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Figure 1. Evaluation of modified Rodnan total thickness skin score (mRTSS) in patients with systemic sclerosis. A, Changes of mRTSS in patients treated
with CD34-HSCT. B. Changes of mRTSS in patients treated with unselected-HSCT. Proportional change from baseline measurement was calculated for each

patient at each available timepoint. * p < 0.05.

response or with relapse of disease (Table 2). Our patients
were evaluated by functional evaluation (performance status
and/or health assessment questionnaire) and mRTSS with
skin improvement assessed by skin biopsy. Each organ
function was not altered significantly through the treatment
in all patients. Mean age at inclusion, mean mRTSS before
mobilization, and mean durations from onset scleroderma
to treatment were similar between both groups. At inclu-
sion, the ratio of CD4/CD8, the percentage of
CD4+CD45RO+, CD4+CD45RO-, CD19+, CD4+CD25+,
CD56+, CD3+TCRYd+, IFN-y- and IL-4-producing CD4+
and CD8+ cells were in the normal range for all patients and
were not different between good and poor response groups
(Table 3). After autologous HSCT, shortened CD4/CD8
ratio was sustained due to delayed CD4+ cell recovery
and prompt CD8+ cell recovery in both groups.
CD4+CD45RO-naive T cells remained low at 6 months after
autologous HSCT in good response group, and
CD4+CD45RO- cells reconstituted faster in poor response
group (p < 0.05). CD19+ and CD56+ cells returned into the
normal range at 3 months in both groups. The kinetics of
other cells through autologous HSCT was not statistically
different between good and poor response group in the

study. To evaluate the T cell response against mitogen stim-
ulation after autologous HSCT, mean fluorescence intensity
of CD69 on CD3+ cells was investigated. CD69 expression
levels on CD3+CD8+ and CD3+CDS8- cells against mitogen
were not different between healthy controls and patients with
SSc before autologous HSCT, and its kinetics through auto-
logous HSCT were similar in both groups (Table 3).
Cytokine production in CD3+CD8- and CD3+CD8+ T cells
was assessed by intracellular staining of IFN-y and IL-4.
Levels of cytokine production in CD3+CD8- and
CD3+CD8+ cells were not different between both groups.
IFN-y producing CD8+ T cells increased after autologous
HSCT in both groups (Table 3).

Thymic output assessed by sjTREC was analyzed to eval-
uate the mechanism of peripheral CD4+CD45RO- and
CD4+CD25+ proliferation. In healthy controls, the sjTREC
values negatively correlated with their age (Figure 2A, p <
0.0001, r? = 0.44). Nine out of 10 transplanted patients
could be analyzed in the study. Their sjTREC values also
negatively correlated with their age at inclusion of auto-
logous HSCT (Figure 2B, p = 0.002, r2 = 0.80). The sjTREC
values were not significantly different between patients with
SSc before autologous HSCT and age- and sex-matched

Table 2. Patients’ profile between good and poor response groups at autologous HSCT.

Good Response Poor Response p
Group(n=7) Group (n = 3)
Graft condition (CD34-HSCT: unselected) 1:2 1.000
Age, yrs 39.7x 144 38.0+17.1 0.819
Sex female: male 1:2 1.000
mRTSS (0-51) 250+7.16 27.0 + 8.66 0.568
Disease duration, mo 176 +7.72 253 +10.1 0.207
Infused CD34+ cells (x 10%kg) 5.15+£4.39 647 £ 542 0.909
Neutrophils > 0.5 x 1091 (day) 10.0 £ 0.82 933+ 1.53 0.407
Platelets > 50 x 10%1 (day) 134 £4.28 6.33 £ 5.69 0.064

mRTSS: modified Rodnan total thickness skin score.

———-———| Personal non-commercial use only. The Journal of Rheumatology Copyright © 2009. All rights reserved. }-——————

Bohgaki, et al: Autologous HSCT in SSc¢

1243

—376—



Table 3. Phenotype analysis of lymphocyte population through autologous HSCT between patients with good and poor clinical response. Value are mean +

SD.
At Inclusion 3 mo After HSCT 6 mo After HSCT 12 mo After HSCT
Normal Range Good Poor Good Poor Good Poor Good Poor

95% CI
CD3+, CD4+ 57.57-68.89 48.16x18.77 5234+656 2084+9.75% 3442+766 23018+ 15.00% 4523 +£1074 27.65+15.61%** 4307+9.72
CD3+, CD8+ 2647-37.68 2591932 3392+ 13.66 48.07+21.57 49641144 35781544 49691309  4497+1394 4756+ 1043
CD4/CD8 0.61-2.96 211+ 1.31 174072  043+0.13* 0712015 0.66 + 0.35% 1.0l £0.56 0.61+0.28 0.96 +0.39

(ratio)
CD3+, TCRyO+ 0.74-9.48 3.03£3.05 203119 S5.11+449  234x084 275+ 148 3.02+1.86 4.18+2.72 271+ 1.80
CD44+, CD45RO- 523-42.08 28511029 3136+840 343:249% 7891521 4.66 £2.93* 10.01 £ 8.46 7.12+5.18 12.55 £ 10.78
CD4+, CD45RO+ 9.00-27.97 17.08+553  1535+387 1548%623 19.34x587 13.68 £ 7.31 1642 £4.85 14.32 £ 4.08 13.89 £4.10
CD4+, HLA-DR+ 0.92-3.38 238x0.86 395210  851+499 1258+3.23 5.77£4.58 7.12+0.50 536+4.16 520+ 2.46
CD4+, CD25+ 1.35-5.46 4.12+£3.36 545+279  342x221  6.12x551 343267 754 +£3.36 355+2.28 4.62+3.92
foxp3 mRNA 32.01-393.07 563.39 + 704.09 259.60 £247.27 1827415035 99.31+29.61 201.77+114.85 21228 +121.62 214.00+ 109.77 166.29 + 133

(copies/GAPDH 1 k copies)

CD3+, CD8-, IFNy+ 0671749 6.05+6.55 273+£0.60 1216+ 1007 7.06%5.20 8.21+5.36 11474802 . 929x4.17 4.23 +3.66
CD3+, CD8~, 114+ 0.02-2.47 109+ 0.55 139130 374+263 250+1.04 240+2.13 496 £6.27 1.57+1.24 120 +0.58
Thi/Th2 3.79-125.60 17.38+21.04 498 +3.77 32475240 1077515429 32.09x4555 67.05+59.15 2482+2342 23.75+36.56

(ratio)
CD3+, CD8+, IENy+ 0.66-41.60  573x6.15 525+3.11 29.83+21.39* 19801129 1743x1355 2593x1392 27.71+19.13 3.29+£495
CD3+, CD8+, L4+ 0.00-1.40 0.19+0.17 025038 086079 0542038 1.01£1.24 0.68 +0.68 072045 0.16 £0.15
Tel/Te2 7.83-185.08 89.68 £98.17 56.15£71.29 15435+217.62 149265228082 88367879 1460.06 +1262.52 80.27+76.12 41.91+71.92

(ratio)
CD3+,CD8-, CD69+  82.91-201.89 17755+ 90.61 121.10 £ 8495 5825+41.65 28.34+1287 63.06+37.00 67.76+40.69  89.54+42.85 38.52+33.83

(MFD)
CD3+, CD8+, CD69+  54.27-119.07 106.82+£35.27 96.05+64.04 30922039 2494x1297 31.00£1998 53.89+3039 61.82+19.69  30.83+19.29
(MFL)

CDI19+ 5.00-3298 16162754  1269+940 2191+2258 1440x7.64  27.01+2293 9.50 £5.73 18.60+10.83  11.13+3.99
CD56+ 894-2294 13.17+11.67 11.83£768 1411£697 993449 8.99+296 19.83 £ 11.87 1205 +7.58 14.12 £ 7.61

* The value from the baseline measurement was calculated for each value at each timepoint. p < 0.05. MFL: mean fluorescence intensity.

healthy controls (p = 0.8253). The sjTREC values were sig-
nificantly suppressed at 3 months after autologous HSCT in
the good response group compared with poor responders
(Figure 2C, p = 0.0152), although the values were not dif-
ferent at inclusion, 6 and 12 months after autologous HSCT
between both groups.

Foxp3 is a key regulatory gene for the development of
regulatory T cells!®. Foxp3 gene expressions in PBMC were
analyzed to assess the relationship between the recovery of
CD4+CD25+ cells including regulatory T cells and clinical
benefits in transplanted SSc patients. Foxp3 gene expressions
in PBMC were within the normal range through autologous
HSCT and were not different in the 2 groups (Table 3).

Next, immunological reconstitution was analyzed
between CD34-HSCT and unselected-HSCT groups to
assess how graft manipulation affected immune system and
clinical response. At inclusion, the ratio of CD4/CD8, the
percentage of CD4+CD45R0O-, CD4+CD45R0O+, CD19+,
CD4+CD25+, CD56+, CD3+TCRYyd+, IFN-y, and IL-4 pro-
ducing CD4+ and CD8+ cells were in the normal range for
all patients and did not differ between CD34-HSCT and
unselected-HSCT. After autologous HSCT, CD4/CD8 ratio
remained low in both groups. In CD4+ subsets,
CD4+CD45R0O-, CD4+HLA-DR+, and CD4+CD25+ cells

increased rapidly in unselected-HSCT compared with
CD34-HSCT at 12 months (p < 0.05, Table 4). CD19+ and
CD56+ cells returned into the normal range at 3 months in
both groups. CD69 expression levels on CD3+CD8+ and
CD3+CDS8- cells against mitogen were not different
between healthy controls and patients with SSc before auto-
logous HSCT, and its kinetics through autologous HSCT
were similar in both groups (Table 4). Levels of cytokine
production in CD3+CD8- and CD3+CD8+ cells were not
different between both . groups. IFN-y-producing
CD3+CD8+ T cells increased after autologous HSCT in
both groups (Table 4).

Cytokine production in CD8- and CD8+ T cells was
assessed by intracellular IFN-y and IL-4. Cytokine produc-
tion in CD8- cells was not different between both groups.
IFN-y- and IL-4-producing CD8+ T cells increased after
autologous HSCT in both groups (Table 4).

The sjTREC values recovered to the levels at inclusion
between 6 to 12 months after CD34-HSCT or unse-
lected-HSCT. There was no statistical significance through
their clinical course in both groups (Figure 2D).

