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% C1
CD3+, CD4+ 5757-68.89 48.16+1877 52341656 2084:975% 3442:7.66 23.18+1500% 4523£1074 27.65=x1561*** 43.0729.72
CD3+, CD8+ 26.47-37.68 2591£932 33.92+13.66 48.07+21.57 49.64x1144 3578+1544 49.69£1309 4497+1394 4756+ 1043
CD4/CD8 0.61-2.96 211131 174072  043£013* 071015 0.66 + 0.35% 1.01 £0.56 0.61 +0.28 0.96+0.39
(ratio)
CD3+, TCRyd+ 0.74-9.48 3.03£3.05 203£1.19  511x449 234084 275+ 148 3.02+1.86 418272 2.71+1.80
CD4+, CD45RO- 523-42.08 2851:1029 31.36:+840 343£249* 7.89x521 4.66 +2.93* 10.01 £ 846 7.12+5.18 12.55 £ 10.78
CD4+, CD45RO+ 900-2797 1708+553  1535+£3.87 1548%623 1934:587 13.68 +7.31 1642 +4.85 1432 +4.08 13.89£4.10
CD4+, HLA-DR+ 0.92-3.38 2.38+0.86 3.95+£210 851499 1258+323 5.77+4.58 712+ 0.50 536+ 4.16 520246
CD4+, CD25+ 1.35-5.46 4.12+3.36 545+£279  342+221  612+551 343 £2.67 754 +3.36 355+228 4,62 +3.92
foxp3 mRNA 30.01-393.07 563.39 £ 704.00 259.60+247.27 18274+15035 99.31£29.61 20177+ 11485 21228+121.62 214.00= 109.77 16629 = 133
(copies/GAPDH 1 k copies)
CD3+, CD8-, IENy+ 0.67+£1749  6.05£6.55 273060 121641007 7.06+520 8.21 536 11.47 £ 8.02 929+4.17 423 +3.66
CD3+, CD8-, L4+ 0.02-2.47 1.09 £ 0.55 139+£130 374+263 250x1.04 240+2.13 496+6.27 1.57+1.24 120+ 0.58
Th1/Th2 379-125.60 1738+2104  498+377 3247+5240 1077515429 32.09+4555 67.05£59.15  2482:2342  2375%36.56
(ratio)
CD3+, CD8+, IFNy+ 0.66-41.60 573615 525+3.11 29.83+2139% 198041129 1743+1355 2593%1392  277119.13 329+495
CD3+, CD8+, LA+ 0.00-1.40 0.19+0.17 025+038 086+079  0.54x0.38 1.01+1.24 0.68 + 0.68 0.72 £ 045 0.16+0.15
Tel/Tc2 783-185.08 89.68+98.17 56157129 15435+217.62 149265228082 8836 +78.79 1460.06+1262.52 80277612 41917192
(ratio)
CD3+, CD8-, CD69+  82.91-201.89 177.55£90.61 121.104 8495 5825+4165 2834+1287 63.06+37.00. 67.76 £4069  89.54 +42.85  38.52+33.83
(MFD)
CD3+, CD8+, CD69+  54.27-119.07 1068223527 96.05+64.04 3092+2039 2494£1297 31.00+1998 5389+ 3039  61.82+19.69 30831929
(MF])
CDI19+ 500-3298 16.16+7.54  12.69+940 21912258 1440764  27.01£22.93 9.50+5.73 18.60+10.83 1113399
CD56+ 8.94-2294 13171167 1183768 14112697 993+449 8.99 £2.96 19.83 + 11.87 12.05 £7.58 14.12£7.61

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

healthy controls (p = 0.8253). The sjyTREC 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/CD3, the
percentage of CD4+CD45RO-, CD4+CD45R0O+, CD19+,
CD4+CD25+, CD56+, CD3+TCRyd+, 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+CD45R0-, 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+CD8- 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. sjTREC values in CD3+ cells in healthy individuals and its kinetics through autologous HSCT. A. Relation between age and numbers of sjTRECs
in healthy controls. B. Relation between age and numbers of sjTREC in SSc patients treated with autologous HSCT. C. sjTREC between good and poor
response groups. D. sjTREC 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!®1821, 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?3, Age-inappropriate T cell senescence con-
firmed by decreased frequency of sjTREC may also con-
tribute to the development of juvenile idiopathic arthritis24.
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% C1
CD3+, CD4+ 57.57-68.89 37841145  60.99%9.66 17.85+£9.95 3198 £6.69* 2030+ 1473 43314975 2413+ 1436%  43.62£846
CD3+, CD8+ 26.47-37.68 2220+645 34421106 36.07=18.09 61.02 +6.96 33.69+1580  4883x1158 42.02+1406  50.60£9.08
CD4/CD8 0.61-2.96 1.87£0.87 213+ 145 0.49 £0.22* 0.54 +0.18* 0.62 + 0.36* 097048 0.58 +0.28* 091 +0.35
(ratio)
CD3+, TCRyd+ 0.74-9.48 3.66 +3.44 1.80+ 1.09 431£5.13 424+290 254+1.62 3214148 403278 285+ 152
CD4+, CD45RO- 5.23-42.08 29104734  29.63£1201 458+ 544% 495+ 191* 494 +3.36% 8.33+7.59 429 +2.23* 1473739
CD4+, CD45RO+ 9.00-27.97 1556 £4.16  17.57+5.93 13.79 £ 6.90 1948 £3.92 1420 £ 7.61 15.09 £5.65 13.02+3.83 16.32+291
CD4+, HLA-DR+ 0.92-3.38 290+ 1.36 2.80 + 1.66 7.61+£5.72 11.85£2.72 436232 8.54 £4.03 2.92+0.56 829 +£3.34
CD4+, CD25+ 1.35-5.46 270+ 1.67 6.33+3.28 230+ 110 594 +407 333320 6.64 £2.98 2.02+0.95 6274224
foxp3 mRNA 32.01-393.07  524.44 + 880.90 420.07 + 199.61 1107210054 204.72+149.57 129.22+ 10119 28062+ 5170 12334+ 6037 29154 £878
(copiesstGAPDH 1k copies)
CD3+,CD8-, IFNy+  0.67-17.49 6.65 £ 8.28 3.58 +1.62 13.59 £10.75 7.95+6.99 9.60 £4.19 9.27+838 5.64 +3.27 17.44 £ 1045
CD3+, CD8-, ILA+ 0.02-247 0.85+0.59 146+ 0.89 451+241 238+ 175 298 +£195 3.74 £5.68 1.97 £ 0.90 0.61 0.3t
Th1/Th2 3.79-125.60 2041+2640  7.51+4.67 1388+1528  9622+12052 314943745  6890+7509 13812354 37.78x2533
(xatio)
CD3+,CD8+, IENy+  0.66-41.60 831+699 3384147  2735+2264 25801733 3029+10.03 1094 £831  2477+2594 12341007
CD3+, CD8+, IL4+ 0.00-1.40 023+021 020028 1.11£0.83 046 + 0.40 126 +1.27 0.51 +£0.65 0.81 047 022017
Tel/Tc2 7.83-185.08 4951 £6239 10170+ 103.52 127.14 £ 12021 98454 +1771.58 55091 £974.27 65458 +1136.02 60.02+89.13 7682+ 51.32
(ratio)
CD3+, CD8-, CD69+ 82.91-201.89  17245+122.20 147756266 5953 +53.14 1928 +18.77 68953706 57963923 841244734  47.57:3901
(MFD
CD3+, CD8+, CD69+ 54.27-119.07  8270£4577 119.66+36.51 1872552 37.09+2028  3335+25.06 49982642 5073+1413 493024058
(MFD
CD19+ 5.00-32.98 1820 £843 1204642  21.84+28.33 1747 £3.07 2444 +24.80 1405+486  18.12+1094 1393586
CD56+ 8.94-22.94 13421369 1212682 12,67 + 643 13.05+7.12 13.79 £ 11.12 1111 +4.10 14.65 £ 7.56 974 +£5.19

* The value from the baseline measurement was calculated for each value at each timepoint. p < 0.05. MFI: 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'”*. 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?6-27, Qur 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?8-30. While
CD56+ cells, followed by CD19+ cells, recover promptly
after autologous HSCT, CD3+ cells, especially CD4+CD-
45RO- cells, remain low after autologous HSCT in
CD34-HSCT and unselected-HSCT?%. After the initial 2
months of autologous HSCT, IFN-y-producing CD8+ or

