that CLC3 went from 
a median signal in MSC of 29 with p value for expression 
from 0.12-0.35, to a median signal in osteoblasts of nearly 
1,800 with p values uniformly <0.0002. Another CLC, 
CLC5, was increased in mineralizing osteoblasts, but at 
lower levels, with p values 0.002 to 0.004 (FIG. 3, A). As 
expected, the same gene screens showed expected increases 
in NHEl and NHE6 to about 1000 and p values of <0.0002 
in osteoblasts (not illustrated) (Liu et al., High capacity 
Na+/H+ exchange activity in mineralizing osteoblasts. J 
Cell Physiol. 2011 June; 226(6):1702-12, and Liu et al., 
Na+/H+ exchanger regulatory factor 1 (NHERFl) directly 
regulates osteogenesis. J Biol Chem. 2012 Dec. 21; 287(52): 
43312-21). Other CLCs were not strongly expressed in 
osteoblasts (not illustrated). This result was suggestive of a 
role for Cl-/H+ exchange in osteoblasts. This was then 
followed up with in situ labeling of mouse bone, without and 
with CLC3, present (FIG. 3, D). This showed CLC3 labeling 
consistent with osteoblast membrane expression in surface 
cells and in the canilicular system. Due to the dominant 
CLC3 expression, CLC knockout animals were obtained; in 
CLC3 knockout bone, CLC3 antibody labeling was negative 
(FIG. 3, D, right panel). This demonstrates that the strong 
labeling of CLC3, usually present in intracellular vesicles at 
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much lower levels, is not an artifact. However, quantitative 
PCR (FIG. 3, B) showed, surprisingly, that CLC5 mRNA 
occurred at about 2/3 of the level relative to ~-actin as 
CLC3. 
[0070] Since CLC3 was the dominant c1-/H+ exchanger, 
the difference in bone formation was examined between 
knockout and littermate control mice. The results showed 
only minor, albeit significant, differences in mice at three 
months of age (FIG. 3, E-F). Specifically, calcein labels of 
bone formation were indistinct and dual labels were slightly 
broad, as examined by blinded observers. In these animals, 
static histomorphometry showed differences on the order of 
5%, with a trend to lower bone volume, trabecular thickness, 
and increased trabecular spacing in the knockout relative to 
wild type animals, but none of these reached significance 
(n=S, not illustrated). 
[0071] CLC3 knockout osteoblasts have increased CLC5 
expression. To confirm the genotype, the KO and wild type 
(WT) alleles were identified by PCR with genomic DNA 
using primers specific to the targeted region in exons 6-7 
(FIG. 7, A). Western blotting revealed low levels of CIC3 
protein in CICN3-/- mouse; defective protein is present, but 
non-functional (not shown). On the other hand, examination 
for CLC5 expression showed that, in CLC3 knockout cells, 
a consistent, dramatic, and significant increase in CLC5 
expression by Western blot (FIG. 7, C) or quantitative PCR 
in osteoblasts cultured for one week in osteoblast differen­
tiation medium (FIG. 7, D). Western blots also demonstrated 
the practicality of reducing CLC5 expression by lentiviral 
shRNA in wild type or CLC3-/- cells (FIG. 7, C). If CLC5 
may compensate for CLC3, the two should have overlapping 
occurrence in bone. Dual labeling of wild type bone for 
CLC3 and CLC5 confirmed this (FIG. 7, D). Additional 
studies ofCLC5 expression in wild type and CLC3-/- cells 
in growth medium and in differentiation medium, with and 
without lentiviral CLC5 shRNA confirmed greatly increased 
CLC5 in CLC3-/- cells, and that the shRNAreduced CLC5 
by about 80% in either cell type (FIG. 7, E). 

