Table 2. Associations between patient age and epigenetic features, CIMP and MSI status, and miR-31 expression in serrated lesions ac-
cording to histopathology

BRAF mutated cases

Non-elderly 47% (62/132) 0.67
Elderly 40% (4/10)

KRAS mutated cases
Non-elderly 20% (26/130) 0.47
Elderly 30% (3/10)

IGFBP7 methylated cases
Non-elderly 13% (17/132) 0.10
Elderly 0% (0/10)

MGMT methylated cases
Non-elderly 3.9% (5/129) 0.42
Elderly 10% (1/10)

MLH1 methylated cases
Non-elderly 3.1% (4/129) 0.34
Elderly 10% (1/10)

RASSF2 methylated cases
Non-elderly 3.8% (5/132) 0.39
Elderly 0% (0/10)

CIMP-high cases
Non-elderly 7.8% (10/129) 0.24
Elderly 20% (2/10)

MSI-high cases
Non-elderly 1.5% (2/132) 0.59
Elderly 0% (0/10)

High miR-31 cases
Non-elderly 16% (21/132) 0.74

Elderly

20% (2/10)

369 (102/119) 0.43 66% (68/103) 0.83
77% (10/13) 69% (11/16)
3.4% (4/119) 0.36 20% (20/102) 0.63
0% (0/13) 25% (4/16)
389% (45/119) 0.61 17% (17/103) 0.83
31% (4/13) 19% (3/16)
8.4% (10/119) 0.14 8.8% (9/102) 0.098
23% (3/13) 0% (0/16)
18% (21/119) 0.027 3% (3/101) 0.34
46% (6/13) 0% (0/16)
18% (21/119) 0.28 14% (14/103) 0.60
31% (4/13) 19% (3/16)
41% (49/119) 0.38 19% (19/102) 0.27
549% (7/13) 31% (5/16)
1.7% (2/119) 0.0042 2% (2/102) 0.38
23% (3/13) 6.3% (1/16)
36% (43/119) 0.022 43% (43/100) 0.37
69% (9/13) 31% (5/16)

Percentages indicate the proportion of patients based on age (non-elderly, aged <75 years; elderly, aged 275 years) according to his-

topathology.

tients (36, 33, 4.3 and 9.2%, respectively, aged <75 years,
all p < 0.01). No significant differences were found be-
tween elderly CRC patients and younger patients for oth-
er clinical and molecular features. Based on Kaplan-Mei-
er analysis, older age (elderly) was not significantly asso-
ciated with patient survival for CRC-specific mortality
(data not shown).

Discussion

We conducted this study to identify the clinical, path-
ological and molecular features of colorectal tumors
found in elderly Japanese patients. The frequency of el-
derly patients with SSAs with cytological dysplasia was
significantly higher than that of those with other serrated

Clinicopathological and Molecular
Features of Serrated Lesions in Elderly

lesions and non-serrated adenomas. In elderly patients,
all SSAs were located in the proximal colon. With regard
to molecular alterations, high miR-31 expression, MLH1
methylation and MSI-high status were more frequently
detected in SSAs from elderly patients than in those from
non-elderly patients. In contrast, no significant differenc-
es were found between older age of onset and HGD for
TSAs or non-serrated adenomas in any of these molecu-
lar alterations.

A number of investigators have reported that SSAs
with cytological dysplasia have genetic and epigenetic ab-
normalities and are at a high risk of progression to CRCs
(10, 12, 16-18, 26, 32]. MLHI methylation leads to MSI-
high CRC, and repeat tract mutations in genes such as
TGEJRII are restricted to those lesions with cytological
dysplasia in SSAs [26, 33-35]. We recently reported that
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the frequency of CIMP-high status was much higher in
SSAs with cytological dysplasia than in those without dys-
plasia [17]. Moreover, our current data showed that
MLH]I methylation and MSI-high status were more fre-
quently detected in SSAs from elderly patients than in
those from non-elderly patients. These results suggest
that MLHI methylation that leads to MSI-high CRC may
accumulate with aging and play an important role in SSA
progression.

MicroRNAs (miRNAs) are a class of small non-coding
RNA molecules that act as posttranscriptional gene regu-
lators and have been increasingly recognized as useful
biomarkers for CRC [1, 17]. Using microRNA array anal-
ysis, we recently discovered that miR-31 expression was
significantly upregulated in BRAF-mutated CRCs com-
pared with that in wild-type CRCs [1]. Moreover, asso-
ciations were found between miR-31 expression, proxi-
mal tumor location and poor CRC prognosis. We also
reported that the frequency of high miR-31 expression
was higher in SSAs with cytological dysplasia than that in
SSAs without dysplasia [17]. In the current study, our
data showed that the frequency of high miR-31 expres-
sion was significantly higher in SSAs from elderly patients
than in those from non-elderly patients. Because no pre-
vious study has reported on an association between the
age of onset and miRNA expression in colorectal serrated
lesions, this is the first report to show that miR-31 may be
an age-dependent factor for SSA.