Foxp3 gene expressions in PBMC were within the normal
range through autologous HSCT and not different in the 2
groups (Table 4).
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Figure 2. siyTREC values in CD3+ cells in healthy individuals and its kinetics through autologous HSCT. A. Relation between age and numbers of sjyTRECs
in healthy controls. B. Relation between age and numbers of sjTREC in SSc patients treated with autologous HSCT. C. siTREC between good and poor
response groups. D. siyTREC between patients treated with CD34-HSCT and unselected-HSCT. Logarithmic scales were used for y-axes to compress the fig-

ure. * p = 0.0152. **copies/ug in CD3+ cells DNA.

DISCUSSION
We described the efficacy and the safety in patients with SSc
treated with autologous HSCT. More than a 25% decrease in
the skin score, which correlates with patient’s survival?°,
was achieved in 8 out of 10 transplanted SSc patients. Skin
improvement was not significantly different between
CD34-HSCT and unselected-HSCT groups. In addition,
additional unselected-HSCT did not lead to recurrence or
adverse effect on skin manifestation in Patient 3. These
results suggest that graft condition did not affect the clinical
outcome on skin involvement up to 12 months after auto-
logous HSCT in our series.

Few data on thymic function and lymphocyte phenotypes

after autologous HSCT have been reported in transplanted
SSc patients!3-18.21 The TREC values might be related to
clinical response in our transplanted patients. In the last
decade, basic and clinical scientists have focused a role of
sjTREC as a marker of human thymic function?2. Values of
sjTREC can also reflect the pathophysiology in patients
with autoimmune diseases. The sjTREC values may be
affected by disease activity in patients with systemic lupus
erythematosus?>, Age-inappropriate T cell senescence con-
firmed by decreased frequency of sjTREC may also con-
tribute to the development of juvenile idiopathic arthritis?.
There was no evidence to prove an age-inappropriate T cell
senescence and a correlation between the sjTREC values
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Table 4. Phenotype analysis of lymphocyte population through autologous HSCT between patients with CD34-HSCT and unselected-HSCT. Values are mean

+ SD.
At Inclusion 3 mo After HSCT 6 mo After HSCT 12 mo After HSCT
Normal Range CD34-HSCT un-HSCT CD34-HSCT un-HSCT CD34-HSCT un-HSCT CD34-HSCT  un-HSCT
95% CI
CD3+, CD4+ 57.57-68.89 3784+ 1145  60.99 £9.66 1785995 3198+6.69* 2030+ 14.73 43314975  2413+£1436*  43.62+846
CD3+, CD8+ 26.47-37.68 2220x645 34421106  36.07 £18.09 61.02 £6.96 33.69£15.89 4883+ 1158  4202+14.06  50.60 £9.08
CD4/CD8 0.61-2.96 1.87+0.87 213+145 049 +0.22% 0.54 £ 0.18% 0.62 £0.36* 0.97 £ 0.48 0.58 +0.28* 0.91£035
(ratio)
CD3+, TCRyo+ 0.74-9.48 3.66+344 1.80+ 1.09 431+5.13 424290 254 +£1.62 321+148 403+278 2854152
CD4+, CD45RO- 5.23-42.08 29.10£734 2963 +1201  4.58 +544% 495+ 1.91* 494 £ 336 8.33+£7.59 429 £2.23* 1473739
CD4+, CD45RO+ 9.00-27.97 1556 416  17.57+593 13.79 + 6.90 1948 £3.92 14.20 £ 7.61 15.09 +5.65 1302383 16.32£291
CD4+, HLA-DR+ 0.92-3.38 290+ 1.36 280+ 1.66 761572 1185272 436232 8.54+4.03 292+0.56 829+334
CD4+, CD25+ 1.35-5.46 270 £ 1.67 633 +3.28 230+ 1.10 594407 333+£320 6.64+2.98 202 +0.95 627+224
Joxp3 mRNA 32.01-393.07  524.44 £ 880.90 420.07 £ 199.61 11072+ 10054 204.72 +149.57 12922+ 101.19 280.62+51.70 123346037 29154878
(copies/GAPDH 1k copies)
CD3+, CD8~, IFNy+  0.67-17.49 6.65+8.28 358+1.62 13.59 £ 10.75 795+6.99 9.60 £4.19 9.27+8.38 5.64 %327 1744 £ 1045
CD3+, CD8-, L4+ 0.02-2.47 0.85+0.59 1.46 + 0.89 451 +241 238175 298+ 1.95 3.74 £ 5.68 197090 0.61£0.31
Thi/Th2 3.79-125.60 2041 £2640 751467 13881528  9622+12052 314943745 68907509 1381%2354  37.78+25.33
(ratio)
CD3+, CD8+, IFNy+  0.66-41.60 831 £6.99 338+ 147 27.35+22.64 25801733 30.29+10.03 10.94 £ 8.31 24772594 12341007
CD3+, CD8+, IL4+ 0.00-1.40 023+021 020028 1.11£0.83 0.46 + 0.40 126 £ 1.27 0.51£0.65 0.81 +047 022017
Tel/Tc2 7.83-185.08 49.51 6239 101.70 £ 103.52 127.14 £120.21 984.54 £ 1771.58 550.91 £+ 974.27 65458+ 1136.02 60.02+89.13  76.82 +57.32
' (ratio)
CD3+,CD8-, CD69+  82.91-201.89 17245+ 12220 147.75+£62.66 59.53 +53.14 3928 +1877 68953716 5796+3923  84.12+4734  4757+39.01
(MFI)
CD3+, CD8+, CD69+ 54.27-119.07 8270 £45.77 119.66 +36.51 18.72+5.52 37.09+2028  33.35x25.06 499842642  5073+14.13  49.30+40.58
(MFD)
CD19+ 5.00-32.98 1820+843  1204+642  21.84%2833 17472307 24.44 £ 24.80 14.05+4.86 18.12+10.94 1393+5.86
CD56+ 8.94-22.94 1342+ 1369 12.12+682 12.67 643 13.05+7.12 1379 £ 11.12 1111 £4.10 14.65 £ 1.56 9.74 +5.19

* The value from the baseline measurement was calculated for each value at each timepoint. p < 0.05. MFL: mean fluorescence intensity.

and disease condition in our patients with SSc. Thymic
function assessed by sjTREC values is significantly sup-
pressed at engraftment, recovers within 3 months after
autologous HSCT, and is age-dependent in adults!”-23, In
our series, the lower level of sjTREC at 3 months after auto-
logous HSCT was shown in the good response group with-
out dependence on their age and graft condition. Longterm
defects of CD3+CD4+ cells, especially CD4+CD-
45RO-naive T cells, after autologous HSCT might also
reflect profound suppression of thymopoiesis in the good
response group. Thymus-dependent immunological recon-
stitution leads to the T cell precursor reeducation and renew-
al of the T cell repertoire, and may induce remission of
autoimmunity?®?7, Our results suggest that transient, pro-
found suppression of thymic function might alter immune
condition, leading to clinical response in patients with SSc.

Peripheral immunological reconstitution after autologous
CD34-HSCT or unselected-HSCT has been well document-
ed in patients with hematological disorders?®-30, While
CD56+ cells, followed by CD19+ cells, recover promptly
after autologous HSCT, CD3+ cells, especially CD4+CD-
45R0O- cells, remain low after autologous HSCT in
CD34-HSCT and unselected-HSCT??30, After the initial 2
months of autologous HSCT, IFN-y-producing CD8+ or

CDS8- T cells remain normal or increased! 130, In our series,
kinetics of lymphocytes recovery is similar to these previous
results. In patients with SSc, peripheral blood T cells show
a predominantly type 2 T-helper profile, and can induce
fibrosis through the production of cytokines, especially
IL-42. Cytokine production in T cells at inclusion was not
significantly different between our transplanted patients
with SSc and healthy controls. The kinetics of IFN-y- and
IL-4-producing T celis after autologous HSCT was not dif-
ferent between CD34-HSCT and unselected-HSCT, or good
and poor response groups. Therefore, the significance of
cytokine production in T cells after autologous HSCT was
not conclusive. In good response group with sustained major
or partial response, phenotype or function of peripheral lym-
phocytes was not significantly different from that of poor
response group through autologous HSCT. These results
suggest that changes in peripheral immunity were not corre-
lated with clinical response.

CD4+CD25+FOXP3+ regulatory T cells may play a role
in the immunological reconstitution leading to the improve-
ment of autoimmune disease or prevention of graft-ver-
sus-host disease after autologous or allogeneic HSCT31:32,
Although CD4+CD25+ population increased at 12 months
after autologous HSCT in unselected-HSCT compared with
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that in CD34-HSCT, it is noted that there was no difference
between good and poor response groups, and foxp3 gene
expression levels did not correlate with the clinical response
or with graft condition. CD4+CD25+ populations include
non-regulatory activated T cells as well as regulatory T
cells?2, Increased CD4+CD25+ population might reflect the
activation of CD4+ T cells because CD4+HLA-DR+ popu-
lation also increased at 12 months in unselected-HSCT
group. Therefore, the role of CD4+CD25+ regulatory T cells
on clinical response was not evident in our study.

Although the importance of graft manipulation in auto-
logous HSCT for autoimmune diseases has been debated,
clinical outcome may not necessarily correlate with the
autoreactive clone survival after CD34-HSCT?3. In patients
with rheumatoid arthritis, a pilot study showed that clinical
response and laboratory findings were also similar between
CD34-HSCT and unselected-HSCT'2. In addition, auto-
immunity after autologous HSCT may result from the type
of conditioning regimen rather than graft condition (i.e.,
CD34-HSCT or unselected-HSCT)3*. Although peripheral
immunity after autologous HSCT does not have a decisive
impact on disease control in our transplanted SSc patients,
further study will reveal the role of peripheral immunity
after autologous HSCT. Our results suggest the relationship
between clinical benefits and immunosuppression intensity
sufficient to suppress thymic output by the treatment.

The results of our study suggest that immunosuppression
sufficient to downregulate thymic function, rather than the
graft manipulation, can lead to clinical benefits in patients
with SSc. Additionally, appropriately monitoring the
siTREC values after autologous HSCT may serve to identify
patients who would not achieve clinical remission by auto-
logous HSCT and additional treatment in a more timely
way.