CDS- T cells remain normal or increased!!-3C. 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-4%. 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 cells 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 HSCT3!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)34. 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
sjTREC 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.
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Letter to the Editor

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

ARTICLE INFO

Keywords:
Lichen amyloidosis; Oncostatin M receptor
{3; Fibronectin lli-like domain

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 3
subunit (OSMRB) [3]. OSMRP 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 Il (FNIII)-like domain adjacent to the transmem-
branous domain (Fig. 2¢). 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 IL-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 OSMRp
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 OSMRB [7]. OSM has various 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. (c) This
material stains positively with Direct Fast Scarlet.
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(a) €.2168G>T, p.G723V (b)
GGTGAAGTCCCCAGT
Proband
GGTGAARGGC CCCAGT
Ctrl

Nialv
GGN/NCC

p.G618A

p.1691T
p.G723V

OSMRB

Fig. 2. FPLCA in this family results from the mutation p.G723V in the oncostatin M receptor 3. (a) A heterozygous nucleotide substitution, ¢.2168G > T (NM_003999) in the
OSMR gene is present in the proband and her mother, (b) The mutation abolishes a restriction enzyme cut site for NlalV, resulting in an undigested DNA band in affected
individuals. M, marker; U, control (undigested); C, control (digested); P, proband; M, proband’s mother. (Digested PCR product spans exon 15 and flanking introns of OSMR.)
(c) The mutation p.G723V is located within the FNIII-like domain region, similarly to the previous reported mutations, p.G618A and p.1691T. CBD, cytokine binding domain;
FNIIL, fibronectin type IlI-like domain; tm, transmembranous domain; cp, cytoplasmic domain.

OSMR[3 were upregulated in psoriatic and atopic skin, suggest-
ing that OSM is a potent activator of skin inflammation [7]. As to
PLCA, the histopathological finding of inflammation is less
obvious, and main histological features are the pigmentary
incontinence and amyloids in the papillary dermis suggesting
the apoptosis of basal keratinocytes. Jak/STAT, Erk1/2 and PI3K/
Akt signaling, which is downstream of IL-6 type cytokine
signaling, have been reported to have antiapoptotic effects in
several tumor cell lines [10,11). These findings suggest the
functional decrease of IL-6 type cytokine receptor (including
OSMR[3) may lead to a condition that is more susceptible to
apoptosis. Recently, diminished innervations of epidermis and
dermoepidermal junction were identified in PLCA skin, indicat-
ing the damage to the nerve fibers as a possible explanation for
the severe pruritis [12]. It is speculated that the pruritis may be
the result of hypersensitivity of the remaining nerve fibers as a
response to the neurodegeneration [12]. OSMRP is also
expressed in afferent nerve fibers in the spinal cord and the
dermis of the skin [13]; therefore, the pathophysiology of PLCA
may involve both cutaneous and neural components.

Although FPLCA is relatively common in Asian countries, our
case represents the first OSMR mutation to be reported in Japanese
population.
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ORIGINAL ARTICLE

Collagen XVII Participates in Keratinocyte Adhesion
to Collagen 1V, and in p38MAPK-Dependent
Migration and Cell Signaling

Hongjiang Qiao'*, Akihiko Shibaki®?, Heather A. Long®, Gang Wang?, Qiang Li?>, Wataru Nishie?,
Riichiro Abe?, Masashi Akiyama?, Hiroshi Shimizu? and James R. McMillan'?

Collagen XVII (COL17) participates in keratinocyte adhesion and possibly migration, as COL17 defects disrupt
keratinocyte-basal lamina adhesion and underlie the disease non-Herlitz junctional epidermolysis bullosa.
Using small interference RNA (siRNA) to knock down COL17 expression in HaCaT cells, we assessed cell
characteristics, including adhesion, migration, and signaling. Control and siRNA-transfected keratinocytes
showed no difference in adhesion on plastic dishes after incubation for 8 hours in serum-free keratinocyte-
growth medium; however, when grown on collagen IV alone or BD matrigel (containing collagen IV and laminin
isoforms), COL17-deficient cells showed significantly reduced adhesion compared with controls (P<0.01), and
mitogen-activated protein kinase (MAPK)/ERK kinase (MEK)1/2 and MAPK showed reduced phosphorylation.
Furthermore, COL17-deficient HaCaT cells plated on plastic exhibited reduced motility that was p38MAPK-
dependent (after addition of the p38MAPK inhibitor SB203580). Together, these results suggest that COL17 has
significantly wider signaling roles than were previously thought, including the involvement of COL17 in
keratinocyte adhesion to collagen 1V, in p38MAPK-dependent cell migration, and multiple cell signaling events

pertaining to MEK1/2 phosphorylation.

Journal of Investigative Dermatology (2009) 129, 2288-2295; doi:10.1038/id.2009.20; published online 26 February 2009

INTRODUCTION

Collagen XVII (formerly known as BPAG2 or BP180) (COL17)
is a transmembrane protein that plays a critical role in linking
the cytoskeleton and the extracellular environment (Shimizu
et al., 1989; Franzke et al., 2005). It is also an autoantigen in
bullous pemphigoid, a blistering skin disease (Jablonska
et al., 1958; Sams, 1970; Shimizu et al., 1989). Mutations in
the human COL17 gene, COL17A1, lead to COL17 protein
deficiency, reduced keratinocyte-basement membrane adhe-
sion, and reductions in the size of hemidesmosome (HD)
plaques, involved in epidermal adhesion (McMillan et al.,
1998) (Zillikens and Giudice, 1999). These defects lead to
non-Herlitz junctional epidermolysis bullosa, an autosomal
recessive blistering disease with a variable clinical phenotype
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largely dependent on mutation severity (McGrath et al.,
1995, 1996; Bauer and Lanschuetzer, 2003).

Epidermal keratinocytes expressing defective COL17
show altered basement-membrane adhesion, increased skin
separation (Nakamura et al., 2006; Nishie et al., 2007), and
increased migration rates (Tasanen et al, 2004). COL17-
knockout mice (Nishie et al., 2007) show a similar phenotype
to that of nHJEB patients, including multiple erosions and hair
defects and premature loss of hair (McGrath et al., 1995,
1996; Bauer and Lanschuetzer, 2003).

Regulation of keratinocyte adhesion and migration likely
involves COL17 collagenous ectodomain shedding because
of cleavage close to the plasma membrane of keratinocytes
and malignant epithelial cells (Franzke et al., 2002, 2004;
Labrousse et al., 2002; Zimina et al., 2005, 2007). The shed
ectodomain is thought to regulate attachment by inducing
cell detachment, profoundly affecting cell adhesion and
subsequent signaling, thereby increasing motility, and dis-
rupting differentiation, and it is already known to be involved
in autoimmune disease development (Schumann et al,
2000).

The process of cell migration over the extracellular matrix
plays a critical role not only in maintaining epidermal
homeostasis but also in promoting angiogenesis, and it is
involved in inflammation, embryonic development (Martin
and Parkhurst, 2004), wound repair (Friedl, 2004; Fried|
et al., 2004), and tumor metastasis (Braiman-Wiksman et al.,

© 2009 The Society for Investigative Dermatology



2007; Raja et al, 2007). Central to this process, several
papers have reported that activation of the mitogen-activated
protein kinase (MAPK) pathway leads to transcriptional
control of genes important for cell proliferation and
differentiation (Zhang et al., 2004; Deng et al., 2006; Choma
et al., 2007). However, both growth factor receptors and
integrins can also induce multiple signaling events leading to
MAPK activity and the rapid induction of cell migration,
suggesting that MAPK can lead to direct activation of the
intracellular motility machinery independent of de novo gene
transcription. (Pearson et al., 2001; Stoll et al., 2003; Deng
et al., 2006; Fitsialos et al., 2007).

In this study, we analyzed the precise mechanism(s)
whereby COL17 modulates keratinocyte migration under
various physiological and pathological situations to gain a
better understanding of the general role of COL17 in the
regulation of keratinocyte adhesion, signaling activation, and
p38MAPK-dependent migration.