[0072] Effect of eliminating both CLC3 and CLC5 on 
bone formation in vitro. While selection for CLC5 null cells 
was imperfect (FIG. 7, B, E), the method tends to make cells 
that have very low levels of target mRNA while a minority 
of cells are resistant to puromycin selection; it was hypoth­
esized that the majority of CLC3 negative and CLC5 knock­
down cells would determine the phenotype, and studied 
effects on osteoblast differentiation. In keeping with speci­
ficity of CLC3/5 for transport but not differentiation, sup­
pression of CLC5 has no effect on mRNA for the transcrip­
tion factor RunX2 during growth or differentiation (FIG. 8, 
A). Suppression of CLC5 in the same samples used for the 
RunX2 assays was documented (FIG. 8, B). On the other 
hand, alkaline phosphatase mRNA was consistently higher 
in the CLC knockout cells with CLC5 also suppressed (FIG. 
8, C). The bone-specific matrix protein osteocalcin was 
greatly elevated at week 1 in differentiation medium relative 
to growth medium, but osteocalcin was not significantly 
affected by suppression of CLC5 (FIG. 8, D) Alkaline 
phosphatase activity, using "-naphtha! phosphate substrate, 
was similar at low magnification in wild type cells, or in 
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CLC3-/- cells with and without CLC5 shRNA (FIG. 8, E). 
On the other hand, alkaline phosphatase occurred in a patchy 
pattern in the wild type cells, while other cell types had more 
uniform alkaline phosphatase expressing cells. Similarly, 
mineral deposition had a nodular pattern in wild type cells. 

[0073] In CLC3-/- cells, there was a remarkable devel­
opment, trabecular bone. In bone differentiation in vitro, 
mineralization always has been in patchy and irregular. The 
highly branching trabeculae may be a key observation, a 
practical method of creating trabecular bone in vitro; this 
occurred in CLC3-/- cells from different MSC isolations 
and in multiple separate tissue cultures. 

[0074] In keeping with the hypothesis that Cl-/H+ 
exchange supports mineral deposition, mineral was uni­
formly absent in CLC3-/- cells with CLC5 shRNA. While 
some residual CLC5 occurred, clearly this was insufficient to 
support any significant mineralization. Properties of bone 
matrix in CLC defective cells at high resolution. In all cell 
types, alkaline phosphatase occurred in fine linear patterns 
consistent with cell surface associated activity (FIG. 9, A), 
in keeping with its cell surface expression as established in 
other contexts (Magnusson et al., Isoforms of bone alkaline 
phosphatase: characterization and origin in human trabecu­
lar and cortical bone. J Bone Miner Res. 1999 November; 
14(11): 1926-33). In the CLC3-/- cells dense alkaline phos­
phatase activity occurred adjacent the trabecular bone, in 
keeping with its distribution at the bone-attached osteoblast 
surface in vivo (FIG. 9, A, middle). Quantitative alkaline 
phosphatase activity showed slightly higher activity in the 
cells with modified CLCs, but no difference between 
CLC3-/- and CLC3-/-, CLC5 shRNA (FIG. 9, B). 

[0075] Silver stain for bone mineral was positive in wild 
type and CLC3-/- cells; at high power, gaps in the matrix 
were consistent with lacunae reflecting bodies of cells 
incorporated in the matrix (osteocytes) (FIG. 9, C, left and 
middle panels). In CLC3-/-, CLC5 shRNA cells, no sig­
nificant mineral was deposited. There were minor amounts 
of linear labeling at high power, in the pattern similar to 
strong cell surface associated alkaline phosphatase activity. 
This may reflect that, in the presence of the glycerol-2-
phosphate substrate at high concentration (10 mM), some 
calcium-phosphate precipitate is likely to occur outside of 
cell-bounded matrix production, similar to calcification of 
hypertrophic cartilage. Mineral was quantified as dark mate­
rial in transmitted light to avoid differences in silver nitrate 
staining (FIG. 9, D). Overall mineral deposition in wild type 
and CLC3-/- cells was the same, notwithstanding the 
profound difference in the pattern of mineralized matrix. The 
CLC3-/-, CLC5 shRNA cells made no significant mineral. 