ACKNOWLEDGMENT

We thank Drs. Masaya Mukai (Sapporo City General Hospital), Satoshi
Jodo (Tomakomai City Hospital), Katsunori Onishi (Sapporo Social
Insurance General Hospital), Hideki Kasahara (NTT East Corporation
Sapporo Hospital), and Noriyuki Sakurai (Minami Sapporo Hospital) for
clinical procedures.

REFERENCES

1. Charles C, Clements P, Furst DE. Systemic sclerosis:
hypothesis-driven treatment strategies. Lancet 2006;367:1683-91.

2. Sakkas LI, Chikanza IC, Platsoucas CD. Mechanisms of Disease:
the role of immune cells in the pathogenesis of systemic sclerosis.
Nat Clin Pract Rheumatol 2006;2:679-85.

3. Varga J, Abraham D. Systemic sclerosis: a prototypic multisystem
fibrotic disorder. J Clin Invest 2007;117:557-67.

4. Alaez C, Loyola M, Murguia A, et al. Hematopoietic stem cell
transplantation (HSCT): an approach to autoimmunity. Autoimmun
Rev 2006;5:167-79.

5. Sykes M, Nikolic B. Treatment of severe autoimmune disease by
stem-cell transplantation. Nature 2005;435:620-7.

6. Passweg J, Tyndall A. Autologous stem cell transplantation in
autoimmune diseases. Semin Hematol 2007;44:278-85.

12.

13.

15.

16.

17.

19.

20.

21.

23.

24.

25.

26.

Vonk MC, Marjanovic Z, van den Hoogen FH, et al. Long-term
follow-up results after autologous haematopoietic stem cell
transplantation for severe systemic sclerosis. Ann Rheum Dis
2008;67:98-104.

Nash RA, McSweeney PA, Crofford LJ, et al. High-dose
immunosuppressive therapy and autologous hematopoietic cell
transplantation for severe systemic sclerosis: long-term follow-up
of the US multicenter pilot study. Blood 2007;110:1388-96.
Farge D, Passweg J, van Laar JM, et al. Autologous stem cell
transplantation in the treatment of systemic sclerosis: report from
the EBMT/EULAR Registry. Ann Rheum Dis 2004;63:974-81.
de Buys P, Khanna D, Furst DE. Hemopoietic stem cell
transplantation in rheumatic diseases—an update. Autoimmun Rev
2005;4:442-9.

Endo T, Sato N, Koizumi K, et al. A preliminary analysis of the
balance between Th1 and Th2 cells after CD34+ cell-selected
autologous PBSC transplantation. Cytotherapy 2004;6:337-43.
Moore J, Brooks P, Milliken S, et al. A pilot randomized trial
comparing CD34-selected versus unmanipulated hemopoietic stem
cell transplantation for severe, refractory rheumatoid arthritis.
Arthritis Rheum 2002;46:2301-9.

Farge D, Marolleau JP, Zohar S, et al. Autologous bone marrow
transplantation in the treatment of refractory systemic sclerosis:
early results from a French multicentre phase I-1I study. Br

J Haematol 2002;119:726-39.

Traynor AE, Schroeder J, Rosa RM, et al. Treatment of severe
systemic lupus erythematosus with high-dose chemotherapy and
haemopoietic stem-cell transplantation: a phase I study. Lancet
2000;356:701-7.

Muraro PA, Douek DC, Packer A, et al. Thymic output generates a
new and diverse TCR repertoire after autologous stem cell
transplantation in multiple sclerosis patients. J Exp Med
2005;20:805-16.

Preliminary criteria for the classification of systemic sclerosis
(scleroderma). Subcommittee for scleroderma criteria of the
American Rheumatism Association Diagnostic and Therapeutic
Criteria Committee. Arthritis Rheum 1980;23:581-90.

Douek DC, Vescio RA, Betts MR, et al. Assessment of thymic
output in adults after haematopoietic stem-cell transplantation and
prediction of T-cell reconstitution. Lancet 2000;355:1875-81.
Farge D, Henegar C, Carmagnat M, et al. Analysis of immune
reconstitution after autologous bone marrow transplantation in
systemic sclerosis. Arthritis Rheum 2005;52:1555-63.

Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell
development by the transcription factor Foxp3. Science
2003;299:1057-61.

Steen VD, Medsger TA, Jr. Improvement in skin thickening in
systemic sclerosis associated with improved survival. Arthritis
Rheum 2001;44:2828-35.

McSweeney PA, Nash RA, Sullivan KM, et al. High-dose
immunosuppressive therapy for severe systemic sclerosis: initial
outcomes. Blood 2002;100:1602-10.

Douek DC, McFarland RD, Keiser PH, et al. Changes in thymic
function with age and during the treatment of HIV infection. Nature
1998;396:690-5.

Vieira QF, Kayser C, Kallas EG, Andrade LE. Decreased recent
thymus emigrant number is associated with disease activity in
systemic lupus erythematosus. J Rheumatol 2008;35:1762-7.
Prelog M, Schwarzenbrunner N, Sailer-Hock M, et al. Premature
aging of the immune system in children with juvenile idiopathic
arthritis, Arthritis Rheum 2008;58:2153-62.

Hakim FT, Memon SA, Cepeda R, et al. Age-dependent incidence,
time course, and consequences of thymic renewal in adults. J Clin
Invest 2005;115:930-9.

Williams KM, Hakim FT, Gress RE. T cell immune reconstitution

———-{ Personal non-commercial use only. The Journal of Rheumatology Copyright © 2009. All rights reserved. |———-————-

Bohgaki, et al: Autologous HSCT in $Sc¢

—380—

1247



27.

28.

29.

30.

3L

following lymphodepletion. Semin Immunol 2007;19:318-30.
Muraro PA, Douek DC. Renewing the T cell repertoire to arrest
autoimmune aggression. Trends Immunol 2006;27:61-7.
Guillaume T, Rubinstein DB, Symann M. Immune reconstitution
and immunotherapy after autologous hematopoietic stem cell
transplantation. Blood 1998;92:1471-90.

Damiani D, Stocchi R, Masolini P, et al. CD34+-selected versus
unmanipulated autologous stem cell transplantation in multiple
myeloma: impact on dendritic and immune recovery and on
complications due to infection. Ann Oncol 2003;14:475-80.

Te Boekhorst PA, Lamers CH, Schipperus MR, et al. T-lymphocyte
reconstitution following rigorously T-cell-depleted versus
unmodified autologous stem cell transplants. Bone Marrow
Transplant 2006;37:763-72.

de Kleer I, Vastert B, Klein M, et al. Autologous stem cell
transplantation for autoimmunity induces immunologic

32.

33,

34.

self-tolerance by reprogramming autoreactive T cells and restoring
the CD4+CD25+ immune regulatory network. Blood
2006;107:1696-702.

Roncarolo MG, Battaglia M. Regulatory T-cell immunotherapy for
tolerance to self antigens and alloantigens in humans. Nat Rev
Immunol 2007;7:585-98.

Bohgaki T, Atsumi T, Koike T. Multiple Autoimmune Diseases after
Autologous Stem-Cell Transplantation. N Engl J Med
2007;357:2734-6.

LohY, Oyama Y, Statkute L, et al. Development of a secondary
autoimmune disorder after hematopoietic stem cell transplantation
for autoimmune diseases: role of conditioning regimen used. Blood
2007;109:2643-548.

-————-{ Personal non-commercial use only. The Journal of Rheumatology Copyright © 2009. All rights reserved.?———-——

1248

—381—

The Journal of Rheurnatology 2009; 36:6; doi:10.3899/jrheum.081025



132 Letters to the Editor/Journal of Dermatological Science 55 (2009) 123-141

chemical-induced carcinogenesis model was chosen in the present
study. DMBA and TPA enabled us to produce papillomas within 1-2
months. Furthermore, the number of chemical-induced papillomas
was much more than that induced by UVB. Immunochistochemical
analyses of skin papillomas using anti-PCNA, -p53, -involucrin, and
-keratin antibody, revealed no difference between the chemical-
and UVB-induced papillomas (data not shown). Thus the DMBA~
TPA-induced mouse skin tumor model was useful to examine the
effect of PDT.

In conclusion, EC036-PDT using 670 nm diode laser showed
potent anti-tumor effects in DMBA and TPA-induced mouse skin
tumor model. EC036-PDT might be more useful than ATX-S10(Na)-
PDT for the treatment of skin tumors.
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Letter to the Editor

Higher density of label-retaining cells in gingival epithelium

ARTICLE INFO
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Epithelial sheets made of cultured oral mucosal epithelial cells
have been used to treat various epithelial defects [1]. These
epithelial sheets are derived from oral epithelial stem cells
exhibiting high proliferation potential. In the skin, research into
the keratinocyte stem cell niche has advanced remarkably.
However, the oral mucosal stem cell niche is less well understood.
Thus, we investigated the density of label-retaining cells (LRC) in
different areas of oral mucosa to elucidate the localization of oral
mucosal stem cells.

Several markers for stem cells have been reported [2]. However,
no definite immunohistochemical oral mucosal stem cell marker
has yet been established. Stem cells are very slow cycling cells and
retain 5-bromo-2’/-deoxyuridine (BrdU) label in the nucleus over
several weeks [3-5]. Thus, stem cells can be detected as label-
retaining cells by BrdU pulse-chase experiments.

We performed BrdU pulse-chase experiments in C57BL/6] mice
as previously described [5,6]. For BrdU incorporation studies, the
mice (n=40) at 4 weeks of age were given sterile phosphate-
buffered saline (PBS) containing BrdU (Roche applied science,
Mannheim, Germany) at 0.8 mg/ml. The mice were maintained
with PBS drinking fluids containing BrdU for 10 days. Subse-

quently, the mice were transferred to normal drinking water and
five mice were sacrificed every 5 days from 20 days after
withdrawal of BrdU-labeling to examine the disappearance of
BrdU-labeled cells. Frozen sections were made from the oral
mucosal tissue of each mouse and BrdU-positive cells were
detected by immunofluorescent stain using anti-BrdU antibody
(BrdU Labeling and Detection Kit 1, Roche applied science,
Mannheim, Germany).

We studied the slow cycling cells using a label retaining
technique in six oral areas; dorsum linguae, inferior surface of the
tongue, buccal mucosa, palate, gingiva and alveolar mucosa
(Fig. 1). In the areas, the rates of LRC expressed as a percentage
of the basal layer oral keratinocytes were examined. On day 1, the
next day after the last day of BrdU treatment, the rates of LRCs
compared to all basal cells were almost 100% in all areas. The rates
of all the areas decreased rapidly and became 10% or less by day 20.
In previous studies by Bickenbach and Chism [4] and by Ando et al.
[5], LRCs were investigated on day 30 and on day 45, respectively.
In addition, after 35 days chasse period, the rate of LRCs of each site
seems to reach a plateau (Fig. 2). Thus, we considered that only
BrdU-positive cells present after day 35 were LRCs in the present
experiments. We performed statistical analysis of LRC rates at day
35 and at day 45.