RESULTS

Establishment of COL17-knockdown clones

In an effort to determine whether expression of COL17 in
HaCaT cells can affect cell characteristics such as cell
motility and morphology, we used RNA interference
approaches to knock down COL17 expression. First, HaCaT
cells were transfected using lipofectamine with the plasmid-
based vector pSilencer 3.0-hygro, specific to human COL17
or to green fluorescent protein (GFP), and clones were
selected using 0.4 mg/m| hygromycin. To confirm the extent
of COL17-expression knockdown in subcloned cell lines
(si17-4 and -6; N. C., respectively vs controls), total RNA
and protein were harvested and analyzed by RT-PCR and
western blotting. COL17 gene expression studied by RT-PCR
(Figure 1a) showed a marked reduction in the relative ratio of
COL17 expression to the glyceraldehyde-3-phosphate dehy-
drogenase housekeeping gene internal control. These data
show an approximate fourfold reduction in COL17 message
expression in comparison with the control cells. Western
blotting data showed similar reductions in both mRNA and
protein expression. The blotting results, shown in Figure 1b,
showed a significantly reduced level of COL17 in cells that
had been transfected with the two vectors expressing short
hairpin RNA against COL17 (pSi-COL17). The levels were
significantly lower than those in wild type or control short
hairpin RNA (pSi-GFP) transfected-HaCaT cells, without any
detectable change in f-actin expression. Densitometry
scanning to quantify the western blots revealed the degree
of protein expression to be about 70% of control COL17
protein levels, whereas the siGFP-treated cells failed to show
any significant change in COL17 expression. All cell lines
showed no changes in cell viability compared with wild-type
HaCaT cells (data not shown).

COL17-knockdown HaCaT cells show reduced motility but no
change in adhesion

To study the role of COL17 in the migration of cells plated
onto uncoated plastic dishes, cells were incubated in serum-
free keratinocyte-growth medium at 37°C for 8hours
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HaCaT N.C.
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Laser densitometry of bands

Figure 1. Expression of COL17 in HaCaT cell lines and COL17-knockdown
clones by RT-PCR and immunoblot analysis. (a) RT-PCR studies of reference
RT-RNA samples validated decreased expression of COL17 (by approximately
fourfold) in si17-4 and si17-6 cell lines compared with normal and
mock-transfected controls. HaCaT: parental cells; N. C.: GFP siRNA
vector-transfected HaCaT cells; si17-4 and -6: COL17 siRNA-expressed
clones. Three experiments were performed in duplicate, and values represent
the mean + SE. (b) Confirmation of stable expression of COL17 in the HaCaT
cell line. The expression of actin was monitored to ensure equivalent loading
and protein transfer.

(calcium concentration at 0.2 or 1.44 mm). Subconfluent cells
were seeded, and after 2 hours the distance (in pm) migrated
by the cells was measured using ImageJ software (Figure 2a).
Compared with COL17-knockdown clones, HaCaT cells and
negative-control cell line cells migrated approximately 2- to
2.5-fold further during the ensuing 12-hour period (Figure 2b).
The addition of keratinocyte growth factor to the medium
increased the migration rates in control HaCaT cells and
COL17-knockdown cells (Figure 2b). These findings suggest
that untreated or control GFP-transfected HaCaT cells are
more motile than COL17-knockdown cells when plated on
uncoated tissue culture plastic (TCP) dishes. We then
compared the adhesion of HaCaT cells to COL17-knockdown
siRNA-treated HaCaT cells in a short-term adhesion assay on
uncoated dishes. The adhesion of siRNA-treated HaCaT cells
was equivalent to that of HaCaT cells on uncoated dishes
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Figure 2. Cell migration of control and COL17 knockdown HaCaT-derived
cell lines. (a) Representative cell tracks of control and siRNA-treated cells,
scale bar: 100 um. The distance (in um) migrated by the cells was measured
using Image} software. (b) Assessment of total cell migration distance over
12 hours showed that control and GFP-transfected HaCaT cell lines both
showed high migration rates, but the two COL17-knockdown cell lines
showed dramatically reduced rates of cell migration (by more than twofold)
on uncoated tissue culture plastic. KGF was added into HaCaT cells and
COL17-knockdown cells as positive control for assessing migration potential.
Three experiments were performed in duplicate, and values represent the
mean -+ SE.

(Figure 3a). Thus, COL17 is involved in regulating normal
migration of HaCaT cells on uncoated TCP dishes, but is not
involved in HaCaT cell attachment to uncoated TCP. To
analyze the role of COL17 in adhesion, cells were plated onto
dishes coated with different proteins, collagen types |, IV, and
BD-Matrigel. The adhesion of COL17 knockdown HaCaT
cells was significantly reduced (P<0.005) compared with that
of control HaCaT cells on collagen IV and BD-Matrigel-
coated dishes (BD-Matrigel comprises both collagen 1V and
multiple laminin isoform chains) (Figure 3a). Furthermore, the

2290 Journal of Investigative Dermatology (2009), Volume 129

a 0.16

P<0.005

*

<]
=
N

0 HaCat
siGFP
8 si17-4
= si17-6

Cell adhesion assessed by cell density
determined by optical density (OD570nm)

No coating COL1-C COL IV BD Matrigel

2,500
b P<0.005
- 2,000
3
=2
P
Q3
§ 2 1,500 o HaCat
[/ Y| .
o 8 siGFP
S8
2a si17-4
g3
o & 1,000 n si17-6
Es
c
@
Q
=

5004

COL1-C

No coating

COL IV  BD Matrigel

Figure 3. Cell adhesion and migration assays on collagen I, IV or BD-
matrigel coated dishes. (a) The results showed no differences in adhesion in
the control and COL17-deficient cells on uncoated tissue culture plastic, but
significant reductions in the number of COL17 deficient cells attached
(P<0.005) on collagen 1V and BD-Matrigel substrate. Collagen I-coated
dishes showed only minor and statistically insignificant changes in adhesive
cell number between control and COL17-deficient cells. (b} Cell migration
distance was also checked under the same conditions as adhesion. Similar
results were obtained with cells on uncoated plastic dishes with COL17-
knockdown cells showing reduced migration rates on all three substrates
compared with controls. Migration of COL17-knockdown cells showed
slightly larger reductions compared with controls when grown on collagen IV
and BD-Matrigel substrate. Three experiments were performed in duplicate,
and values represent the mean -+ SE.

extent to which adhesion was reduced was roughly equivalent
in both collagen and Matrigel-coated dishes. We surmise that
COL17 is important in cell adhesion to collagen 1V, and a
similar effect can be seen with the collagen IV present in the
BD-Matrigel-coated dishes. However, COL17-depleted cells
showed only marginally weaker binding to collagen | and is
therefore likely to be less important in cultured cell adhesion
to collagen I. The migration of these cells on different
substrates was also investigated. Similar to the results shown
on uncoated TCP dishes, HaCaT cells and GFP-transfected



control cells migrated approximately twofold farther com-
pared with COL17-knockdown clones over 12 hours when
plated on collagen IV or Matrigel-coated dishes (Figure 3b). In
addition, COL17-knockdown HaCaT cells plated on collagen |
coated dishes showed marginal reductions in motility,
although the difference was not statistically significant.

Activation of MAPK in HaCaT cells

Earlier reports have implicated the involvement of MAPK
activity in cell motility (Stoll et al., 2003; Choma et al., 2007;
Fitsialos et al., 2007). We therefore used siRNA-transfected
HaCaT cells to investigate the role of MAPK in COL17-
regulated cell motility. The activation of MAPK was measured
by antiphosphotyrosine immunoblotting. Compared with the
untreated HaCaT cells cultured in keratinocyte-growth med-
ium, siRNA-treated COL17-knockdown HaCaT cells showed
reduced MAPK/ERK kinase (MEK) 1/2 activity (Figure 4). It is
known that activated MEK1/2 can activate p38MAPK (Slack-
Davis et al., 2003; Manohar et al., 2004; Deng et al., 2006),
and this is thought to be important in the regulation of
keratinocyte migration. We therefore examined whether siRNA
treatment downregulates p38MAPK activity in HaCaT kerati-
nocytes (Figure 4). siRNA-induced COL17 knockdown reduced
p38MAPK activity in HaCaT cells. In contrast, the total amount
of both MEK 1/2 and p38MAPK was not changed by siRNA-
induced COL17 knockdown. These results indicate that COL17
knockdown reduced MAPK activity, possibly resulting in
reduced HaCaT cell migration.