Previous studies conducted in the USA and European
countries reported that the frequencies of being female,
proximal colon location, BRAF mutations and CIMP-
high status were significantly higher for elderly CRC pa-
tients than for non-elderly patients [22, 27-29]. Similar
results were observed in the current study using a large
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Identification of relapse predictors in IgG4-related
disease using multivariate analysis of clinical data at
the first visit and initial treatment
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Abstract

Objectives. Inducting clinical remission by glucocorticoid treatment is relatively easy in IgG4-related dis-
ease (IgG4-RD), but relapse also occurs easily with tapering of the steroid dose. The present study tried to
analyse the cases to extract predictors of relapse present at the diagnosis of IgG4-RD.

Methods. Subjects comprised 79 patients with 1gG4-related dacryoadenitis and sialadenitis, known as
Mikulicz’'s disease, who were diagnosed between April 1997 and October 2013 and followed-up for >2
years from the initial induction treatment. They were applied to Cox proportional hazard modelling, based
on the outcome of interval to relapse. We performed multivariate analysis for the clinical factors of these
cases and identified predictors of relapse.

Results. Identified factors were male sex and younger onset in cases without organ involvement at
diagnosis and low levels of serum IgG4 in cases with organ dysfunction at diagnosis. Complication
with autoimmune pancreatitis and low steroid dose at initial treatment also tended to be associated
with recurrence.

Conclusion. Follow-up is important in cases with recognized risk factors for relapse, including male sex
and younger onset in cases without organ damage.

Key words: autoimmune pancreatitis, IgG4-related disease, Mikulicz’'s disease, multivariate analysis, relapse.

treatment [3], but relapse also readily occurs when the
steroid dose is tapered [4]. The annual rate of recurrence
lgG4-related disease (IgG4-RD) can cause irreversible  jn 2012 was 19.0% in our facility, and half of relapsed
damage to various organs through type 2T helper (Th2)  cases reportedly present with new organ lesions [5].

Introduction

CLINICAL

inflammation and progressive fibrosis [1, 2]. Induction of
clinical remission is easily achieved using glucocorticoid
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On the other hand, many cases can continue in clinical
remission with low-dose glucocorticoid, and steroid can
even be discontinued in some cases. Because no markers
can reflect disease activity and predict relapse in
19G4-RD, rheumatologists often encounter difficulties
in clinical practice. Thus the present study tried to analyse
cases followed for >2 years after initiating therapy to
extract predictors of relapse present at the diagnosis of
1gG4-RD.

Methods

Subjects comprised 79 patients with IgG4-related
dacryoadenitis and sialadenitis, known as Mikulicz’s
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disease, who were diagnosed between April 1997 and
October 2013 and followed up for =2 years from the
initial induction treatment. Cases were diagnosed with
hilateral and continuous enlargement of the lacrimal and
salivary glands, elevated levels of serum IgG4 and
abundant infiltration of IgG4-bearing plasmacytes into
involved organs. We analysed the following clinical
factors: sex; age at onset; disease duration; eosinophil
count; serum levels of IgG, 1gG4 and IgE at diagnosis;
presence of hypocomplementaemia and ANA and levels
of RF at diagnosis; presence of organ involvement other
than the lacrimal and salivary glands; numbers of organ
lesions other than those of the lacrimal and salivary
glands; complication with autoimmune pancreatitis,
lgG4-related kidney disease or retroperitoneal fibrosis
and the initial dose of steroid. Disease duration was
defined as the interval between the appearance of
subjective symptoms and the start of treatment.
Autoimmune pancreatitis, lgG4-related kidney disease
and retroperitoneal fibrosis were diagnosed based on
imaging findings. As our treatment protocol, starting
prednisolone at a dose of 0.6 mg/kg/day was appropri-
ate with only lacrimal and salivary gland involvement,
increasing to 1.0 mg/kg/day with multiple organ lesions.
The initial dose of prednisolone was continued for 2-4
weeks, tapering the dose by 10% every 2 weeks.
If the patient was >80 years of age or had existing com-
plications, the amount of prednisolone was decreased
up to 30% of the predetermined amount. Relapse
was defined as re-enlargement of the lacrimal and/
or salivary glands or appearance of other organ
involvement.