The rates of BrdU-labeled cells in keratinized regions like the
gingivaand the palate were higher than that of other non-keratinized
areas from day 20 to day 30 (Fig. 2). These results might reflect a
difference in the turnover rates because non-keratinized epithelium
has a greater turnover rate than keratinized epithelium [7].

Our study showed that, in thick epithelia forming epithelial
ridges, LRCs were seen at the bottom of epithelial ridges (Fig. 1). In
contrast, in thin epithelia without epithelial ridges, LRCs were
located randomly throughout the basal layer cells.
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Fig. 1. Localization of label-retaining cells (LRC} in specific regions of oral mucosa. (A} Morphology of each part of oral mucosa (hematoxylin and eosin stain). The epithelium
with epithelial ridges was seen in dorsum linguae (a), inferior surface of tongue (b), buccal mucosa (c), and gingiva (), although the epithelium in palate (d) and alveolar
mucosa (f) showed only small epithelial ridges. (B) Immunofluorescent localization of LRCs {(arrows) in each part of the oral mucosa at day 50. LRCs were restricted to the basal
layer in all the regions. In epithelia with epithelial ridges (panel B-a-c, e), LRCs were seen at the bottom of epithelial ridges. (a) Dorsum linguae, (b) inferior surface of tongue,
() buccal mucosa, (d) palate, (e) gingival, (f) alveolar mucosa. BrdU labeling, fluorescein isothiocyanate (green); nuclear stain, propidium idedide (red). White dotted line, the

basernent membrane zone. Bars, 50 pm.
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Fig. 2. LRC counts in the oral mucosal epithelium. (A) The rates of BrdU-positive cells to total basal layer keratinocyte numbers from day 20 to day 50. BrdU-positive cells at
day 35 and later were considered to be LRCs, the rates of LRCs in the gingiva were significantly higher than those of the other parts in the oral mucosa. (B) Rates of LRCs in each
part of oral mucosa at day 35. The rate of LRCs in the gingiva were significantly higher than that in the other parts of the oral mucosa (*P < 0.05; **P < 0.01 ). (C)Rates of LRCs in
each part of oral mucosa at day 45. As well as day 35, the rate of LRCs in the gingiva were significantly higher (*P < 0.05).
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Interestingly, after day 35, the rates of LRCs in the gingiva
were remarkably higher than in the other oral mucosa areas
(Fig. 2). At day 35, the rates of LRCs to basal cells were as follows;
dorsum linguae, 1.45%; inferior surface of tongue, 1.63%; buccal
mucosa, 1.80%; palate, 2.23%; gingival, 4.28%; alveolar mucosa,
2.09%. The existence of LRCs provides no direct indication that
such cells are functioning as a subpopulation of stem cells [3].
However, it was thought that the high rates of LRCs in the gingival
might reflect a high density of slow-cycling cells, suggesting that
there might be a relatively larger number of stem cells in gingival
epithelium.

The oral mucosa epithelium comprises stratified squamous
epithelium, which may be keratinized or non-keratinized,
depending on the region of the oral cavity [1]. The palatal and
gingival mucosae are categorized as a masticatory mucosa and
their epithelial layer is thick and keratinized or para-keratinized to
withstand biting and masticatory stress. The inferior surface of the
tongue, buccal mucosa and alveolar mucosa are categorized as a
lining mucosa. Their epithelial layers are mostly non-keratinized.
The dorsum linguae are classified as a specialized mucosa with
several kinds of lingual papillas and their epithelial layers
including the filiform papillae show keratinization. The structure
of each oral mucosal region in mice was similar to that of the
corresponding part in humans.

Examination of hamster palatal papillae showed that the
majority of label-retaining cells were located in the deepest part of
the epithelial ridges [8]. In this report, any part of oral mucosa
epithelium with prominent epithelial ridges had LRCs specifically
at the bottom of the ridges without forming a cluster.

The keratinized oral gingival epithelium provides effective
protection for underlying tissue against mechanical trauma and
dental bacterial invasion. The non-keratinized junctional epithelia
with high turnover rates have a basic attachment function to the
tooth and form an effective barrier to bacterial penetration [9]. To
maintain intact gingiva at the forefront of defense mechanism, a
higher density of stem cells might be necessary in the gingival
epithelium.

During oral reconstructive surgery, selection of a donor site for
mucosal epithelial cell collection is an important agenda. To obtain
an epithelial sheet, 15 cm? in size, a 4-8 mm? mucosal resection is
needed [10]. The buccal mucosa has been thought to be an
appropriate donor site. Probably collection of the gingival
epithelium in surgical procedures such as wisdom tooth extraction
and periodontal surgery is a relatively easy way to collect sufficient
oral mucosal stem cells. The present results suggest that the
gingival epithelium might be a preferable source for collection of
oral mucosal epithelial cells for oral mucosal reconstruction
treatment.
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Letter to the editor

Inhibition of protein kinase CK2 induces E2F1 nuclear export,
formation of p21/E2F1 complexes and suppression of DNA
synthesis in normal human epidermal Keratinocytes

Protein kinase CK2 (formerly termed *“casein kinase II") is an
extremely conserved Ser/Thr kinase, which is ubiquitously
distributed in eukaryotic cells. CK2 is quite unique enzyme,
strongly distinguished from others protein kinases by particularly
two properties—high constitutive activity and lack of an acute
mechanism/s of regulation. The extreme pleiotropy (with list of
over 300 substrates) is another of its characteristic [1]. Despite of
the gaps in understanding of precise molecular mechanisms the

importance of CK2 in the context of signal transduction, gene
expression and respectively in the cell regulation, including the
maintenance of cell cycle is incontestable.

To gain information about CK2 role in the signal transduction
control of keratinocyte cell cycle, we investigated its involvement
in the regulation of a crucial transcriptional factors c-Myc and E2F1
by taking advantage of CK2 very selective cell-permeant inhibitor
4, 5, 6, 7-tetrabromobenzotriazole (TBB) (Calbiochem, Darmstadt,
Germany).

E2F1 is one of the eight different (E2F1 through -8) members of
E2F family of transcription factors, which is essential for cell cycle
progression, since it initiates transcription of the genes required for
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Type XVII Collagen is a Key Player in Tooth Enamel

Formation

Takuya Asaka,*’ Masashi Akiyama,*
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Inherited tooth enamel hypoplasia occurs due to mu-
tations in genes that encode major enamel compo-
nents. Enamel hypoplasia also has been reported in
junctional epidermolysis bullosa, caused by muta-
tions in the genes that encode type XVII collagen
(COL17), a component of the epithelial-mesenchymal
junction. To elucidate the pathological mechanisms
of the enamel hypoplasia that arise from the defi-
ciency of epithelial-mesenchymal junction mole-
cules, such as COL17, we investigated tooth formation
in our recently established Col17/~ and Col17 res-
cued mice. Compared with wild-type mice, the inci-
sors of the Col17™/~ mice exhibited reduced yellow
pigmentation, diminished iron deposition, delayed
calcification, and markedly irregular enamel prisms,
indicating the presence of enamel hypoplasia. The
molars of the Col17™/~ mice demonstrated advanced
occlusal wear. These abnormalities were corrected in
the Coll7 rescued humanized mice. Thus, the
Col17™/~ mice clearly reproduced the enamel hyp-
oplasia in human patients with junctional epidermol-
ysis bullosa. We were able to investigate tooth forma-
tion in the Coll7™/~ mice because the Coll7™/~
genotype is not lethal. Coll17~/~ mouse incisors had
poorly differentiated ameloblasts that lacked enamel
protein-secreting Tomes’ processes and reduced mRNA
expression of amelogenin, ameloblastin, and of other
enamel genes. These findings indicated that COL17 reg-
ulates ameloblast differentiation and is essential for
normal formation of Tomes’ processes. In conclusion,
COL17 deficiency disrupts the epithelial-mesenchymal
interactions, leading to both defective ameloblast differ-

entiation and enamel malformation. (dm_J Pathol 2009,
174:91-100; DOI: 10.2353/ajpath.2009.080573)

Mesenchymal-epithelial interactions are thought to play
essential roles in development of epithelial organs includ-
ing the epidermis, hair follicles, and teeth. A variety of
soluble factors, cell surface markers, and signal mole-
cules have been reported to be involved in mesenchy-
mal-epithelial interactions.”? The hemidesmosome is a
subcellular junctional adhesion structure overlying the
basement membrane between the mesenchyme and ep-
ithelial cells that binds the epithelial cells to the underly-
ing mesenchymal tissue.® Type XVII collagen (COL17)
previously called "bullous pemphigoid antigen 2" or
“BP180,” is a transmembrane glycoprotein expressed in
stratified and complex epithelia, such as the skin, the
mucous membrane, and the eye, where it plays a crucial
role in hemidesmosome stability and epithelial-mesen-
chymal attachment.*

Non-Herlitz junctional epidermolysis bullosa (nH-JEB)
caused by COL17 deficiency shows the abnormal tooth
formation of amelogenesis imperfecta.®>” We therefore
hypothesized that COL17 in hemidesmosomes also plays
an important role in mesenchymal-epithelial interactions
in tooth formation.

Enamel formation is easily disrupted and enamel de-
fects may reflect more than just genetic abnormalities.
Enamel defects can also be attributed to environmental
factors that cause chronological hypoplasia of the
enamel during the enamel formation period.” It is impor-
tant to study the pathomechanisms of enamel malforma-
tion in mice with defects in hemidesmosome components.
There are several model mice with epithelial mesenchymal
junction (EMJ) component deficiencies.®® Among them,
only laminin332-deficient mice are expected to have tooth
malformation. However, the laminin332 knockout mice are
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lethal in their early development and tooth abnormality in
adult mice has not been examined sufficiently.®

The Col17 knockout (Col17~/~) mice that we established
recently are not lethal at birth; thus, we can use them to
investigate the pathomechanisms of enamel defects that
arise from hemidesmosome component deficiency.