MAPK inhibitors inhibit COL17-regulated cell migration but not
adhesion

To further analyze the role of p38MAPK activation in the
control of keratinocyte migration, we next investigated
whether inhibition of the p38MAPK pathways could prevent

Phospho-MEK1/2 —

MEK1/2 —

Phospho-p38

P38MAPK

Laser densitometry of bands

Actin

Figure 4. Laser densitometry analysis of protein immunoblots from control
and COL17-deficient HaCaT-derived cell lines. Laser densitometry showed
that both phospho-MEK1/2 and phospho-p38 MAPK showed reduced
immunostaining in COL17-deficient cell lines. These results showed that
MEK1/2 and MAP kinase activation is greater in untreated HaCaT cells than in
siRNA COL17-knockdown HaCaT cells. We observed no change in MEK1/2
and p38MAPK, and there was normal staining of equal intensity for the
unphosphorylated forms of MEK1/2 and p38MAPK. The expression of actin
was used as an internal standard loading and protein transfer control.
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the regulation of cell migration by COL17. Pretreatment of
cells with the p38MAPK inhibitor SB 203580 blocked cell
migration in a dose-dependent manner and also blocked the
activation of p38MAP (Figure 5a). The 10um dose was
selected as the lowest optimal dose of SB 203580 to be used
in these inhibition of migration experiments. Pretreatment of
cells with 10pm SB 203580 inhibited cell migration by
approximately 60% compared with untreated cells (Figure
5b). Under identical conditions, adhesion was again mea-
sured and the p38 inhibitor SB 203580 failed to show any
effect on cell adhesion (Figure 5c). These data show that
MAPK-inhibitors inhibit COL17-dependent cell migration but
not adhesion, and therefore p38MAPK activation is important
for migration but not adhesion in keratinocyte culture
systems.

DISCUSSION

COL17 is a HD component that is involved in
HD-attachment plaque stability and in providing basal-
keratinocyte adhesion to the underlying epidermal basement
membrane and extracellular matrix (McGrath et al., 1995;
McMitlan et al, 1998; Nishie et al., 2007). Defects in
keratinocyte COL17 expression have marked consequences
on cell behavior, as earlier papers have reported that COL17
deficiency induces a migratory phenotype (Tasanen et al.,
2004; Zimina et al., 2005). In vivo, HDs are associated with
stable keratinocyte anchorage, and conversely, HD disas-
sembly is a prerequisite for keratinocyte migration (De Luca
etal., 1994; Poumay et al., 1994; Raja et al., 2007). Thus, the
integration of COL17 in the keratinocyte attachment complex
represents an important step in the sequence of events
regulating robust keratinocyte adhesion, limiting migration,
and our results show that siRNA COL17 knockdown affects
cell migration and adhesion on collagen IV and Matrigel
substrates. Interestingly, sSiRNA COL17 knockdown of HaCaT
cells on TCP showed a reduced migratory phenotype that
contradicts other studies. Tasanen et al. reported that
keratinocytes with COL17 null mutations showed increased
cell migration compared with wild-type cells (Tasanen et al.,
2004). However, they studied human junctional epidermo-
lysis bullosa patient keratinocytes with COL17 null mutations
and used laminin 332 (laminin 5)-coated substrates that affect
keratinocyte adhesion in a different manner, and thus explain
the different findings. BD-Matrigel contains mouse laminin
isoforms (including laminin 111, formerly laminin 1, and
likely several other isoforms) and siRNA COL17-depleted
HaCaT cells exhibited reduced adhesion, which may allow
for the more motile environment shown in earlier reports. The
involvement of COL17 in cell migration has been shown
earlier(Tasanen et al., 2004; Parikka et al, 2006; Huilaja
et al, 2007). An optimum level of adhesion strength is
generally thought to be required for cell migration, suggesting
that markedly weak adhesion may also impair proper cell
traction. Similarly, excessive adhesion can also inhibit
motility, and therefore precise and correct control of cell
dysadhesion is required for optimal migration rates. The role
of COL17 in the stabilization of epithelial cells on various
matrices in vitro provides an explanation for the lack of
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Figure 5. SB 203580 inhibits COL17-regulated cell migration but not adhesion. Inhibition of keratinocyte migration by the MAPK inhibitor SB 203580 (a) is
dose-dependent, (b) but does not rely on normal COL17 levels of expression. Dose response of MAPK inhibitor SB 203580 shows a significant reduction in
keratinocyte motility at levels above 10 pm (this value was then used in subsequent experiments to determine the role of MAPK in COL17-deficient migration
suppression). Both COL17-deficient HaCaT cells and MAPK inhibition using SB 203580 suppressed keratinocyte migration to a similar extent, but (b) without
any synergistic effect, and (c) this inhibitor did not affect adhesion in any cell line. Results of western blotting, which show phosphorylation status of p38 in each
condition, three experiments were performed in duplicate, and values represent the mean + SE.

keratinocyte adhesion to the dermal-epidermal junction in
COL17-deficient nHJEB patients. indeed, patients lacking
COL17 do exhibit a relatively mild blistering phenotype
because of their lack of robust adhesion to the basal lamina
extracellular matrix components that likely include the
collagens (particularly collagen IV), 684 integrin, or laminin
332. COL17 is expressed in the upper part of the outer root
sheath hair follicle keratinocytes (Messenger et al, 1991;
Joubeh et al., 2003) and in ameloblast cells involved in tooth
formation, consistent with nHJEB patients exhibiting asso-
ciated hair and tooth defects. Cell adhesion and migration are
generally thought to be critical for the maintenance of the
keratinocyte hair follicle bulge population and interfollicular
regions, and thus loss of COL17 and subsequent effects on
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cell adhesion, migration, and signaling during the hair cycle
and differentiation in these regions explain the hair loss and
skin thinning observed in nHJEB COL17-deficient patients.
Cell migration requires a complex coordinated interaction
of proteins and signaling events that control important cell
motility events. Our results show that COL17 siRNA knock-
down affects cell migration through the p38MAPK-signaling
pathway. The MAPK pathway influences many cellular
processes, including cell division, gene transcription, and
stress responses. Many papers have reported the role of
MAPK in cell migration, acting on cytoskeletal components
(Osmanagic-Myers et al., 2006; Pullikuth and Catling, 2007).
MAPK signaling events have been shown to be triggered by a
number of different growth factors, cytokines, and integrins,



which influence specific cell migration events. Cellular
transformation by H-Ras or ¢-Src is also associated with
increased MAPK activity and enhanced cell proliferation, and
migration in neoplasia. The MAPK pathways are involved not
only in cell migration but also in aspects of cell adhesion
(integrin attachment initiates downstream signaling). In this
report, we provide evidence that p38MAPK signaling can
regulate cell migration by directly affecting the migratory
machinery. Blocking p38MAPK activity with a selective
inhibitor resulted in the loss of cell migration, with no
obvious effect on cell adhesion. Our results suggest that
COL17 may be involved in p38MAPK-signaling pathways
during cell migration, but that it is not a prerequisite for
in vitro adhesion, suggesting mutually exclusive p38MAPK-
signaling pathways involving COL17 adhesion and migra-
tion. The precise relationship between COL17 and p38MAPK
in cell migration is not yet clear: whether it is a direct
interaction or acts through other secondary factors. The
MAPK pathway cross talks with many different signaling
pathways to regulate cellular activities and likewise other
signaling molecules can influence upstream and downstream
targets of the p38MAPK pathway, which allows fine control
of specific cellular activities. With ongoing investigation, the
interactions of p38MAPK and COL17 with other signaling
pathways can be clarified.

A further important finding was that cells with normal
levels of COL17 showed higher rates of adhesion to collagen
IV or BD-Matrigel (comprising mouse laminin isoforms and
collagen IV) than to collagen | or plastic in comparison. From
our data, we hypothesize that COL17 may play a specific role
in collagen IV adhesion, albeit with weaker association in
comparison to laminin 332-integrin «6P4 adhesive interac-
tion. Such interactions fit with the clinically milder pheno-
type observed in non-Herlitz junctional epidermolysis
bullosa human patients and mouse models.

Taken together, our data suggest that keratinocyte adhe-
sion and migration are differentially regulated. This is the
case as many different adherent cell types do not migrate
without prior specific cytokine or growth factor stimulation.
Earlier studies have shown that MAPK activity is critical for
transcriptional gene events leading to cell proliferation and
differentiation, which may explain how COL17 and MAPK
activation can independently influence cell movement on
different extracellular matrices during tissue remodeling, as
well as tumor cell invasion. Our findings suggest that COL17
is important in keratinocyte adhesion and in relaying signals
from the extracellular matrix to the internal signaling
apparatus during cell migration.