First, all 79 cases were applied to Cox proportional
hazard modelling, based on the outcome of interval to
relapse. We performed uni- and multivariate analysis for
each clinical factor and identified predictors of relapse. On
multivariate analysis, we used the backward elimination
method (Wald method, excluding factors presenting with

TasLe 1 Characteristics of the patients

P = 0.1) and extracted the factors offering high predictive
power. The existence of organ involvement was con-
sidered to represent a strong risk factor for relapse. We
stratified patients into groups with and without organ
lesions at diagnosis and performed uni- and multivariate
analysis for each group. In multivariate analysis, we
applied those variables that showed P < 0.2 in univariate
analysis and used the backward elimination method (Wald
method, excluding factors presenting with P> 0.1).
P-values < 0.05 were considered statistically significant.
All statistical analyses were performed using SPSS
Statistics version 20.0.0 software (IBM, Armonk, NY,
USA).

Written consent to use the information from these
cases was obtained from all patients in accordance
with the Declaration of Helsinki. This study proceeded
under the approval of the Sapporo Medical University
Hospital Institutional Review Board (SMU 22-57,
24-1585).

Results

Table 1 shows the profiles of the patients. For the 79
cases, age at onset, presence of organ involvement and
complication of autoimmune pancreatitis at diagnosis in
univariate analysis and age at onset, levels of serum IgG
and RF and presence of organ involvement at diagnosis in
multivariate analysis were extracted.

The results from analyses by group with and without
organ involvement, which was considered a strong
predictor of relapse, showed that sex, age at onset and
disease duration were significant on univariate analysis
and sex and age at onset were extracted from multivariate
analysis for the group without organ lesions at diagnosis.
On the other hand, levels of serum IgG and i1gG4 at diag-
nosis were significant on univariate analysis and the level
of serum IgG at diagnosis was extracted by multivariate
analysis for the group with organ dysfunction (Table 2).

Organ involvement at the first visit

Presence Absence

No relapse during

follow-up
n=28

Male:ferale, mean (s.n.) 8:20 (1:2.5)
Age at onset, mean (s.p.), years 62.6 (10.8)
Period of illness, mean (s.p.), years 1.39 {1.69)
Eosinophils, mean (s.0.), per ml 220.7 (252.8)
Serum IgG, mean (s.n.), mg/dl 2035.0 (1027.0)
Serum IgG4, mean (s.n.), mg/d! 556.5 (393.2)

Serum IgE, mean (s.p0.), IU/ml 314.1 (439.4)

Hypocomplementaemia, % 14.3
ANA positive, % 17.9
RF positive, % 14.3

Relapse during No relapse during  Relapse during

follow-up follow-up follow-up
n=5 n=24 n=22
3:2 (1:0.7) 16:8 (1:0.5) 10:12 (1:1.2)
45.8 (18.0) 60.3 (8.5) 55.2 (12.7)
4.00 (3.39) 1.29 (1.81) 2.45 (2.63)
106.0 (60.7) 234.4 (195.5) 314.3 (287.8)
1479.6 (160.2) 3326.3 (2338.5) 2264.5 (880.4)
221.8 (181.1) 1192.1 (1033.4) 716.7 (466.8)
412.4 (395.5) 470.8 (391.9) 272.1 (241.3)
20.0 29.2 18.2
40.0 25.0 18.2
60.0 16.7 18.2
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Relapse predictors in lgG4-related disease

TasLe 2 Uni- and multivariate analysis for risk factors associated with relapse in IgG4-related disease