To clarify the roles of COL17 in tooth formation, we
studied the detailed process of tooth formation in Col77
knockout (Col177/7) mice, which we recently estab-
lished.® We show that COL17 has a critical role in tooth
formation, especially in the differentiation of ameloblasts
and enamelization, suggesting the importance of junction
structure in mesenchymal-epithelial interaction during
tooth formation.

Materials and Methods

Generation of Col17~/~ Mice and Rescued
COL17-Humanized Mice

The procedure for generating COL17 7/~ mice has been
described.® Briefly, we cloned a 14.7-kb mouse genomic
DNA COL17 fragment from the mouse 129Sv/Ev genomic
library (Stratagene, La Jolla, CA). We subcloned a
11.5-kb Nhel to Notl fragment to make the targeting vec-
tor. We inserted the PGK/Neo cassette between 6-bp
upstream of the ATG start codon in exon 2 and 1.2-kb
downstream in intron 2. We transfected the targeting
vector by electroporation into 129 Sv/Ev embryonic stem
cells, then microinjected the correctly targeted embry-
onic stem cell line into blastocysts obtained from
C57BL/6J mice (Jackson Laboratory, Bar Harbor, Maine)
to generate chimeric mice, which we then mated with
C57BL/6J females. We crossed F1 heterozygotes with
C57BL/6J for more than four generations and then inter-
crossed them to generate Col/17~'~ mice. The proce-
dures for screening Col17™'~ mice by PCR, reverse tran-
scription (RT)-PCR, Northern and Western blotting,
histology, electron microscopy, and immunofluorescence
are described elsewhere.®

The phenotypic features of the Col17 knockout
(Col17~'~) mice closely resembled those seen in nH-JEB
(OMIM: 226650) caused by null mutations in the
COL17A1 gene, as previously described.® The Col177/~
mice had skin blisters and erosions from mild trauma.
Col177'~ mice skin showed subepidermal blistering as-
sociated with a lack of COL17 and poorly formed
hemidesmosomes.

Procedures for generating COL17-rescued mice have
been described elsewhere.® Briefly, we crossed trans-
genic mice (C57BL/6 background) expressing the squa-
mous epithelium-specific K14 promoter and a human
COL17 cDNA (Col17™*/* COL17"") with heterozygous
Col17™%~ mice. Mice that carried both the heterozygous
null mutation of Col17 and the transgene of human Col17
{(Col17™*~+ COL17"*) were bred to produce rescued
Col17™/=, COL17"* COL17-humanized mice.

The rescued mice showed almost none of the abnor-
mal manifestations seen in the Col77~'~ mice.®

Structural Analysis of Mouse Dentition

Tissue samples of mice were incubated in hot (approxi-
mately 90°C) distilled water for several minutes, and
soaked in 10% Tasinase (Kyowa-hakkou, Tokyo, Japan)
at 37°C for 6 hours. Incisors and first molars were taken
from maxillomandibular tissue by removal of soft tissue.
The teeth were carefully cleaned and were observed
macroscopically. After air-drying overnight, the teeth
were sputter-coated with carbon CC-40F (Meiwa-shouji,
Osaka, Japan), and were observed with a Hitachi S-4000
scanning electron microscope (Hitachi Electronics, Tokyo,
Japan) operated at 15 kV. For the observation of enamel
rod inclination, sagittal sections of maxillary incisors were
etched by a grinder for 30 seconds in 0.1N hydrochloric
acid and were observed similarly.

Chemical and Mineralization Analyses

Qualitative and distributive elemental analysis was per-
formed in sagittal sections of maxillary incisors prepared
with a grinder and in the labial side of maxillary incisors with
a Hitachi S-2380 scanning electron microscope (Hitachi,
Tokyo, Japan) operated at 15kV and energy dispersive
X-ray spectrometry (EDX).

To demonstrate the patterns of mineralization, radio
transparencies of the contact microradiographs were ex-
amined as previously described.'® Maxillary incisors
were dehydrated by passage through a series of as-
cending concentrations of ethanol solutions and em-
bedded in polyester resin (Rigolic, Ouken Co., Tokyo,
Japan). Longitudinal labic-lingual ground sections of
100-um thickness were prepared with a rotary diamond
saw (Speadrap ML521; Maruto, Tokyo, Japan) and em-
ery papers. Microradiographs of the ground sections
were recorded on Kodak SO-181 high-resolution film
(Eastman Kodak, Rochester, NY) using a cabinet X-ray
apparatus (CSM-2; Softex, Tokyo, Japan) at 15 kV, 4 mA
for 20 minutes. The films were developed, fixed, and
observed under a light microscope.

Preparation of Tissue Sections and
Immunohistochemistry

Under anesthesia with ether inhalation, intracardiac per-
fusions for 2-week-old mice were performed with a fixa-
tive solution containing 4% paraformaldehyde in PBS, pH
7.4. Postfixation was ensured by immersion of dissected
maxilla and mandible in the fixative solution overnight at
4°C.

The maxillae and mandibles with incisors were pro-
cessed for histological analysis by decalcification at 4°C
for up to 2 weeks in a pH 7.4 PBS solution containing 10%
EDTA. After extensive washing in PBS, the samples were
dehydrated in increasing concentrations of ethanol and
lemosol (Wako, Osaka, Japan), and were finally embed-
ded in paraffin. Serial longitudinal and frontal sections of
the incisors of the paraffin-embedded specimens (5 um)
were processed for H&E staining.
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Col1 71

Col1 7/

Figure 1. COL17 expression in the tooth of Cof77*/* mice and COL17 absence in the tooth of €o/17™/~ mice. A, B: Mouse incisors are continuously elongating
teeth. In the root of these incisors, ameloblasts (blue) and odontoblasts (green) secrete enamel matrix and dentin, respectively, during the secretory stage (ID. T:
the pre-secretory stage; 1L the secretory stage; I1l: the maturation stage. C: A RT-PCR assay revealed that Col17 mRNA (488 bp band) was expressed in cultured
ameloblasts from Col17*"* mice (left lane) and Co/77*/" mouse teeth (second right). Co/77mRNA was not expressed in cultured ameloblasts from Col77~"~
mice (second left lane) or Co/777/~ mouse teeth (right hand lane). D: Immunofluorescence staining for COL17 (green) revealed that COL17 was expressed
in the EMJ between ameloblasts and odontoblasts at the pre-secretory stage of a Col17*/" mouse (upper, left), between ameloblasts and enamel matrix in the
secretory stage (middle, left) and in the maturation stage (lower, left) of a Col771/* mouse. At the secretory stage, COL17 expression was weak, intermittent,
or absent. In Co/17™/~ mice, no COL17 staining was observed in the EM]J at any stage (right column). am: ameloblast; od: odontblast. Scale bar = 20 pm. E:
Ultrastructural features of the basement membrane zone at the pre-secretory stage. Normal hemidesmosomes were seen in the Col17%/* mouse (left), but
hypoplastic, malformed hemidesmosomes were observed in the Col/777/™ mice (right). am: ameloblast; LL: lamina lucida; IP: inner attachment plagues; LD
:lamina densa. Scale bar = 60 nm.

For immunohistochemistry, neonatail mice (day-1) were
sacrificed and the tissue samples were embedded in
optimal cutting temperature compound (Sakura Finetech-
nical Co., Tokyo, Japan) for frozen sectioning. Frozen
tissue sections were cut at a thickness of 6 um sagittally
until incisors were exposed, or coronally until molars were
exposed. Sections were fixed with acetone for 10 minutes
at —20°C, and washed in PBS, incubated with a primary
antibody, anti-mouse COL17 monoclonal antibody (NC-
16A, final dilution, 1:2500), at 37°C for 30 minutes. Then,
the sections were incubated with a secondary antibody,
fluorescein isothiocyanate (FITC)-conjugated goat anti-
rat 1gG (H+L; Jackson ImmunoResearch Laboratories,
Suffolk, UK; final dilution, 1:50), at 37°C for 30 minutes,
and incubated with 10 ug/ml of propidium iodide at 37°C
for 10 minutes for nuclear counterstaining. Sections were
observed under an Olympus Fluoview confocal laser-
scanning microscope (Olympus, Tokyo, Japan).

Ultrastructural Analysis during Tooth Formation

As above, from the maxillomandibular tissue fixed with
modified Karnovsky's fixative (at a final concentration of
2% paraformaldehyde and 2.5% glutaraldehyde in 0.05
mol/L cacodylate buffer solution, pH 7.4), 2-week-old
mice incisors were obtained and decalcified in 10%
EDTA pH 7.4, at 4°C for 2 weeks. After decalcification,
samples were postfixed in 1% osmium tetroxide at 4°C for
2 hours and stained en bloc with 1% urany! acetate at 4°C
for 20 minutes. The samples were dehydrated through a
graded series of ethanol and embedded in Epon 812

(TAAB Laboratories, Berkshire, UK). Ultrathin sections
were cut in the sagittal direction to include both the
separated enamel organ and the dental papilla. Sections
were stained with uranyl acetate and lead citrate, and
observed under a Hitachi H-7000 transmission electron
microscope (Hitachi, Tokyo, Japan).

A Colt Col1 7% B Con 7% Cott 7+ Colt 7+

root of teeth

c Coff

Figure 2. Dental phenotype of Col777/™ mice. As At 4 weeks of age, a
Col177/~ mouse (right) had whitish incisors. B: Incisors from Col17*/*
and Col17%/~ mice showed yellowish color, although an incisor from a
Col177/~ mouse seemed whitish (right). Scale bar = 500 um. C: In the
molars, tooth wear was more advanced for the Col777/™ mice (right) than
for the Col17*/* (left) and Col17%/~ (center) mice. Scale bar = 250 pm.
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Soenning electron microscopy Colt
of enamel structure B oo
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Figure 3. Scanning electron microscopy of the sagittal section of maxillary incisors. Az A model of an upper incisor. The enamel layer indicated by an upper blue
rectangle and by a lower red rectangle is enlarged in B, C, D and E, and in F, G, H and , respectively. In the Col7 77/~ mouse, irregular inclinations of enamel
rods without a normal network arrangement are observed (D, H), in contrast to the regular network of enamel rods observed in the Col1 7% incisor (B, F) and
in the Col17"/~ incisor (C, G). The normal, regular network of enamel rods has been restored in the COL17 humanized mouse (E, I). en: enamel; de: dentin.

Scale bar = 20 pm.