MATERIALS AND METHODS

Cell culture and establishment of stable cell lines

The HaCaT cell line (Boukamp et al, 1990), a spontaneously
transformed but non-malignant human keratinocyte cell line, was
used in this study. The cells were cultured at 37 °C in a 5% CO,
humidified atmosphere in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal calf serum (Gibco BRL, Gaithersburg,
MD). HaCaT cells were passaged overnight at a concentration of
5 x 10%ml to 1 x 10°/ml, in 6-well plates under standard conditions.
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Fifteen-minutes before transfection, the medium was changed to
OPTI-MEM (Gibco Invitrogen, Carlsbad, CA) quiescent medium
(without fetal calf serum ). Transfections were carried out using
Lipofectamine transfection reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Four hours after
transfection, medium containing 10% fetal calf serum was added.
Two stable monoclonal lines from the single cell of siRNA
expression vector transfectants: (si17-4, si17-6) were established
after medium treatment with 0.3 mg/ml hygromycin (Wako, Osaka,
Japan) for 7 days, using limiting dilution’ methods. The relative
reduction in COL17 expression by siRNA was analyzed by
immunoblotting cell culture extracts and RT-PCR.

RNA interference (I)

We designed small interference siRNA nucleotides to knock down
COL17 expression as described in the manufacturer’s technical
information (Ambion, Austin, TX). A set of 19-mer oligonucleotides
(AAGTATTGCTGTCAAGCCGTG), corresponding to 4,642 nucleo-
tides downstream of the transcription start site, was selected. We
confirmed that the selected oligonucleotide sets failed to show
homology to any other genes by BLAST searching and that they
would not therefore interfere with other genes. The oligonucleotides
were synthesized and column purified. The 19-mer sense siRNA
sequence and antisense siRNA sequences were linked with a nine
nucleotide spacer (TTCAAGAGA) loop. Six T bases and 6 A bases
were added as a termination signal to the 3’ end of the forward
oligonucleotides and the 5 end of the reverse oligonucleotides,
respectively. Five nucleotides corresponding to the Bam HI (GATCC)
and Hind 1l (AGCTT) restriction sites were then added to the 5’ end
of the forward oligonucleotides and the 3’ end of the reverse
oligonucleotides, respectively. Forward and reverse oligonucleotides
were incubated in annealing buffer (100mm K-acetate, 30mm
HEPESKOH (pH 7.4), and 2 mm Mg-acetate) for 3 minutes at 90 °C,
followed by incubation for 1hour at 37°C. The annealed DNA
fragment was ligated with the linearized pSilencer 3.1-H1 hygro
siRNA plasmid expression vector (Ambion) at the Bam HI and Hind
Il sites, and a COL17 siRNA vector (pSi-COL17) was thus
constructed. A negative-control siRNA vector (pSi-GFP) that targeted
using an unrelated (non-specificc GFP cDNA seguence
5-GGTTATGTACAGGAACGCA-3' that had no matches to any
human gene was also prepared under similar conditions.

RNA extraction and quantification using RT-PCR

Total RNA was extracted from HaCaT cells using TRizol (Invitrogen,
Burlington, ON, Canada). RNA was dissolved in 30 DEPC-H,O and
immediately stored at —70°C. The concentration and purity of RNA
were evaluated by measuring the absorbance at 260nm, and by
calculating the ratio of absorbance at 260-280nm using a UV
spectrophotometer (Ultrospec-3000 spectrophotometer, Pharmacia
Biotech, UK). RT-PCR analysis for COL17 was performed on RNA
extracts using ABI prism 7500 (Applied Biosystems, Foster City, CA)
and the 5’exonuclease assay (TagMan technology). The cDNA was
used for RT-PCR performed in 96-well optical reaction plates with
cDNA equivalent to 30 ng RNA in a reaction of 25 pl containing 1X
Tagman Universal Master Mix, 900nm of specific forward and
reverse primer for COL17. Controls included RNA subjected to
RT-PCR without reverse transcriptase and PCR with water replacing
cDNA template. The data were normalized using glyceraldehyde-3-
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phosphate dehydrogenase mRNA expression levels as an internal
standard, and converted into fold change on the basis of a doubling
of PCR product in each PCR cycle, according to the manufacturer’s
guidelines described earlier.

Analysis of migration assay

The effects of COL17 on cell migration were studied using 3 cm
plastic coated dishes. HaCaT cells were incubated in serum-free
keratinocyte growth medium (Cambrex, Walkersville, MD) at 37 °C
for 8 hours. HaCaT cells in logarithmic-growth phase were detached
using trypsin-EDTA. In all, 3,000 cells were seeded in 3cm TCP
dishes and further cultured at 37°C in a 5% CO, humidified
atmosphere in serum-free DMEM. Migrating cells were photo-
graphed every 5minutes using time-lapse video (Olympus DP70,
Tokyo, Japan) from 2-14 hours after plating. The distance migrated
by 40 cells over 12 hours was later measured using Image} software
(McMillan et al., 2007). To analyze the migration on dishes coated
with different proteins, 50 pl cell matrix type | (2.4 mg/ml), type IV
collagens (2.4 mg/ml) (Nitta Gelatin, Osaka, Japan), and 50! BD
Matrigel (10.0-12.0mg/ml) (BD Bioscience, San Jose, CA) were
coated on petri dishes according to the manufacturer’s protocol.
After drying, multiwell tissue culture plates were washed in serum-
free DMEM and then used immediately for cell migration assays. For
MAPK inhibition experiments, a p38MAPK specific inhibitor (SB
203580) (Hornby, ON, Canada) was purchased from Calbiochem
and used at a final concentration of 10 um after dose optimization,
and was added to serum-free medium. At the same time, 0.5nm
keratinocyte growth factor (NIBSC, Hertfordshire, UK) was used as
positive control for migration assays (Ceccarelli et al., 2007).

Cell adhesion assays

To analyze adhesion, 96-well plates were used. Wells were rinsed
with phosphate-buffered saline (PBS) and blocked with 0.1% BSA in
PBS for 30 minutes before use. HaCaT cells in serum-free DMEM
containing 0.1% BSA were seeded at a concentration of 5 x 10*
cells/well. After 1hour at 37 °C, cells were rinsed twice with PBS,
fixed for 10 minutes at room temperature in 70% ethanol, rinsed
again with PBS and stained in 0.1% crystal violet (Tokyo Chemical
Industry, Tokyo, Japan), and kept in water for 30 minutes at room
temperature. After staining, cells were rinsed 3 times with water, air
dried, and solubilized in 1% SDS in PBS, and the OD color read with
an ELISA-plate reader (Mithras LB 940, Berthold Inc., Tokyo, Japan)
at 570 nm. A blank value corresponding to BSA-coated wells was
automatically subtracted. To analyze adhesion on dishes coated with
different proteins, cell matrix type | and type IV collagens,
BD-Matrigel was coated to the dishes using the same method as
described above. After drying, multiwell tissue culture plates were
washed in serum-free DMEM, then immediately used for cell
adhesion assays as described above.

Activation of MEK1/2 and p38MAPK

Cells were incubated in serum-free keratinocyte-growth medium at
37°C for 8hours. Cells were solubilized in SDS-sample buffer
(40mm Tris-HCl, pH 7.4, 5% 2ME, 2% SDS, 0.05% bromphenol
blue), and the cell extracts were subjected to western immunoblot-
ting analyses using either anti-phospho-MEK1/2 antibody (166F8) or
anti-phospho-p38MAPK antibody (12F8), which selectively recog-
nizes the activated forms of MEK1/2 (phosphorylated Ser 221) or
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p38MAPKs (phosphorylated Thr180/Tyr182), respectively. To detect
MEK1/2 or p38MAPKs, anti-MEK1/2 antibody or anti-p38MAPK
antibody was used. All of these antibodies were purchased from Cell
Signaling (Danvers, MA). Actin was used as the loading control to
account for equal protein loading for each blot lane. For these
experiments, equal amounts of cell extract (> 50 mg of total proteins)
were resolved on an SDS polyacrylamide gel, transferred to a
nitrocellulose membrane (Bio-Rad Laboratories, Inc., Tokyo, Japan),
and immunoblotted with corresponding antibodies. The results were
visualized by a horseradish-peroxidase-conjugated secondary anti-
body.