Univariate analysis Multivariate analysis
P-value Hazard ratio 95% Cl P-value Hazard ratio 95% Cl
Totals (n=79)
Male sex 0.120 1.869 0.850, 4.109
Age at onset 0.006 0.961 0.935, 0.989 0.004 0.955 0.925, 0.985
Disease duration 0.062 1.119 0.994, 1.261
Eosinophil count 0.641 1.000 0.998, 1.001
Serum level of IgG before Tx 0.052 1.000 0.999, 1.000 0.003 0.999 0.999, 1.000
Serum level of 1IgG4 before Tx 0.111 0.999 0.999, 1.000
Serum level of IgE before Tx 0.180 0.999 0.998, 1.000 0.051 0.999 0.997, 1.000
Hypocomplementaemia 0.312 0.602 0.225, 1.612
ANA 0.707 0.839 0.337, 2.093 o
RF 0.575 1.281 0.540, 3.042 g
RF titre 0.743 0.998 0.989, 1.008 0.010 1.018 1.004, 1.033 e
Other organ involvement 0.010 3.590 1.355,9.512  <0.001 11.077 3.028, 40.523 §
Number of other organ involvements  0.122 1.340 0.925, 1.940 E;
Autoimmune pancreatitis 0.013 3.184 1.280, 7.924 g’
IgG4-related kidney disease 0.953 0.968 0.333, 2.813 =
Retroperitoneal fibrosis 0.447 1.379 0.603, 3.151 "Ci
Initial dose of glucocorticoid 0.595 1.009 0.977, 1.041 0.050 0.953 0.908, 1.000 =
Without organ involvement (n = 33) 2
Male sex 0.078 7.842 0.796, 77.228  0.015 342.461 3.069, 38217.013 5
Age at onset 0.022 0.938 0.887, 0.991 0.004 0.856 0.769, 0.952 2
Disease duration 0.008 1.554 1.122, 2.152 "é
Eosinophil count 0.215 0.994 0.984, 1.004 %
Serum level of IgG before Tx 0.115 0.996 0.992, 1.001 g
Serum level of igG4 before Tx 0.116 0.995 0.989, 1.001 f{
Serum level of IgE before Tx 0.996 1.000 0.998, 1.002 E
Hypocomplementaemia 0.958 0.941 0.102, 8.715 &
ANA 0.231 3.015 0.496, 18.334 2
RF 0.108 4.397 0.724, 26.721 s
RF titre 0.881 0.998 0.967, 1.029 c
Initial dose of glucocorticoid 0.320 1.094 0.916, 1.306 %
With organ involvement (n =46) @,
Male sex 0.928 1.041 0.441, 2.453 <
Age at onset 0.152 0.974 0.939, 1.010 3
Disease duration 0.882 1.011 0.875, 1.168 2.
Eosinophil count 0.978 1.000 0.998, 1.002 S
Serum level of IgG before Tx 0.012 0.999 0.999, 1.000 0.015 0.999 (0.999, 1.000) 5
Serum level of IgG4 before Tx 0.023 0.999 0.999, 1.000 §>‘,
Serum level of IgE before Tx 0.142 0.999 0.997, 1.000 5
Hypocomplementaemia 0.204 0.491 0.164, 1.472 ;
ANA 0.148 0438  0.144, 1.338 &
RF 0.933 0.954 0.319, 2.851 g
RF titre 0.800 0.999 0.990, 1.007 =
Number of other organ involvements 0.375 0.732 0.367, 1.459 N
Autoimmune pancreatitis 0.089 2.417 0.875, 6.673 0.054 2.828 (0.981, 8.157) §
IgG4-related kidney disease 0.337 0.587 0.198, 1.741 e
Retroperitoneal fibrosis 0.553 0.767 0.320, 1.842
Initial dose of glucocorticoid 0.127 0.974 0.941, 1.008 0.055 0.960 0.921, 1.001

Tx: treatment. Significant values are indicated in bold. The upper section of the table shows total, the middle section shows
without organ involvement other than lacrimal and salivary gland lesions and the lower section shows with organ involvement
other than lacrimal and salivary gland lesions.

Male sex and younger onset in cases without organ Discussion

involvement and a low level of serum IgG at diagnosis in

cases with organ dysfunction were identified as predictors The results of this analysis showed that extracted
of relapse. predictors of relapse differed between cases with
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and without organ dysfunction at diagnosis in lgG4-
related dacryoadenitis and sialadenitis. This might
provide an opportunity to reconsider initial treatment in
1gG4-RD.

First, we discuss cases without organ lesions other than
of the lacrimal and salivary glands in IgG4-related
dacryoadenitis and sialadenitis. Male sex and younger
onset were predictors of relapse. IgG4-RD is a disorder
based on Th2 inflammation [1]. With regard to the
relationship between Th1/Th2 cytokine balance and sex
hormones, oestrogen is known to promote the Thi
response [6], while progesterone promotes Th2 inflamma-
tion [7]. For this reason we have sometimes found that
symptoms worsen when a female patient with igG4-RD
becomes pregnant. In addition, Th1 response is gradually
suppressed in menopause due to the reduction in the pro-
duction of oestrogen. In other words, Th2 immune
response tends to be dominant in women after meno-
pause. On the other hand, dihydrotestosterone, an
active androgen, inhibits both Th1 and Th2 immune
responses [8]. Th2 response is less likely to arise in
males and younger patients due to the sex hormone
environment. The occurrence of IgG4-RD in males and
younger patients may thus suggest high disease activity.
These results could also be confirmed using the SMART
(Sapporo Medical University and related institutes data-
base for investigation and best treatments of 1gG4-RD)
cohort database. We analysed 110 cases treated with
maintenance therapy and overlapped them with the 79
subjects in the main analysis. The annual relapse rate in
the male cases without organ involvement was 9.09%
and in the female cases it was 3.85%. The amount of pred-
nisolone at the maintenance treatment was 5.27 mg/day
(s.0. 2.72) in males without organ involvement and
3.96 mg/day (s.0. 2.82) in females. Furthermore, there
was no relapse in patients who were =70 years of age.