Terminal Deoxynucleotidy! Transferase-
Mediated dUTP Nick-End Labeling Staining

For the detection of apoptotic cells in the ameloblast layer
by terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assay, paraffin sections were
processed with in situ apoptosis detection kits (Apoptag;
Chemicon International, Temecula, CA).'" The number of
apoptotic ameloblasts at each stage was calculated
based on the criterion that an apoptotic body of more
than 2 um in diameter could be defined as a count; these
numbers were compared between Col17%/* and
Col17 7™,

Cell Cultures and Immunolabeling

For dental epithelial cell cultures, maxillary and mandib-
ular incisors from 2-week-old mice were dissected, and
the distal part of the incisors was removed. Tooth sam-
ples were treated with 0.25% trypsin for 10 minutes and
pipetted up and down intensely. The dental epithelial
cells, dental mesenchymal cells, and various other
cells were isolated from incisors. To separate dental
epithelial cells from the other cells, cells were cultured
in epidermal keratinocyte medium containing a small
amount of bovine pituitary extract (CNT-57; CELLnTEC
Advanced Cell Systems, Bern, Switzerland) for 7 days.
After obtaining a sufficient number of dental progenitor
epithelial cells, we changed the culture medium to epider-
mal keratinocyte medium containing 0.07 mmol/L calcium
(CNT-02; CELLNTEC Advanced Cell Systems, Bern,
Switzerland) to induce differentiation, and cultured it
for 10 days.

For fluorescence staining, the cells were fixed with
70% ethanol for 10 minutes and washed with PBS. The
cells were incubated with a primary antibody anti-mouse
amelogenin polyclonal antibody (Hokudo, Sapporo, Ja-
pan), final dilution of 1:100 or with anti-mouse ameloblas-
tin polyclonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA), final dilution, 1:50, at 37°C for 30 minutes.
Then, the cells were incubated with the secondary anti-

body FITC-conjugated goat anti-rabbit 1gG (H+L; Jack-
son ImmunoResearch Laboratory, West Grove, PA), final
dilution, 1:50, or with FITC-conjugated donkey anti-goat
IgG (H+L; Jackson ImmunoResearch Laboratory, West
Grove, PA), final dilution, 1:50, at 37°C for 30 minutes and
incubated with 10 ug/ml of propidium iodide at 37°C for
10 minutes to visualize the nucleus. The cells were ob-
served under an Olympus FluoView confocal laser-scan-
ning microscope (Olympus, Tokyo, Japan).

RT-PCR Analysis

To study Col77 mRNA expression in dental epithelial cells
and ameloblasts, total RNA from incisors or cultured dental
epithelial cells was extracted using TRIZOL reagent (Invitro-
gen, Carlsbad, CA), according to the manufacturer's in-
structions. Extracted RNA was used for cDNA synthesis in
SuperScript lll reverse transcriptase (Invitrogen, Carlsbad,
CA) according to the manufacturer's instructions. The fol-
lowing primers specific for mouse Col17 sequence (NM:
007732) were used for RT-PCR: 5'-AGAAGAAAA GCATC-
CGAGGG-3' (RT-F); and 5'-TGGTTGAAGAAGAGGC-
GAGT-3' (RT-B). As a control, we used the primers for
mouse glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; NM: 001001303): 5'-TTAGCCCCCCTGGC-
CAAGG-3' (mGAPDH-F) and 5'-CTTACTCCTTGGAG-
GCCATG-3' (mGAPDH-B), which amplified a 541-bp
fragment.

Real-Time RT-PCR Analysis

To quantitatively analyze mRBNA expression levels of
tooth-formation-associated proteins, amelogenin, amelo-
blastin, enamelin, tuftelin, enamelysin, and dentin sialo-
phosphoprotein (DSPP), in teeth from the Co/17 */* and
Col17 " mice, cDNA samples were analyzed using the
ABI prism 7000 sequence detection system (Applied Bio-
systems, Foster City, CA). Primers and probes specific for
amelogenin, ameloblastin, enamelin, tuftelin, enamelysin,
DSPP, and control housekeeping genes, GAPDH and B-ac-
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Figure 4. Difference in enamel formation between Col17*/* and Col177/~
mice incisors. The labial surface (see Figure 1A) is featured in A, B, and C.
A sagittal section is shown in D, E, and F. A, B: The labial surface of the
maxillary incisors in both Col17%/* (left) and Col177/~ (right) mice was
scanned for calcium (green) and phosphorus (yellow) with EDX spectrom-
etry. No obvious difference was observed in elemental distribution mapping.
C: The same surfaces scanned in EDX for iron (red). In Col177/~ mice
(right), the distribution of iron was irregular, compared with that of a
Col17*/* mice (left). Scale bar: (A, B, C) = 500 um. D, E, F: The sagittal
sections of the maxillary incisors of both Cof17*/* (left) and Col177/~
(right) mice scanned in EDX for calcium (green), phosphorus (yellow), and
iron (red). No obvious difference is observed in the distribution of calcium or
phosphorus between the Col17%/* (left) and Col177/~ (right) mice. In the
Col177/™ mice (right), the iron concentration in the enamel is lower than
that in the Co/17%/* mouse (left; F). en: enamel; de: dentin. Scale bars in (D,
E, F) = 1000 um. G, H: Microradiographs of maxillary incisors in Col17%/*
(G) and Col777/~ (H) mice. The position (arrows) where sufficient miner-
alization occurred in the enamel judged from the low radio-opacity signal,
moved toward the incisal edge in maxillary incisors of a Col77™/~ mouse
(G), compared with that in incisors of a Col/17%* mouse (H). en: enamel;
de: dentin. Scale bar: (G, H) = 500 um. I, J: Microradiographs showing the
mineralization pattern of the developing enamel at the maturation stage from
Col17*/* () and Col177/~ (J) mice. As compared with Col17+/* (D), the
mineralization demonstrated by radio-opacity of the enamel was irregular in
both stages in Col177/~ mice (J), although there were no differences in the
radio-opacity of dentine between Col/17%/* (I) and Col177/~ (J) mice. en:
enamel; de: dentin. Scale bar: (I, J) = 100 pm.

tin, were obtained from the TagMan gene expression
assay (Applied Biosystems, Foster City, CA; Probe ID;
MmO00711644_g1, Mm00477485_m1, Mm00516922_mf,
Mm00449139_m1, Mm00600244_m1 and Mm00515666_m1,
Mm99999915_gl, Mm00607939_sl).

Differences between the mean CT values of mRNA ex-
pressions of tooth-formation-associated proteins and those
of GAPDH or B-actin were calculated as ACT 17—/ mice =

CTtooth protein CTGAPDH (or oth'er ﬁousekeeping genes) and
those of ACT for the Col17 ™" incisors as CT, iprator =

CTtooth protein CT(.EAP.DH {or other housekeeping .ger'xes)' Fmal
results for Col17 =/~ incisor samples/Col17 */* incisor sam-

ples (%) were determined by 27(CT Colt 7=/~ — CToalibraton)
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Using similar methods, we quantitatively analyzed the
tooth-formation-associated protein mRNA expression lev-
els in the dental epithelial cells cultured from the
Col17** and Col17 '~ mice.

Results

COL17 Expression Pattern in the EMJ of Teeth
in Col17~"~ Mice

We observed the expression of Col17 at each of the three
stages of enamel formation: pre-secretory, secretory, and
maturation (Figure 1, A and B). The 488-bp fragments of
mouse Cof17 mRNA were detected in Col17+/* mouse
incisors in vivo and in cells cultured from Col17 */* mouse
incisors in vitro, although mouse Col77 mRNA was de-
tected in neither incisors nor cultured cells from Cof17 =/~
mice (Figure 1C).

To clarify COL17 expression during tooth formation, we
immunostained tissue sections of maxillary incisors in
which we could observe all differentiation stages of tooth
formation. COL17 was expressed in the EMJ between
ameloblasts and odontoblasts at the pre-secretory stage.
Due to elongation of Tomes’ processes, the basement
membrane became discontinuous and COL17 expres-
sion was reduced and in places became intermittent at
the secretory stage. COL17 expression reappeared at
the maturation stage (Figure 1D).

In the Col17 '~ mice, COL17 expression was not ob-
served in the EMJ under the ameloblasts at any stage
during tooth development.

The basement membrane on the basal surface of the
ameloblasts separates the ameloblasts from mesenchy-
mal tissue/pre-odontablasts. Hemidesmosomes are ob-
served in the EMJ, and they are composed of prominent
inner plaques, outer plaques, and sub-basal dense
plates, similar to those in the dermo-epidermal junction in
the skin. Anchoring filaments cross the lamina lucida, and
anchoring fibrils anchor lamina densa to the mesenchy-
mal tissue in the Col77*'* mice (Figure 1E).

In the Col17 =/~ mice, there were a reduced number of
hypoplastic inner and outer hemidesmosomal attach-
ment plaques with poor keratin filament association and
less prominent anchoring filaments, whereas anchoring
fibrils and the lamina densa were both normally pre-
served (Figure 1E).