[0076] While the present invention is described with ref­
erence to several distinct embodiments, those skilled in the 
art may make modifications and alterations without depart­
ing from the scope and spirit. Accordingly, the above 
detailed description is intended to be illustrative rather than 
restrictive. 
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SEQUENCE LISTING 

<160> NUMBER OF SEQ ID NOS, 16 

<210> SEQ ID NO 1 
<211> LENGTH, 2457 
<212> TYPE, DNA 
<213> ORGANISM, Mus musculus 

<400> SEQUENCE, 1 

atggagtctg agcagctgtt ccatagaggc tactatagaa acagctacaa cagcataacc 60 

agcgcgagta gcgatgagga gctcctagat ggagcaggtg ccattatgga ctttcagact 120 

tctgaagatg acaatttgtt agacggggac acagcagctg gaactcatta tacaatgaca 180 

aatggaggca gcattaatag ctctacacac ttgctggatc ttttagatga gcctatccca 240 

ggtgtcggta cctacgatga tttccatact attgactggg tgcgagagaa gtgtaaggac 300 

agagaaaggc acagacggat caacagtaaa aaaaaagaat cagcatggga aatgacaaaa 360 

agtctgtatg acgcctggtc aggatggctt gtcgttacac tgacgggact ggcatcaggg 420 

gcactagctg gattgataga cattgctgct gactggatga ctgacctgaa ggagggcatc 480 

tgcctcagtg cattgtggta caaccatgaa cagtgttgtt ggggctctaa tgagacaacg 540 

tttgaagaga gggataaatg tccacagtgg aaaacatggg cagagttaat cattggccaa 600 

gcagagggcc ctggatctta tatcatgaac tacatcatgt atatcttttg ggctttgagt 660 

tttgcctttc ttgcagtttc tttggtgaaa gtatttgctc catatgcctg tggctctgga 720 

attccagaga ttaaaactat tttgagtgga tttatcatca gaggatactt gggaaaatgg 780 

actttaatga ttaaaactat cacgttagtg ctggctgtgg catcaggttt gagtttagga 840 

aaagaaggtc ccctggtaca tgttgcctgc tgctgtggaa atatcttttc ctacctcttt 900 

ccaaagtata gcaccaatga agctaaaaag agggaggtgc tgtcagccgc ctcagctgct 960 

ggggtttctg tggcttttgg tgcaccgatc ggaggagttc tttttagctt ggaggaggtt 1020 

agctattatt ttcctctcaa aactttatgg agatcatttt ttgctgcttt ggtggcagca 1080 

tttgttttga gatccatcaa tccatttggt aacagccgtc tggtcctctt ttatgtggag 1140 

tatcatacac catggtacct ttttgaactg tttcctttta ttctcctagg ggtatttgga 1200 

gggctttggg gagctttttt tattagggca aatattgcct ggtgtcgtcg acgcaagtcc 1260 

accaaatttg gaaagtatcc tgttctcgaa gtcattattg ttgcagccat tactgctgtg 1320 

atagccttcc ccaacccata cacaaggctc aacaccagtg aactgattaa agagctgttt 1380 

acagattgtg ggccgttgga atcctcctct ctctgtgact acagaaatga catgaatgcc 1440 

agtaaaattg ttgacgatat tcctgaccgt ccagcaggcg ttggagtata ttcagctatc 1500 

tggcagttgt gcctagcgct catatttaaa ataataatga cagtattcac ttttggtatc 1560 

aaggtcccgt caggcttgtt tatccccagc atggccattg gagccattgc agggagaatt 1620 

gtggggatcg ctgtggagca gcttgcctac tatcaccacg actggtttat cttcaaggag 1680 

tggtgtgagg ttggggctga ctgcatcact cccgggctgt atgccatggt tggggctgct 1740 

gcgtgcttag gtggtgtgac aagaatgact gtgtctctgg tggttattgt ttttgaactt 1800 

actggaggct tggaatatat tgttcctctt atggctgcag taatgaccag taaatgggtt 1860 

ggtgatgcct ttggtaggga aggtatttat gaagcacaca tccgactaaa tgggtaccct 1920 

ttcttggatg caaaagaaga attcactcat acaaccctgg ctgctgatgt tatgagacct 1980 
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cgaagaagtg accctccctt 