On the other hand, the low levels of serum IgG before
treatment in cases with organ dysfunction are difficult to
interpret. It was previously reported that expression levels
of IL-6 mRNA at diagnosis of IgG4-RD were not signifi-
cantly low [9]. The interpretation of this result is very
difficult at present. In our analysis, complication with
autoimmune pancreatitis and the use of low-dose gluco-
corticoid at initial induction therapy were not significant
factors, but tended to be associated with relapse in
cases with organ involvement. These factors might be
identified as significant with increased numbers of cases
for analysis.

The rate of complication with autoimmune pancreatitis
was approximately 20% in these patients. Although this
study could not suggest a precise interpretation, there
was also a high rate of relapse in younger cases with
autoimmune pancreatitis. This subject was not included
in the cases with only autoimmune pancreatitis, and so
was not statistically examined, but younger and male
might be predictive risk factors in IgG4-RD.

There is currently no guideline on treatment in IgG4-RD
as a whole. Japanese pancreatologists have developed
a treatment guideline only for autoimmune pancreatitis.

It recommends that the indication for steroid treatment
is only symptomatic, starting at 0.6 mg/kg/day of prednis-
olone as initial dose [10]. This strategy can lead to clinical
remission, but relapse often occurs. It is possible that the
initial dose, which is required for the pathogenesis, is
insufficient. Our analysis showed that the rate of recur-
rence was high in cases where we could not prescribe
the predetermined amount and cases with multiple
organ involvement,

We also have to follow up those cases with recognized
risk factors for relapse, namely male sex and younger
onset in the absence of organ damage. A sufficient dose
of steroid at the initial induction treatment may inhibit
recurrence in cases complicated with autoimmune
pancreatitis.

Rheumatology key message

o Relapse predictors in IgG4-related disease without
organ involvement at diagnosis were male sex and
younger onset.
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To the Editor,

Immunoglobulin G4-related disease (IgG4-RD) is a chromic and
inflammatory disease that results in irreversible organ dysfunction
in the long term due to helper T type 2 (Th2) inflammation and
fibrosis [1]. Glucocorticoid treatment is useful for the induction
of remission, but the disease tends to relapse upon tapering off of
steroid treatment [2]. There is no biomarker for disease activity of
1gG4-RD at this time. Tabata et al. reported that the serial changes
of serum IgG4 levels could predict the recurrence of IgG4-RD [3],
but in daily practice we have often seen relapse without elevation
of serum IgG4 levels, as well as mild elevation of serum IgG4 lev-
els without relapse. Meanwhile, an association of IgG4-RD with
allergy has been suggested [4]. To address these issues, we ana-
lyzed the relationships between serum IgG4 levels and seasonal
allergens in IgG4-RD. This retrospective study was performed in
compliance with applicable ethical regulations, as certified by our
hospital’s Institutional Review Board.

The subjects were the 62 IgG4-RD cases who met the com-
prehensive diagnostic criteria for IgG4-RD [5]. The cases were
sorted according to presentation in 2013 using the following clas-
sifications: no relapse; steroid dose changed by 2 mg/day or less;
and no prescription of rituximab. We checked specific allergens
before treatments, and measured the levels of serum IgG4 and IgE
at each visit. We analyzed whether the peak levels of these two
Igs coincided with allergen release (i.e., pollen scattering) periods.
The specific allergens tested were as follows: seasonal allergens
of Betula verrucosa (Bet v 1), Cryptomeria japonica (Cry j 1/
Cry j 2), Tinea translucens (Tin t 1), Dactylis glomerata (Dac g
1), Phleum pratense (Phl pl/Phl p 12), Anthoxanthum odoratum

Correspondence to: Motohisa Yamamoto, Department of Gastroenterology,
Rheumatology and Clinical Immunology, Sapporo Medical University
School of Medicine. South 1- West 16, Chuo-ku, Sapporo, Hokkaido,
0608543, Japan. Tel: + 81-11-611-2111. Fax: + 81-11-611-2282. E-mail:

(Ant o 1), Ambrosia artemisiifolia (Amb a 1), Artemisia vulgaris
(Art v 1), Leucanthemum vulgare (Leu v 1), and perennial aller-
gens of Dermatophagoides pteronyssinus (Der p 1/Der p 2), Canis

familiaris (Can f 1), Felis domesticus (Fel d 1), Candida albicans

(Can a 1), Aspergillus fumigatus (Asp f 1), and Penicillium citri-
nwm (Pen ¢ 3). The levels of serum 1gG4 were measured by neph-
elometry; levels of IgE were measured by fluorescence-enzyme
immunoassay; and levels of allergen-specific IgE were measured
by radio-immunosorbent test. Serial changes of IgG4 and IgE were
defined as fluctuations of over 20% from the mean concentration
across all visits. Specific IgE concentrations of >0.70 UA/mL
were defined as positive reactions for the allergens.