Dental Phenotype in the Col17™/~ Mice

The incisors of wild-type (Col77 /%) and heterozygous
(Col17*/7) mice exhibit yellow pigmentation on the sur-
face. The incisors of the Col77 ™/~ mice had a chalky,
whitish appearance (Figure 2, A and B). The Col17-res-
cued mice (mouse Col17 /7, human COL177'*) had
yellowish incisors, as did the wild-type Col77*/* mice
(data not shown). By scanning electron microscopy, the
enamel surface of the Col17+'*, Col17 ¥/~ and Col17 '~
mice appeared smooth and unpitted (data not shown).
Molar wear was more advanced in the Col17 /= mice
than in the Col17 */* and Col17 '~ mice. This tooth wear
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Figure 5. Malformed Tomes' processes and defective amelogenesis in Co/777/~ mice A-D: At the pre-secretory and early secretory stages, the EM] separates
pre-ameloblasts and pre-odontoblasts. A, C: The overall structures of pre-ameloblasts and pre-odontoblasts were similar in the Col1 7% (&) and Col177/ (C)
mice in the pre-secretory to the early secretory stages at the light microscopic level. B, D: Ultrastructurally, from the pre-secietory to the early secretory stages,
the basement membrane between ameloblasts and odontoblasts was blurred in the Col17™/~ mouse (D), compared with more obvious, intact basement
membrane structures in a Col1 77/ mouse (B). E-H: At the secretory stage, Tomes’ processes are formed and enamel matrix is produced by ameloblasts. E, G:
In the secretory stage, the processes of ameloblasts were malformed and blurred (arrows) in the Col17~'~ mouse (G), compared with well-organized lattice-like
structures of the Tomes’ processes (arrows) in the Col/77*/* mice (E). The thickness of the enamel matrix seemed similar both in Col7 7% (B) and Col177/~
(G) mice. At the secretory stage, Tomes' processes were apparently hypoplastic in the Col77~/~ mouse (H), compared with normal Tomes' processes in the
Col17*"* mouse (F). I-L: In the maturation stage, disruption of the processes of ameloblasts (am) was more advanced in the Co/17™/~ mouse (K), compared

with regular processes in the Col77*/* mice (I). At the maturation stage, the electron density of the enamel matrix is remarkably lower in the Col? 77’7 mouse
(L) than that in the Col17%/* mouse (J). In addition, enamel rod structures are blurred in the enamel matrix of the Col1 77/~ mouse (L). am: ameloblast; em:
enamel matrix; en: enamel; de: dentin; od: odontoblast; tp: Tomes’ processes. Scale bars: (A, C, E, G, I, K) = 30 um; (B, D, F, H, J, L) = 3 pm.

became more severe with age, although it failed to ex-
tend to loosen the molar crown (Figure 2C). In sagittal
sections of the Col17 /= mice maxillary incisors, the
enamel rod inclination was irregularly oriented and dis-
rupted and had lost its normal network arrangement seen
in that of Col77** and Cof17*/~ mice (Figure 3 A—D,
F—H). In the COL17-rescued mouse Col17 ™/~ human
COL17*'* mice, the maxillary incisors showed normal
enamel rod formation (Figure 3, E and {) confirming that
the enamel changes were caused by a Col17 deficiency.

Chemical and Mineralization Analysis of the
Teeth

Backscatter electron images of the labial surface and the
sagittal sections of the maxillary incisors in the Col17*/*,
Col17 =, and Col17 ™'~ mice revealed that calcium and
phosphorus were homogeneously distributed from incisal
edge to apical root in all samples (Figure 4A, B, D, E). In
the Col17 */* and Col17*'~ mice, iron was lightly but
uniformly distributed from incisal edge to the middle of
teeth, and the density corresponded with the yellow pig-

mentation. In the Col177 7/~ mice, iron was irreguiarly
distributed (Figure 4, C and F).

To compare the mineralization patterns of teeth be-
tween the Col17*/* and Col17 =/~ mice, radio trans-
parencies of the microradiographs were examined in
maxillary incisors. The radio-opacity of enamel de-
creased gradually toward the incisal edge, from the
enamel secretory stage to the maturation stage. Mineral-
ization reached its maximum during the late maturation
stage (Figure 4G). To objectively evaluate the mineral-
ization level in the enamel layers, we set up a marker-
point for enamel matrix sufficiently completed mineraliza-
tion using image analysis. The point exhibited 90% or
more saturation levels in the completely mineralized in-
cisal edge-side of enamel layer. We then assessed each
image for the area that showed this or higher saturation
signals. The mineralization marker-points that we defined
were at 1.7 mm and 2.7 mm from the incisor root in the
Col17*'* mice and Col17 '~ mice, respectively (Figure
4H). These findings indicated that, in the Col17 ~/~ inci-
sors, mineralization of enamel was delayed by 1.0 mm
toward the incisal edge compared with that of the
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Col17 ™* incisors. Mineralization of the enamel matrix, at
the maturation stage, was irregular and discontinuous in
the Col177/~ mice (Figure 4l) compared with the
Col17 *'* mice (Figure 4J).

Defective Amelogenesis in Col17™/~ Mice

Ameloblast size and the enamel matrix thickness in the
Col17 '~ mice were similar to those in the Col17*+/*
mice. The Tomes' processes of the Col77 % mice were
triangular and arranged in order. However, the processes of
the Col17 =/~ mice were deformed and difficult to clearly
visualize in H&E-stained sections (Figure 5A, C, E, G, 1, K).

Furthermore, we observed enamel formation of the
incisors of the Col17*'*, Col17*/~, and Col17 '~ mice
ultrastructurally. Secretory ameloblasts were tall columnar
cells with intact Tomes' processes producing enamel matrix
in the Col17** and Col17+'~ mice (Figure 5, B and D).

In the Col17 '~ mice, the Tomes' processes were thin,
fragmented and disorganized, showing a wavy, villous
appearance. There was no obvious difference in the
other structural components of the ameloblasts (Figure 5,
F and H).

Mature ameloblasts were columnar cells and could be
divided into ruffle-based ameloblasts and smooth-ended
ameloblasts by the presence of a ruffled border. Rough
endoplasmic reticulum, lysosomes, mitochondria, small
vacuoles and Golgi apparatus were seen in the apical
and mid portions of mature ameloblasts. The cell struc-
ture and organelles of Col17 ™/~ mature ameloblasts ap-
peared normal, but the enamel rods were malformed and
irregularly distributed. The electron density of the enamel
matrix was remarkably low during the secretory and mat-
uration stages in the Col77 ™/~ mice, compared with the
high electron density of the enamel matrix in the Cof17 *+/*
and Col17*/~ mice (Figure 5, J and L).

Assay of Ameloblast Proliferation and
Differentiation

Colony-forming analysis revealed there was no signifi-
cant difference in colony-forming ability of cultured
ameloblasts between the Col17*/* and Col17™/~ mice
(data not shown). As for apoptosis, TUNEL staining did
not reveal excessive apoptosis of ameloblasts at the
pre-secretory to secretory stages in either the Col17+/+
or the Col17™/~ mice (data not shown).

TUNEL assays showed that some apoptotic celis ap-
peared from the late secretory stage to the early matura-
tion stage (called the “transitional stage”) of the Col17 +/*
and Col17 '~ mice (data not shown). However, there was
no significant difference in the number of TUNEL-positive
cells between Col17 *'* and Col17 '~ mice; in the num-
bers of apoptotic ameloblasts per sagittal incisor section,
7.5 + 0.7 celis/sagittal section in Col77*/* incisors and
7.0 + 1.0 cells/sagittal section in Col77 ™~ incisors.

We examined the expression of enamel proteins in the
incisors in vivo and in cultured dental epithelial cells in
vitro using real-time RT-PCR analysis.'>'% mRNA expres-
sion of the major enamel proteins produced by amelo-
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Figure 6. Expression of enamel proteins in Col/777/~ ameloblasts. A: mRNA
expression of all of the enamel proteins examined (amelogenin, ameloblas-
tin, enamelin, tuftelin, enamelysin, and DSPP) was down-regulated in amelo-
blasts of incisors of the Col17™/“mice in vivo. B: In vitro ameloblasts
cultured from incisors of the Co/777/~ mice showed down-regulated mRNA
expression of amelogenin, ameloblastin and enamelin, although tuftelin
expression was up-regulated relative to tuftelin expression of the cultured
ameloblasts from the Col17%* mice. Neither enamelysis nor DSPP was
expressed in ameloblasts cultured from the Co/77*/* and Col1 7™/~ mice. C:
Protein expression (FITC, green) of amelogenin and ameloblastin was de-
creased in ameloblasts cultured from the Col177/~ mice (D, F), relative to
that in ameloblasts cultured from the Co/17%/* mice (C, E). (C, D) ameloge-
nin staining; (E, F) ameloblastin staining; (C, E) cells from Col17%/* mice;
(D, F) cells from Col177/~ mice. Scale bar = 20 um.

blasts, including amelogenin, ameloblastin, enamelin,
enamelysin, and DSPP, was significantly decreased in the
Col17 '~ incisors, except for the expression of tuftelin
(Figure 6A). Tuftelin expression was only slightly reduced
in Col17 ™'~ mice incisors. In dental epithelial cells cul-
tured from the Cof77** mice, mRNA expression of
amelogenin, ameloblastin, enamelin, and tuftelin was
confirmed, although mRNA expression of enamelysin
and DSPP was absent. In the Col17 7/~ mice, mRNA
expression of amelogenin, ameloblastin and enamelin in
cultured cells were remarkably lower than in the Col17 */*
mice. Tuftelin expression was higher than that in the cells
cultured from the Col77 */* mice (Figure 6B). Immunocy-
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Figure 7. Schemes of normal enamel formation in Col17+/* mice and defective enamel formation in Col777/" mice. In the Col17*/* incisors (left), normal
enamel matrix is formed by Tomes' processes, resulting in intact enamel formation. In the Col7 77/~ incisors (right), disruptive Tomes’ processes produce

disturbed enamel matrix, leading to irregular enamel formation.

tologically, strong expression of amelogenin and amelo-
blastin was seen in the ameloblasts cultured from the
Col17 *'* mice, although expression of both proteins was
remarkably weak in cells cultured from the Col1 77" mice
(Figure 6, C—F).

Discussion

nH-JEB is a hereditary blistering skin disease with tissue
separation occurring within the lamina lucida of the epi-
dermal basement membrane zone. nH-JEB is character-
ized by generalized blistering, alopecia, reduced axillary
and public hair, dystrophic nails, and dental abnormali-
ties.*'® Molecular genetic studies revealed that nH-JEB
is caused by mutations in the genes encoding COL17 or
taminin 332.'® Most nH-JEB patients exhibit enamel hy-
poplasia, and pitting and coarsening of the tooth surface
enamel.®’
~ The present study revealed that the secretory amelo-
blasts of the Col77 /= mice lacked Tomes’ processes
and exhibited disturbed enamel matrix secretion, which
resulted in imperfect amelogenesis demonstrated by
malformed enamel rods and irregular enamel matrix
(Figure 7).

Mice only have one set of dentition whereas the human
disease nH-JEB affects both primary and secondary den-
tition. Due to these differences, the tooth abnormalities
demonstrated in Col17 ™/~ mice are unlikely to be patho-

physiologically relevant to the nH-JEB human disease.
However, the physiological processes of enamel forma-
tion are identical both in human and mouse dentition.'”'®
Thus, we believe that the present Col17 /= mice are a
practical and useful model in which to study nH-JEB
dental abnormalities.