gaaaacatga ttaatgaaac 

cagagattag tgggatttgc 

aaaaaacaag aagggattgt 

cttccagcag aaagtccacg 

acagtgacag accacacccc 

aggcagtgcc ttgtaactca 

ctccgtcata tggcccagac 

<210> SEQ ID NO 2 
<211> LENGTH, 58 
<212> TYPE, DNA 

agctgttttg 

cagctataat 

cctcagaaga 

tggcagttct 

gccattaaaa 

aatggagatt 

caacggacgc 

ggcaaaccaa 

acacaggaca 

ggctttcctg 

gacctgacta 

cgggtgtgtt 

ctgagaagca 

gtggtagaca 

ctccttggca 

gaccccgctt 

<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 

13 

-continued 

atatgacagt agatgacata 

ttataatgtc aaaagaatct 

ttgcaataga aagtgccaga 

ttgcacagca tactccatct 

tccttgacat gagccctttt 

tctttcgaaa gcttggtctg 

ttataacaaa aaaagatatc 

caataatgtt caactga 

<223> OTHER INFORMATION, DNA sequence for shRNA directed to Clcn5 

<400> SEQUENCE, 2 

2040 

2100 

2160 

2220 

2280 

2340 

2400 

2457 

ccggcctatg atgatttcaa cacaactcga gttgtgttga aatcatcata ggtttttg 58 

<210> SEQ ID NO 3 
<211> LENGTH, 21 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, forward primer sequence for Actin 

<400> SEQUENCE, 3 

gatatcgctg cgctggtcgt c 

<210> SEQ ID NO 4 
<211> LENGTH, 24 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION: reverse primer sequence for Actin 

<400> SEQUENCE, 4 

acgcagctca ttgtagaagg tgtg 

<210> SEQ ID NO 5 
<211> LENGTH, 24 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, forward primer sequence for Alp 

<400> SEQUENCE, 5 

atcggaacaa cctgactgac cctt 

<210> SEQ ID NO 6 
<211> LENGTH, 24 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, reverse primer sequence for Alp 

<400> SEQUENCE, 6 

accctcatga tgtccgtggt caat 

21 

24 

24 

24 
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<210> SEQ ID NO 7 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 

14 

-continued 

<223> OTHER INFORMATION, forward primer sequence for Clcn3 

<400> SEQUENCE, 7 

ccaagacccc gcttcaataa 

<210> SEQ ID NO 8 
<211> LENGTH, 20 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, reverse primer sequence for Clcn3 

<400> SEQUENCE, 8 

cgagtcccgc agattaaaga 

<210> SEQ ID NO 9 
<211> LENGTH, 21 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, forward primer sequence for Clcn5 

<400> SEQUENCE, 9 

gaggagccaa tccctggtgt a 

<210> SEQ ID NO 10 
<211> LENGTH, 21 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, reverse primer sequence for Clcn5 

<400> SEQUENCE, 10 

ttggtaatct ctcggtgcct a 

<210> SEQ ID NO 11 
<211> LENGTH, 24 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, forward primer sequence for Coll 

<400> SEQUENCE, 11 

ttctcctggc aaagacggac tcaa 

<210> SEQ ID NO 12 
<211> LENGTH, 24 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, reverse primer sequence for Coll 

<400> SEQUENCE, 12 

aggaagctga agtcataacc gcca 

<210> SEQ ID NO 13 
<211> LENGTH, 24 
<212> TYPE, DNA 

Sep. 13, 2018 
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24 

24 
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15 

-continued 

<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 
<223> OTHER INFORMATION, forward primer sequence for Oen 

<400> SEQUENCE, 13 

accatctttc tgctcactct gctg 

<210> SEQ ID NO 14 
<211> LENGTH, 24 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 

24 

<223> OTHER INFORMATION: reverse primer sequence for Oen 

<400> SEQUENCE, 14 

tattgccctc ctgcttggac atga 

<210> SEQ ID NO 15 
<211> LENGTH, 23 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 