Immunoblotting analysis

Total cell cultures were extracted using lysis buffer as described
earlier. Cell lysates were analyzed by SDS-polyacrylamide gel
electrophoresis and blotted as described earlier, using goat anti-
COL17 (N-18) polyclonal antibody (Santa Cruz, CA), anti-MEK1/2
monoclonal antibody, and anti-phospho-MEK1/2, anti-p38MAPK
and phospho-p38MAPK (Cell Signaling, Danvers, MA), and anti-f-
actin monoclonal antibody (Chemicon, Temecula, CA). The bound
primary antibodies on membranes were incubated with peroxidase-
conjugated anti-mouse IgG+M (Jackson ImmunoResearch
Lab., West Grove, PA) or anti-goat IgG (R&D Systems, Inc.,
Minneapolis, MN) and detected by enhanced chemiluminesence
western blotting detection reagents (Amersham Biosciences, Amer-
sham, UK). Band images were detected by an LAS 1000 mini system
(Fuji Film, Kanagawa, Japan).

Statistical analysis

The data shown represent mean values of at least three different
experiments, expressed as mean * SE. Student’s ttest was used to
compare the data, and a P-value of <0.05 was considered to be
statistically significant.
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We aimed to develop a far-red luminescence imaging technology
for visualization of disease specific antigens on cell surfaces in a
living body. First, we conjugated a far-red fluorescent indocyanine
derivative to biotinylated Cypridina luciferase. This conjugate
produced a bimodal spectrum that has long-wavelength biolumi-
nescence emission in the far-red region as a result of biolumines-
cence resonance energy transfer. To generate a far-red luminescent
probe with targeting and imaging capabilities of tumors, we then
linked this conjugate to an anti-human Dlk-1 monoclonal antibody
via the biotin-avidin interaction. This far-red luminescent probe
enabled us to obtain high-resolution microscopic images of live,
Dlk-1-expressing Huh-7 cells without an external light source, and
to monitor the accumulation of this probe in tumor-bearing mice.
Thus this far-red luminescent probe is a convenient analytical tool
for the evaluations of monoclonal antibody localization in a living
body.

Cypridina luciferase | far-red luminescent probe | luciferin | tumor

An increasing number of monoclonal antibodies have been
used to target antigens on cancer cells for clinical diagnosis
and therapy, based on the fact that some antigens expressed on
cancer cells surface reflect malignant behaviors invasion, me-
tastasis, and neo-vascularization (1-5). Molecular imaging of
antibodies in the whole body will enable us to prescribe the
appropriate antibody therapy in terms of dose and the timing of
administration. Fluorescence imaging (FLI) and biolumines-
cence imaging (BLI) have played an important role in molecular
imaging in small animals (6-8). Photon detection is affordable
and easy to use compared with radioisotope imaging. BLI is
achieved with a luciferin-luciferase reaction in the presence of
molecular oxygen. However, most bioluminescence spectra are
in the visible region, overlapping with the absorption spectrum
of hemoglobin, attenuating the bioluminescence intensity in live
animals. Recently, a “self-illuminating quantum dot probe” was
developed to improve the light penetration based on biolumi-
nescence resonance energy transfer (BRET) between the biolu-
minescence of Renilla luciferase and quantum dots (9). The
multivalent conjugation of Renilla luciferase to single dots
allowed for highly efficient BRET between luciferase and quan-
tum dots. However, the large size of the conjugate may cause
problems in metabolism and localization in vivo (10).

BRET is a natural phenomenon observed in marine organ-
isms. Green fluorescent protein, for example, is a well-known
energy acceptor in the bioluminescence of Renilla luciferase and
aequorin. BRET between the bioluminescence of Renilla lucif-
erase and green fluorescent protein mutants has been used to
study protein interactions (11). Recently several far-red fluo-
rescent protein variants showing emission maxima around 650
nm were developed for in vivo imaging (12), but have not been
well characterized as energy acceptors for BRET systems. On

www.pnas.org/cgi/doi/10.1073/pnas.0908594106

the other hand, the organic dyes indocyanine and its derivatives
have molecular weights less than 1,200 Da, they produce far-red
fluorescence and are widely used for in vivo imaging applications
(13). Luciferase conjugated to such organic dyes is expected to
create possibilities for in vivo applications.

Cypridina luciferase (CLuc) catalyzes the oxidation of Cyp-
ridina luciferin to yield light emission peaking at 460 nm (14).
The luciferase genes from both the so-called sea fireflies Cyp-
ridina (Vargula) hilgendorfii and C. noctiluca have been cloned
(15, 16); we used the latter. The 62-kDa CLuc has some unique
properties as a bioluminescent enzyme (17). The secreted pro-
tein contains 17 disulfide bond pairs and is highly stable under
physiological conditions. Its turnover rate (1,400 luciferin mol-
ecules per minute) is the highest among known luciferases (18).
Recently we have established a method for the synthesis of the
substrate, and have expressed the recombinant CLuc in yeast and
applied it to ELISA (19, 20).

In the present study, we conjugated a far-red fluorescent
indocyanine derivative to biotinylated CLuc via glycol-chains
and named this far-red bioluminescent protein “FBP.” A mono-
clonal antibody against human Delta-like protein (Dlk-1), one of
the embryonic antigens expressed on the surface of many cancer
cells, was then produced (21-25). Using anti-DIk-1 monoclonal
antibody linked to FBP via biotin-avidin interaction, we achieved
bioluminescence imaging of cancer cells in vivo as well as in vitro.

Results

We designed FBP based on BRET (Fig. 14). To obtain biotin-
ylated CLuc (SI Text), we attached an Avi-Tag consisting of a
16-residue peptide SGLNDIFEAQKIEWHE to the C terminus
of CLuc (26). We then conjugated biotinylated CLuc with the
indocyanine derivative HiLyte Fluor™ 647 hydrazide via the
glycol-chains of CLuc. The band of FBP on SDS/PAGE was
shifted to high molecular weight compared with that of biotin-
ylated CLuc (Fig. 1B, lanes 1 and 2). The average substitution
was estimated to be two dyes per CLuc molecule from the UV
absorption spectrum.

FBP showed a bimodal bioluminescence spectrum, attribut-
able to intra-molecular BRET, having emission peaks at 460 nm
and at 675 nm. To investigate the possible effect of pH and ion
concentration, we measured bioluminescence spectra under
different conditions. No appreciable change was observed (Fig.
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(A) Schematic of FBP and its bioluminescence reaction. (8) SDS/PAGE of biotinylated CLuc (lane 1) and FBP (lane 2). (C) Bioluminescence spectra of FBP

measured in different pH buffer solutions containing 0.1 M NaCl. Curves all superimpose. (D) Bioluminescence spectrum of FBP in blood. (E) Relative light intensity

of FBP or CLuc in buffer. (F) Relative light intensity of FBP or CLuc in blood.

1C and Fig. S1), indicating that the BRET signal was constant
under different physiological conditions. To examine whether
the BRET signal could be detected in vivo, we measured the
bioluminescence spectrum of FBP in mouse blood (Fig. 1D). The
far-red emission peak was dominant in the bioluminescence
spectrum. Furthermore, to compare light intensity of FBP and
CLuc under various conditions, we measured these probes in
buffer as well as in blood with a commercial CCD imaging
system. We found the light intensity of FBP was almost the same
as that of CLuc in buffer (Fig. 1E), whereas the light intensity
of FBP in blood was three-times higher than that of CLuc (Fig.
1F). These results suggested that FBP is suitable for in vivo
imaging in live animals.

DIk-1 is one of the embryonic antigens expressed on the
surface of many cancer cells. It is highly expressed in fetal tissues
including liver, but is undetectable in adult liver (23). To obtain
a monoclonal antibody against Dlk-1, we prepared a human
embryonic kidney cell line (HEK293 cells) stably expressing
Dlk-1-antigen (HEK293-Dik-1). Mice (BALB/c) were immu-
nized with HEK293-Dik-1cells or with the expression vector that
encodes full-length Dik-1 cDNA. An anti-human Dik-1 mono-
clonal antibody (DI-2-20) was screened by ELISA and flow
cytometry. Immunocytochemical analyses showed that the anti-
human DIk-1 monoclonal antibody detected Dlk-1 antigen on
DIk-1-positive human hepato-cellular carcinoma cell line (Huh-7
cells) (Fig. 24). In contrast, no green fluorescence signal was
found on the surface of Dlk-1-negative Huh-7 cells (Fig. 2B).
Western blot analyses clearly indicated the exclusive expression
of DIk-1 antigen on DIk-1-positive Huh-7 cells (Fig. 2C).