We studied the developmental processes of the teeth
in Col17 '~ mice. The teeth develop through the pre-
secretory, secretory, and maturation stages.'® At pre-
secretory stage, hypoplasia of hemidesmosomes is the
only apparent abnormality in Col77 =/~ mice teeth. In
ameloblasts in the secretory stage, disturbed Tomes'
process formation was observed in the Col17 /'~ mice,
although enamel matrix was seen around the disrupted
Tomes' processes. The Tomes' processes are known to
be involved in the secretion of enamel matrix,'®

Ameloblasts at the maturation stage showed no appar-
ent abnormality, although the crystal structure of the
enamel matrix was disturbed in the Co/17 =/~ mice. Scan-
ning electron microscopy revealed that enamel rods were
malformed and irregular in the enamel matrix of the
Col17 ™/~ mice. These morphological abnormalities were
not observed in the rescued COL17-humanized mice and
thus it was confirmed that the abnormalities were direct
effects of the COL17 deficiency.

Contact microradiography demonstrated that enamel-
ization of the enamel matrix and calcification were de-
layed in the Col17~/~ mice. In addition, reduced iron
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deposition was revealed in the enamel of Col77 =/~ inci-
sors from their whitish color and scanning electron mi-
croscopy-EDX findings. lron deposition is known to occur
according to the maturation of enamel matrix and miner-
alization. Thus, reduced iron deposition in the Col17 '~
mouse incisors suggests defects in enamel maturation
andfor mineralization. These results clearly indicate that
tooth malformation (amelogenesis imperfecta) in Col17 =/~
mice and probably in COL17-deficient nH-JEB patients is
caused by aberrant differentiation of ameloblasts. These
abnormal ameloblasts lacked Tomes' processes and se-
creted reduced amounts of enamel matrix irregularly,
resulting in disturbed enamel matrix, irregular enameliza-
tion and calcification (Figure 7).

We ultrastructurally examined teeth from an adult pa-
tient with nH-JEB due to COL17 deficiency using scan-
ning electron microscopy. Enamel rods were malformed
and the enamel rod inclination was irregularly oriented
and disrupted in the enamel layer of the patient’s teeth
(data not shown). These abnormalities are most likely a
consequence of a lack of COL17 causing aberrant
ameloblast differentiation, similar to the Col17 ™'~ mice,
although we cannot completely exclude the possibility
that the morphological changes in the nH-JEB patient's
teeth were non-specific abnormalities caused by second-
ary bacterial infection, etc.

It is reported that heterozygous carriers of glycine
substitutions in COL77A7 show dental abnormalities,”-2°
although such dominant negative mutations in COL17A1
fail to manifest with a blistering skin phenotype.?° It is
considered that abnormal dentition in the heterozygous
carriers is a direct result of dominantly inherited glycine
substitutions in COL77A1 with dominant interference be-
tween the wild-type and mutant protein causing amelo-
blast dysfunction and disruption of enamel deposition.2°
In addition, dental abnormalities were seen both in indi-
viduals heterozygous for a COL77A1 nonsense mutation
p.Arg1226X2" and in heterozygous carriers of a COL17A7
deletion mutation ¢.823delA.” By contrast, in the present
study, Col17 */~ mice showed no apparent tooth abnor-
mality, probably because the critically disruptive Col17
allele carried by the mice had no dominant negative
effect against wild-type COL17 protein.

Ameloblasts cultured without interaction with mesen-
chymal tissue cannot differentiate sufficiently to form co-
lumnar epithelium.?® Such insufficiently differentiated
ameloblasts express tuftelin, but not other enamel pro-
teins, including amelogenin and ameloblastin.

Ameloblasts in Col17 ™/~ mice express tuftelin to an
extent similar to that of Col17 */* mice, Col17 ™/~ amelo-
blasts express reduced amounts of amelogenin and
ameloblastin. Tuftelin is known to be expressed by epi-
thelial cells at a very early stage (the pre-secretory
ameloblast stage) of odontogenesis, =24 although other
major enamel proteins are expressed at the secretory
stage.?® Thus, the results of the present enamel protein
expression study further support the idea that ameloblast
differentiation from the pre-secretory stage to the secre-
tory stage is disturbed in Col77 '~ mice.

In the Col17 '~ mice, ameloblast differentiation was
retarded, resulting in malformation of Tomes’ processes.
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The present results in Col17 ™'~ mice clearly demon-
strated that COL17, a component of the hemidesmosome
involved in basement membrane adhesion, also regulates
differentiation of odontogenic epithelial cells in ameloblasts
and plays and essential role in enamelization.

Laminin 332 is known to be an important component of
hemidesmosomes and another causative molecule un-
derlying the JEB phenotype. Remarkable abnormalities,
including disturbance of ameloblast differentiation and
reduced enamel deposition, have also been reported in
the incisors of laminin 332-disrupted mice.® These facts
further support the idea that interactions between amelo-
blasts and mesenchymal tissue via hemidesmosomes
are crucial for ameloblast differentiation and func-
tion.?%27 Ultrastructural changes of Tomes' processes
were not described in laminin 332-disrupted LAMAS ™/~
mice. However, the reduced size of secretory amelo-
blasts reported in LAMA3™~ mice suggest absence or
hypoplasia of Tomes' processes in LAMA3™/~ mice, sim-
ilar to that observed in Col17 ™/~ mice. During the matu-
ration stage, tissue organization was completely dis-
rupted in the enamel epithelium of LAMA3™'~ mice,® but
not of Col17 =/~ mice. These findings suggest that a lack
of COL17 and a lack of laminin 332 have similar negative
effects on ameloblast differentiation and enamel forma-
tion, although laminin 332 deficiency appears to have
more severe disruptive effects on enamel epithelium,
compared with COL17 deficiency.

Our results show that disruption of the Col17 gene
leads to abnormal interaction between enamel epithelium
and the underlying mesenchyme via the EMJ, resulting in
defective ameloblast differentiation. Consequently, the
Col17 /= mice exhibit ameloblasts with malformed
Tomes’ processes and the secretion of enamel matrix
was diminished at the secretary stage. At the maturation
stage, the Col17 ™/~ mice show delayed calcification and
reduced iron deposition in the enamel. We consider that
these mechanisms contribute to the immature and irregular
enamel formation seen in Col17 ™/~ mice. In conclusion,
epithelial-mesenchymal interactions via the EMJ are impor-
tant for tooth morphogenesis, and hemidesmosome
components are thought to regulate the proliferation
and differentiation of tooth forming cells including
ameloblasts.
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Letter to the Editor

A novel OSMR mutation in familial primary localized cutaneous
amyloidosis in a Japanese family

ARTICLE INFO
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To the Editor,

Primary localized cutaneous amyloidosis (PLCA) is a pruritic
skin disorder in which there is deposition of amyloid material in
the papillary dermis. Clinically, skin lesions comprise small, flat-
top papules (lichen amyloidosis) or brown-gray macules (macular

amyloidosis). Organs other than skin are not involved. The

“amyloid” in PLCA probably represents a combination of degen-
erate keratin filaments from apoptotic basal keratinocytes, and
deposition of serum amyloid P component and immunoglobulins
[1,2]. PLCA is relatively common in South America and Asia, and
some cases have an autosomal dominant family history (familial
PLCA, FPLCA) {MIM 105250].

The genetic basis of FPLCA has been shown to involve mutations
in the OSMR gene, which encodes the oncostatin M receptor
subunit (OSMRB) [3]. OSMR[ is one of the interleukin-6 type
cytokine receptors [4]. The ligands are oncostatin M (OSM) and
interleukin-31 (IL-31), which both have biologic roles linked to
keratinocyte cell proliferation, differentiation, apoptosis and
inflammation [5-7]. Thus far, only two pathogenic mutations in
OSMR in cases of FPLCA have been published [3]. We now report a
Japanese family with FPLCA in whom a further, novel OSMR
mutation was observed.

The proband is a 29-year-old Japanese female. She had suffered
from chronic itching for 7 years. Her mother and a maternal cousin
have similar symptoms. On examination, numerous dusky
erythematous or brown, flat-top papules up to 2 mm in diameter
were noted on her trunk and extremities (Fig. 1a). Skin biopsy
revealed focal collections of amorphous eosinophilic material in
the papillary dermis (Fig. 1b), which stained positively with Direct
Fast Scarlet (Fig. 1c). These findings support a clinico-pathologic
diagnosis of lichen amyloidosis.

Following informed consent, DNA was extracted from peripheral
blood samples obtained from the proband and her mother. For
sequencing, DNA samples were amplified with primers sited in
introns flanking individual exons of the OSMR gene as described
previously [3]. Sequencing showed a heterozygous missense
mutation, ¢.2168G > T, p.G723V (NM_003999) in exon 15, in DNA
samples from both the proband and her mother (Fig. 2a). The
mutation was further confirmed by enzyme digestion using NlalV
(Fig. 2b) and was not observed in screening 200 ethically matched
control chromosomes. The amino acid G723 is well conserved in
other interleukin-6 type cytokine receptors (including interleukin-
31RA, leukemia inhibitory factor receptor and interleukin-6 signal
transducer), and also in other mammalian species (including mouse
and rat),

The OSMR mutation p.G723V is located within the first
fibronectin type IlI (FNIII)-like domain adjacent to the transmem-
branous domain (Fig. 2c). The nature and site of this mutation is
similar to the previously reported mutations, p.I691T and
p.G618A, which are also within the FNIlI-like domains [3].
Previous studies have disclosed important roles for the FNIII-

like domains in receptor dimerization, a key event in cytokine
signaling [8,9]. Of note, in keratinocytes harboring the hetero-
zygous mutation p.G618A there is reduced phosphorylation of
STATs, ERKs and Akt following stimulation by OSM or 1L-31,
consistent with a functional disruption of OSMR [3]. The new
mutation p.G723V underscores the functional importance of
FNIII-like domains in this cytokine receptor and in the pathogen-
esis of FPLCA.

The exact pathomechanism of how the mutations in OSMRB
lead to clinical phenotype of PLCA has yet to be clarified.
However, the reason why the mutations result in what is
predominantly a skin disease may be explained as the
keratinocytes do not express leukemia inhibitory factor recep-
tor, which is another receptor of OSM and may compensate the
abnormal function of OSMR@ [7]. OSM has varicus effects for
keratinocyte biology, including proliferation, differentiation,
apoptosis and inflammation. For example, both OSM and

Fig. 1. Clinical and histologic features of FPLCA. (a) There are flat-top, brownish
papules up to 2 mm across the proband’s left arm. (b) Light microscopy of lesional
skin shows a collection of amorphous material within the papillary dermis. (¢) This
material stains positively with Direct Fast Scarlet.
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