24 

<223> OTHER INFORMATION, forward primer sequence for Runx2 

<400> SEQUENCE, 15 

atgatgacac tgccacctct gac 

<210> SEQ ID NO 16 
<211> LENGTH, 22 
<212> TYPE, DNA 
<213> ORGANISM, Artificial Sequence 
<220> FEATURE, 

23 

<223> OTHER INFORMATION: reverse primer sequence for Runx2 

<400> SEQUENCE, 16 

actgcctggg gtctgaaaaa gg 

1. A method of producing bone material, compnsmg: 
culturing CLC3 knockdown osteoblasts ex vivo in culture 
medium for a length of time such that bone material is 
produced. 

2. The method of claim 1, comprising culturing CLC3 
knockdown mesenchymal stem cells or osteoblast precursor 
cells in osteoblast differentiation medium for a length of 
time such that bone material is produced, wherein the CLC3 
knockdown mesenchymal stem cells or osteoblast precursor 
cells are optionally CLC3 knockout (CLC3 (-/-)) cells. 

3. The method of claim 2, wherein the mesenchymal stem 
cells or osteoblast precursor cells are human or murine. 

4. The method of claim 2, wherein the osteoblast differ­
entiation medium comprises ascorbic acid and a phosphate 
source. 

5. The method of claim 4, wherein the osteoblast differ­
entiation medium does not contain a glucocorticoid. 

6. The method of claim 4, wherein the phosphate source 
is glycerol-2-phosphate. 

7. The method of claim 1, wherein the bone material is 
trabecular bone material. 

8. The method of claim 1, wherein the osteoblasts are 
human or murine. 

9. The method of claim 1, wherein the CLC3 knockdown 
osteoblasts are prepared by: 
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a. isolating CLC3 knockdown or knockout mesenchymal 
stem cells or osteoblast progenitor cells from a CLC3 
knockdown transgenic animal, such as a mouse; and 

b. differentiating the CLC3 knockdown mesenchymal 
stem cells or osteoblast precursor cells to an osteoblast 
phenotype, thereby producing a cell able to produce 
substrate-independent trabecular bone mineralization. 

10. The method of claim 1, wherein the CLC3 knockdown 
osteoblasts are prepared by: 

a. obtaining mesenchymal stem cells or osteoblast pre­
cursor cells from an animal; 

b. knocking down expression of CLC3 in the mesenchy­
mal stem cells or osteoblast precursor cells to produce 
CLC3 knockdown mesenchymal stem cells or osteo­
blast precursor cells; and 

c. differentiating the CLC3 knockdown mesenchymal 
stem cell or osteoblast precursor cell to an osteoblast 
phenotype producing a cell able to produce substrate­
independent trabecular bone mineralization. 

11. A method of producing a cell able to produce trabe­
cular bone material, comprising knocking down expression 
of CLC3 in an osteoblast precursor, and differentiating the 
osteoblast precursor into an osteoblast. 

12. The method of claim 11, wherein the osteoblast 
precursor is a mesenchymal stem cell. 
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13. The method of claim 11, comprising: 
a. isolating CLC3 knockdown mesenchymal stem cells or 

osteoblast progenitor cells from a CLC3 knockdown 
transgenic animal, such as a mouse; and 

b. differentiating the CLC3 knockdown mesenchymal 
stem cells or osteoblast precursor cells to an osteoblast 
phenotype, thereby producing a cell able to produce 
substrate-independent trabecular bone mineralization. 

14. The method of claim 11, wherein the CLC3 knock­
down mesenchymal stem cell or precursor cell is differen­
tiated in osteoblast differentiation medium comprising 
ascorbic acid, and a phosphate source. 

15. The method of claim 11, wherein expression of CLC3 
is knocked down by RNA interference. 

16. A cell culture comprising a CLC3 knockdown mes­
enchymal stem cell or osteoblast precursor cell, in osteoblast 
differentiation medium. 

* * * * * 
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