Seven (11.3%) of the 62 cases exhibited positive response for
seasonal allergens only. These positive responses consisted of four
cases harboring IgE for B. verrucosa (Bet v 1), and three harbor-
ing IgE for D. glomerata (Dac g 1). In Northern Japan (the loca-
tion of this study), B. verrucosa pollen is released in May, while
D. glomerata pollen is released between June and July. They
showed clinical symptoms, including rhinorrhea and rhinos-
tenosis in these seasons, but they were not prescribed with both
anti-allergy medication and glucocorticoid. The levels of serum
IgG4 in all of these cases were elevated in the respective seasons
(Figure 1). Two of them showed IgE for several seasonal allergens,
but it was considered that there was less effect on this analysis
because the titers of IgE for Bet v 1 were significantly higher
than those of the other allergens. On the other hand, twenty-five
(40.3%) of the 62 cases exhibited serial changes of IgG4 levels.
The fluctuation ranges were larger in proportion to the levels of
serum IgG4 at the time of diagnosis. There were, of course, no
relapsed cases. 25 cases with allergies to perennial allergens or
without allergies did not show these serial changes. With regard to
IgE, most cases (with or without allergies) exhibited less changes
in IgE levels or discrepancy between the peak of IgE levels and the
allergens-scattering period.

This study revealed that serum IgG4 levels also correlated

mocha@cocoa.plala.or.jp 1 44with seasonal allergies in subset of cases with IgG4-RD.
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Figure 1. Seasonal changes of the levels of serum IgG4 in IgG4-related
disease. (A) B. verrucosa pollen, (B) D. glomerata pollen. Serum I1gG4
levels peaked during the pollen release periods of the seasonal allergens in
the cases with the seasonal changes of serum IgG4 levels. The cases with
asterisk had IgE for several seasonal allergens.

A quarter of the cases presented with allergies against both
seasonal and perennial allergens; these cases therefore were
excluded from this analysis. The final number of analyzable
cases was small because of the exclusion of patients with low
allergen titers, but we noted that the peak of serum IgG4 con-
centrations coincided with the scattering period of allergens
in all cases that presented with serial changes in IgG4 levels
and positive for IgEs against seasonal allergens. We hypoth-
esize that seasonal allergies affected the production of IgG4 in
these cases.

The physiology of IgG4 is still unknown, but this Ig has been
proposed to be a blocking antibody for IgE [6]. We also measured
serum IgE levels in the cases with seasonal allergies, but seasonal
changes were not observed. The lack of seasonal changes likely
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reflects the vivo half-life time of IgE. The half-life of IgG4 is
estimated as approximately 21 days, while that of IgE is only 2
days; thus levels of the latter are expected to decrease rapidly in
the absence of exposure to allergens [7]. It is possible that peak
IgE levels could not be accurately measured during the scattering
periods of the allergens.

Terao et al. reported that serum IgG levels show seasonal
changes in patients with autoimmune diseases [8]. It is unknown
at this point whether the levels of serum IgG4 in healthy controls
exhibit seasonal changes, but we found that serum IgG4 levels in
some IgG4-RD cases with maintenance therapy or discontinuing
steroid were transiently affected by the seasonal allergies. This
phenomenon may complicate clinical evaluation, especially for
cases where IgG4-RD disease activity is detected only by levels
of serum IgG4. The clinical significance of the serial changes of
serum IgG4 levels during treatment for IgG4-RD will require fur-
ther investigation. Additional data will be needed to define useful
biomarkers for IgG4-RD.
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Abstract MSC-dependent, but less dependent on vascular endothe-
Background The role of mesenchymal stem/stromal cells  lial growth factor (VEGF), whereas HT-29 angiogenesis
(MSCs) in tamorigenesis remains controversial. This study  was not MSC-dependent, but was VEGF-dependent. MSCs

aimed to determine whether heterotypic interactions be-  and COLO 320 cells established a functional positive
tween MSCs and colon cancer cells can supply contextual ~ feedback loop that triggered formation of a cancer cell
signals towards tumor progression. niche, leading to AKT activation. Subsequently, MSCs