After the antibody was conjugated to maleimide-activated
avidin, we loaded the reaction mixture on a size-exclusion
column (Fig. 34). The eluted fractions were subjected to a
bioluminescence ELISA using FBP and anti-mouse IgG coating
plate. A high molecular weight protein of approximately 500 kDa
showed strong bioluminescence (Fig. 3B). To reduce the size of
the antibody and avidin conjugate, we treated the antibody with
2-mercaptoethylamine, a mild reducing agent that can selectively
cleave hinge-region disulfide bonds between the heavy chains of
antibody molecules. The two functional half antibodies were
then conjugated to maleimide-activated avidin and purified on
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a size-exclusion column (Fig. 3C); the reduced antibody-avidin
conjugate of approximately 200 kDa was collected (Fig. 3D).

To evaluate the capabilities of the far-red luminescent probe,
which we now call FBP-IgG, consisting of FBP and avidin-bound
antibody (Fig. 44), we performed microscopic BLI. After incu-
bating the conjugate with DIk-1-positive or DIlk-1-negative
Huh-7 cells cultured in a dish, a strong bioluminescence signal
was observed from DIk-1-positive Huh-7 cells, but not from
DIk-1-negative Huh-7 cells (Fig. 4 B and C). For comparison, we
similarly prepared a probe CLuc-IgG by mixing biotin-CLuc with
avidin-bound reduced anti-Dlk IgG.
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anti-tubulin

Fig. 2. Dlk-1-positive Huh-7 cells. (A and B) Fluorescence micrographs of

Dlk-positive Huh-7/DIk-1 cells and Huh-7 cells. Hoechst33342 and FITC were
used for nuclear staining (blue) and DIk-1 staining (green), respectively. ()
Western blot analyses of Dik-1-positive and Dlk-1-negative Huh-7 cells.
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Fig.3. Antibodieslinked to avidin. (A) Purification of avidin-bound antibody
by gel filtration column chromatography on TSK gel G3000SW column. (B)
Bioluminescence ELISA was used to detect antibody-avidin conjugates; aster-
isk represents collected fraction. (C) Purification of reduced antibody-avidin
by gel filtration column chromatography. (D) Bioluminescent ELISA was used
to detect reduced antibody-avidin conjugates; asterisk represents collected
fraction. RLU, relative luminescence unit.

We developed several tumor-bearing nude mice xenografted
with Dlk-1-positive Huh-7 cells (Fig. 54 and B and Fig. $24 and
B). At 24 h postinjection of CLuc-IgG (upper panels) or FBP-
IgG (lower panels), the mice were injected with a solution of
Cypridina luciferin, and 5-10 min later, BLI were obtained using
a commercial CCD imaging system. The images (Fig. 5 C and D)
showed that both Cluc-IgG and FBP-IgG probes were visible at
the tumor site, with that from FBP-IgG two fold higher than that
of CLuc-IgG, and the signal to noise ratio also improved. To
determine if BRET occurs in these live animals, we measured

A

Cell

Antibody

“HuH-7/DIK -

Fig. 4. (A) Schematic of FBP-IgG showing targeting to tumor cells. (B) BLI of
Dlk-1-positive Huh-7/Dlk cells. (C) BLI of Dik-1-negative Huh-7 cells. (Scale bars,
200 pm).
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BLI in the presence of the 570 nm long pass filter. The signal
from FBP at the tumor site (Fig. SF) was significantly higher than
that of CLuc (Fig. 5E), showing that the BRET system was
active.

Fluorescence imaging of the mice was performed just before
luciferin injection using the same CCD imaging system and a set
of Cy-5 filters. Although CLuc-IgG does not contain the fluo-
rescent dye, autofluorescence from tissue was observed (Fig.
5G). During the initial 20 min after the injection of FBP-IgG, we
observed a strong fluorescent signal from the whole of the
animal, because of blood circulation (Fig. 5H). However, at 24 h
postinjection of the imaging probes, fluorescence images showed
little difference between CLuc and FBP of fluorescent signals at
tumor sites (Fig. 5 I and J). In addition, at 48 h postinjection,
bioluminescence images and fluorescence images were similar to
those seen at 24 h postinjection (Fig. S2 C-J).

Discussion

The use of luciferase as a bioluminescent tag is a convenient and
clean approach for in vivo imaging with advantages over radio-
activity; also, background is much lower with bioluminescence
than with fluorescence. CLuc is a well-known bioluminescent
enzyme. Its high quantum yield and turnover-rate makes it a
sensitive reporter in small animals as well as in vitro. A limiting
factor for the use of CLuc as a bioluminescent tag for in vivo
imaging is the blue emission that overlaps with the absorption
spectrum of hemoglobin. In the present study, we chose an
organic dye as the energy acceptor for BRET with CLuc because
of its low molecular weight. The bioluminescence spectrum of
CLuc overlaps a part of the absorption spectrum of the dye (Fig.
S3). BRET efficiency was estimated to be 0.3, based on the ratio
of light intensity at 675 nm to that at 460 nm (Fig. 1C). A possible
alternative approach would be the use of a luciferase system that
emits red light, such as the railroad worm Phrixothrix, whose
emission peaks at 628 nm, Although we have not evaluated this
system, its recombinant luciferase may not be suitable as it is an
unstable protein (27). Furthermore its bioluminescent system
requires the cofactor ATP, which is not available in extra-cellular
environments.

For the detection of liver cancer cells, we prepared a mono-
clonal antibody against Huh-7 cells expressing Dlk-1. Chemical
conjugation of the anti-Dlk-1 antibody to avidin yielded a high
molecular weight complex (Fig. 34). We obtained high-
resolution microscopic BLI using the avidin-bound unreduced
antibody and FBP (Fig. 4B), an example of such imaging in single
isolated antigen-expressing cells without an external light source.
On the other hand, we found that its utility in live animals was
poor (Fig. S4). Therefore, we conjugated the reduced antibody
to avidin for in vivo imaging, and found that it can be used to
target the cell surface antigen despite its low avidity compared
to full antibody. Previous studies have shown that fusion of
antibody fragments with a luciferase is another efficient way to
label antigens on the cell surface (28, 29). However, our chemical
conjugation is more easily applicable to the preparation of other
CLuc-antibody probes targeting various disease-specific mark-
ers, because many antibodies are commercially available.

We found that FBP displayed a 2-fold increase in light output
versus CLuc as a bioluminescent tag for in vivo imaging (Fig. 5
C and D). Since CLuc and FBP use the same luciferase and
luciferin, the increased light emission in the far-red part of the
spectrum is the direct cause of the improvement of the signal to
noise ratio. With fluorescence imaging, we found several diffi-
culties for tumor-specific detection. The images (Fig. 5G) show
fluorescence signals from the CLuc-IgG mouse because of
endogenous fluorophores. In the mouse injected with excess
amount of FBP (20 pug), we found a strong fluorescence signal
from the whole body (Fig. 5H). However, little difference
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Fig.5. Images of live animals. (A and B) Photographs of two tumor-bearing mice. (Cand D) 24 h after the administration of CLuc-1gG or FBP-igG, fuciferin was
injected and the bioluminescence images (BLis) were obtained using a CCD photon imaging system. Color scale, photons/s/steradian. (£ and F) The biolumines-
cence images were obtained with 570 nm long-pass filter. (G and H) Fluorescence images (FLIs) of tumor-bearing mice shown in panels A and Bimmediately after
the administration of CLuc-IgG or FBP-IgG were obtained with the same CCD photon imaging system and a set of Cy5 filters. (/ and J) FUIs of the tumor-bearing
mice shown in panels A and B 24 h after administration of CLuc-IgG or FBP-IgG, but before luciferin injection, were obtained under same conditions.

between tumor sites and normal tissues were observed at 24 h
(Fig. 5J) and 48 h (Fig. S27).

In summary, we have established a bioluminescent protein
based on CLuc and a fluorescent dye. This BRET system can be
used in the imaging of tumor tissues in small animals. Meanwhile
the performance of FBP has been shown to be better than that
of CLuc in vivo. Although little is known about the toxicity of
Cypridina luciferin and Cypridina luciferase, and this remains to
be investigated, this FBP offers a very useful analytical tool for
the evaluations of monoclonal antibody localization in live
animals.