Methods Xenografts consisting of co-implanted human  differentiated into pericytes that enhanced angiogenesis as
colorectal cancer cells with rat MSCs in immunodeficient  a perivascular niche. In contrast, the MSC niche conferred
mice were evaluated by tumor progression, angiogenic an anti-proliferative property to HT-29 cells, through
profiles, and MSC fate. Furthermore, we investigated how  mesenchymal—epithelial transition resulting in p38

MSCs function as a cancer cell niche by co-culture ex-  activation.

periments in vitro. Conclusions In conclusion, MSCs demonstrate
Results  Tumor growth progressed in two ways, either  pleiotropic capabilities as a cancer cell or perivascular
independent of or dependent on MSCs. Such cell line-  niche to modulate colorectal cancer cell fate in a cell line-
specific dependency could not be explained by host im-  dependent manner in a xenogeneic context.

mune competency. COLO 320 xenograft angiogenesis was
Keywords Mesenchymal stem cell - Niche - Pericyte -
Cancer-associated fibroblast - Angiogenesis
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Abbreviations

MSCs Mesenchymal stem/stromal cells

TME Tumor microenvironment

CAFs Cancer-associated fibroblastic cells

CCL5 C-C motif chemokine ligand 5

EMT Epithelial-mesenchymal transition

IL-6 Interleukin-6

VEGF Vascular endothelial growth factor

eGFP Enhanced green fluorescence protein

oMEM o-Modified Eagle’s medium

FBS Fetal bovine serum

qRT-PCR Quantitative real-time reverse
transcription PCR

MVD Tumor microvessel density

Thy-1 Thymus cell antigen-1

NG2 Neural/glial antigen 2

aSMA o-Smooth muscle actin

OE Overexpression

CXCL12 Chemokine C-X-C motif ligand 12

KD Knock down

MSC-CM MSC-conditioned medium

CXCR4 C-X-C chemokine receptor type 4

MAPKs Mitogen-activated protein kinases

FACS Fluorescence-activated cell sorting

ANOVA Analysis of variance

PECAM-1 Platelet endothelial cell adhesion
molecule-1

Vegfrl (Fitl) Vascular endothelial growth factor
receptor 1

PDGF-BB Platelet-derived growth factor BB

Pdgfr-B Platelet-derived growth factor receptor-f§

MET Mesenchymal—epithelial transition

Vcaml Vascular cell adhesion molecule-1

CCR5 Chemokine (C-C motif) receptor 5

VLA-4 Very late antigen-4

Intreduction

Carcinogenesis, which is often accompanied by well-
orchestrated desmoplastic reactions [1] involving the re-
cruitment of bone marrow-derived mesenchymal stem/
stromal cells (MSCs) [2], closely resembles wound healing
and scar formation [3]. The stromal component of the tu-
mor microenvironment (TME), which influences the ma-
lignant phenotype, consists of three general cell types:
cancer-associated fibroblastic cells (CAFs), angiogenic
vascular cells, and infiltrating immune cells [4]. However,
the precise role of repopulating MSCs in tumorigenesis
remains controversial. Khakoo et al. [5] demonstrated that
MSCs possess intrinsic, anti-neoplastic properties by
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inhibiting AKT activity in an E-cadherin-mediated, cell-
cell contact-dependent manner. They suggested that MSCs
might be useful for treating human malignancies charac-
terized by AKT dysregulation. In contrast, Karnoub et al.
[6] demonstrated that the microenvironment of MSCs
within the tumor stroma in SCID mice facilitated
metastatic spread by paracrine signaling of C-C motif
chemokine ligand 5 (CCLS) secreted de novo by MSCs.

Although MSCs are prime candidates for cell-based
therapies [7, 8] of a variety of diseases, our understanding
of the interactions between colorectal cancer cells and
MSCs remain limited [9]. Recent studies have focused
disproportionately on the protumorigenic role of MSCs in
colorectal cancer growth by differentiation into CAFs, se-
cretion of key paracrine factors, or induction of epithelial-
mesenchymal transition (EMT) [10-16]. Tsai et al. [10]
and Shinagawa et al. [11] reported that MSCs differentiate
into CAFs in the tumor stroma. Similarly, De Boeck et al.
[12] showed that MSCs are a source of tumor-associated
mesenchymal cells that drive tumor progression. In con-
trast, Lin et al. [13] isolated MSC-like cells from colon
cancer tissues and demonstrated the importance of inter-
leukin-6 (IL-6)/Notch-1/CD44 signals in colon cancer
progression. Liu et al. [14] reported that stimulated MSCs
in the TME express higher levels of vascular endothelial
growth factor (VEGF), which enhances tumor angio-
genesis. Furthermore, Li et al. [15] emphasized that such
protumorigenic effects of MSCs induced activation of f-
catenin signaling. Finally, Mele et al. [16] reported that
MSCs induce EMT in human colorectal cancer cells.