Materials and Methods

Preparation of FBP. A mixture of 0.1 mg biotinylated CLuc and 1 umol sodium
metaperiodate in 0.1 ml of 0.1 M sodium acetate buffer (pH 5.2) was incubated
at 4°C for 30 min. To stop the reaction, glycerol was added to a final
concentration of 15 mM. The reaction mixture was incubated at 4 °C for 5 min
and then loaded onto a size-exclusion column. Oxidized biotinylated CLucwas
eluted with 0.1 M sodium acetate buffer (pH 5.2). Fractions giving strong
bioluminescence signals were pooled and concentrated using an Ultrafree-0.5
centrifugal filter device and an equivalent volume of 10 mM Hilyte Fluor™
647 hydrazide (AnaSpec) in 0.1 M sodium acetate buffer (pH 5.2) was added.
The mixture was incubated at room temperature for 2 h, and thenloaded onto
a size-exclusion column, and FBP was eluted with the 0.1 M potassium phos-
phate buffer (pH 7.2) containing 0.15 M NaCl. Fractions showing strong
bioluminescence signals were combined and stored at 4 °C until use. Biolu-
minescence emission spectra were measured by mixing 0.1 mM Cypridina
luciferin and FBP in various buffers on an ATTO AB-1850 LumiFL-Spectrocap-
ture. To determine the effects of pH onthe bioluminescence spectra, a 100mM
sodium phosphate buffer (pH 6.5), 100 mM Tris-HCl buffer (pH 7.4) or 100 mM
Tris-HCl buffer (pH 8) containing 0.1 M NaCl were used. To determine the
effects of high ion concentration on bioluminescence spectra, the same
buffers containing 0.5 M NaCl was used, while to determine the effect of
hemoglobin on the bioluminescence spectra, 100 mM Tris-HCl buffer contain-
ing 0.1 M NaCl and 150 mg/mL hemoglobin was used. All spectra were
normalized. Relative light intensity was measured by the addition of Cypridina
luciferin (40 ng) to the PBS buffer (100 ul) or blood (100 ul) containing either
FBP (25 ng) or CLuc (25 ng).

Isolation of Full-Length DIk-1 ¢cDNA from Human. PCR primers were designed
based on the gene sequences of human Dlk-1 (GenBank accession no.
U15979). Sequences of the prepared primers were as follows: forward primer:
5'-cgc-gtc-cge-aac-cag-aag-ccc-3' and reverse primer: 5’-aag-ctt-gat-cte-cte-
gtc-gee-gge-c-3’. To the reverse primer, Hindlll restriction site was added. PCR
was performed using these primers and cDNAs synthesized from total RNAs
prepared from human liver at embryonic week 10 (TaKaRa). PCR product was
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cloned into PCRIl vector (invitrogen) (pCRIl-hdlk-1). To construct the expres-
sion vector, Flag tag sequences were inserted into the Hindlll/Sall site of
pBluescript Il SK(+) vector (Stratagene) (pBS-Flag). Then, an EcoRI/Hindili
fragment was cleaved off from pCRII-hdlk-1 and inserted into the EcoRI/Hindlil
site of pBS-Flag vector (pBS-hdlk-1-Flag). An EcoRl/Sall fragment was cleaved
off from pBS-hdlk-1-Flag and inserted into the EcoRi/Xhol site of pcDNA3.1
vector (Invitrogen) (pcDNA-hdlk-1-Flag).

Generation of Cell Lines Stably Expressing DIk-1. The HEK293 cell and Huh-7 cell
line derived from human liver cancer were furnished by the Japan Health
Sciences Foundation. The expression vector pcDNA-hdlk-1-Flag was intro-
duced into those cell lines using LipofectAMINE-plus reagent (invitrogen), in
accordance with the manufacturer’s instruction. After selection with G418
antibiotic (Geneticin, Calbiochem), the HEK293-hdlk-1 and the Huh-7-hdlk-1
cell line that stably expresses human Dlk-1 were established.

Generation of Anti-DIk-1 Monoclonal Antibody. Mice (BALB/c) were immunized
with HEK293 cells that stably express human Dlk-1 or with the expression
vector that encodes full-length human Dlk-1 cDNA. Hybridomas were gener-
ated by fusion of B cells to mouse myeloma cells (P3-X63-Ag8.653 or SP2/0-
Ag14) by a conventional method. After selection with HAT supplement (in-
vitrogen) containing media, hybridoma clones each of which produces an
anti-human DIk-1 monoclonal antibody were screened by ELISA and flow
cytometry. To prepare purified antibody protein, the hybridoma cione wasi.p.
administered to BALB/c nude mice at a dose of 3 X 108 cells, which was treated
with 2,6,10,14-tetramethylpentadecane (pristane) 7 days before administra-
tion. After collection of ascites, the monoclonal antibody (D1-2-20) was puri-
fied with a protein G column (GE Healthcare).

Immunostaining and Western Blot Analyses. For immunocytostaining, Huh-7/
Dlk and Huh-7 cells were cultured and fixed with ice-cold 100% methanol.
Hoechst33342 was used for nuclear staining. Newly developed anti-human
Dlk-1 monoclonal antibody (DI-2-20) and a goat FITC-labeled anti-mouse IgG
(Santa Cruz Biotechnology) were used for Dlk-staining. For western blot
analysis, Huh-7/Dlk and Huh-7 cells were harvested and whole cell protein
extracts were prepared. Thirty ug protein was separated by 10% SDS/PAGE
and transferred to a nitrocellulose membrane. An anti-human DIk-1 mono-
clonal antibody (DI-2-20) and goat anti-mouse IgG (Santa Cruz Biotechnology)
were used as primary and secondary antibodies, respectively.

Avidin Antibody. Conjugation of anti-human Dlk-1 monoclonal antibody or
reduced antibody to avidin was performed with EZ-link maleimide activated
NeutrAvidin™ protein, in accordance with the manufacturer's instruction
(Pierce). The avidin-bound antibody was purified by gel filtration column
chromatography using a TSK gel G30005W cotlumn (Tosoh). Collected fractions
were diluted and then added to a 96-well plate precoated with goat anti-
mouse lgG. After the plate was washed, a solution of FPB was added and
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incubation was carried out. Bioluminescent measurements were performed
with a 96-well plate reader (Berthold Technologies) after adding of 100 ut of
1 uM Cypridina fuciferin solution (0.1 M Tris-HCl pH7.4/0.3 M sodium ascor-
bate/0.02 M sodium sulfite) to each well.

Living-Cell BLI. For live-cell BLI, Huh-7/Dlk and Huh-7 cells were cultured and
washed with cold PBS buffer containing 1% BSA (1% BSA/PBS). Each cell line
was incubated with the probe solution containing avidin-bound antibody (25
19) and FBP (25 ng), diluted with 1% BSA/PBS buffer at 4 °C for 120 min, and
then washed three times with 1% BSA/PBS buffer. PBS buffer containing
Cypridina luciferin (1 uM) was added to detect luminescence from the probes
on the cell surface. Light was measured with Cellgraph™ (ATTO Co.) with
5-min exposure.

Optical Imaging in Live Animals. Six-week-old male BALB/c nu/nu mice each
weighing ~20 g were obtained from CLEA Japan, Inc.). All procedures involv-
ing animals and their care were approved by the Ethics Committee of Hok-
kaido University in accordance with institutional and Japanese government
guidelines for animal experiments. Huh-7/DIk cells (5 x 108 cells/animal) in 100
uL solution (PBS: Matrigel = 1: 1) were implanted s.c. into the back of mice.
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Matrigel was obtained from BD Biosciences. Tumor growth was monitored
until it reached an acceptable size. For in vivo imaging, a 0.8-mL solution
containing FBP-1gG or CLuc-IgG (25 ng/pl) was injected to mice intravenously.
The same experiments were carried out twice. To obtain bioluminescence
image, the mice were given injections of 100 uL of 2 ug/pl Cypridina luciferin
at 24 h or 48 h. Bioluminescence imaging was performed by Photon Imager
(Biospace Lab) equipped with an intensified CCD camera (18 mm diameter,
objective lens: 24 mm, f/1.4-22) between 5 and 10 min after luciferin injection
with 0.5-min exposure in the absence or in the presence of 570 nm long pass
filter (30). In vivo fluorescence imaging was carried out just before luciferin
injection using the same equipment with a Cy5 filter set (a 60-nanometer
excitation pass band filter from 590 to 650 nanometers with a peak at 620 nm,
and a 660 nanometers long-pass filter for the detection of emission) with
0.5-min exposure.
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