Therefore, our goal was to determine whether MSCs
could supply contextual signals that promote or suppress
colorectal tumor progression. To this end, we hypothesized
that MSCs could create a cancer cell niche to modulate
colorectal cancer growth in a context-dependent manner.
Consequently, we found that MSCs could have multiple
effects on colon cancer progression in the xenograft model.
Such knowledge of the multifaceted roles of MSCs in
colorectal cancer is important before exploring the broader
clinical applications of MSC-based therapies.

Methods

For detailed Methods, please refer to the Supplementary
Material.

Experimental animals

Lewis rats were purchased from Charles River Laboratories
Japan (Yokohama, Japan). SD-TG [CAG-enhanced green
fluorescence protein (eGFP)] rats [17] and athymic nude
(BALB/cSlc-nu/nu) mice were obtained from Japan SLC
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Inc. (Hamamatsu, Japan). NOG mice (NOD/Shi-scid, 1L~
2Rynull) [18] were purchased from the Central Institute of
Experimental Animals (Kawasaki, Japan). FOX CHASE
SCID C.B-17/lcr-scid/scidlcl mice were from CLEA Japan
Inc. (Tokyo, Japan). All animal studies were performed
under the supervision of the Committee for Animal Re-
search Center of Sapporo Medical University and in ac-
cordance with protocols approved by the Institutional
Animal Care and Use Committee. The animals were
maintained according to the guidelines of the University
Committee for Animal Research.

Cell lines and culture conditions

The six human colorectal cancer cell lines used in the
xenograft experiments were purchased from the American
Type Culture Collection (ATCC; Manassas, VA, USA),
RIKEN BioResource Center (Tsukuba, Japan), or the Ja-
panese Collection of Research Bioresources (Osaka, Ja-
pan). All cell lines, LoVo (DSMZ ACC 350), HCT116
(ATCC: CCL 247), COLO 320 (DSMZ ACC 144), DLD-1
(ATCC: CCL 221), HCT-15 (ATCC: CCL 225), and HT-
29 (DSMZ ACC 299), were cultured under conditions
recommended by their supplier.

Isolation and culture of rat MSCs

Briefly, bone marrow cells were harvested by inserting a
needle into the shafts of femurs and tibiae, and flushing with
30 mL complete o-modified Eagle’s medium («MEM)
containing 20 % fetal bovine serum (FBS). Cell suspensions
were filtered through a 70-pm nylon filter (Becton—Dickin-
son, Franklin Lakes, NJ, USA) and seeded in 75 cm? flasks.
The cells were grown in complete «MEM containing 20 %
FBS at 37 °C in a humidified atmosphere with 5 % CO,.
After 3 days, the medium was replaced with fresh medium
containing 10 % FBS, and the adherent cells were grown to
80 % confluence for passage 0. In accordance with the cri-
teria of the International Society for Cellular Therapy [19],
cells at passage 3—5 were used in subsequent experiments.
eGFP-labeled MSCs were harvested from CAG-eGFP rats
and cultured as described above {20]. Immunophenotyping
and in vitro differentiation capacity of MSCs were deter-
mined as described in Supplementary Material.

Xenograft model and evaluation of tumor growth

For xenograft experiments, viable colon cancer cells were
inoculated alone or together with rat GFP-labeled MSCs by
subcutaneous injection into recipient NOG, SCID, and
nude mice. Animals were observed daily, and tumor vol-
umes were measured in two dimensions three times weekly
using precision calipers. The tumor volume was calculated
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and expressed as the mean = SEM from five mice in each
group as described previously [21]. The two most distinc-
tive cell lines underwent subsequent xenograft analyses
using nude, SCID, and NOG mice, namely, COLO 320 as
an MSC-dependent cell line and HT-29 as an MSC-inde-
pendent cell line as described above. The ratio of MSCs to
colon cancer cells was 1:1, unless otherwise indicated, as
described elsewhere in detail (Supplementary Fig. la, b).

RNA isolation and quantitative real-time reverse
transcription PCR (qRT-PCR) analysis

Total RNA was extracted using an RNeasy Mini Kit
(Qiagen, Hilden, Germany), and 500 ng of total RNA was
reverse transcribed into ¢cDNA with oligo-dT primers using
SuperScriptlll Reverse Transcriptase (Invitrogen, Carls-
bad, CA, USA). The primers are described in Supple-
mentary Table 1. Human GAPDH and rat Gapdh primers
were used as an internal standard for the integrity and
quantity of RNA. Quantitative real-time reverse transcrip-
tion PCR (qRT-PCR) was performed using a GeneAmp
7000 Sequence Detection System (Applied Biosystems)
with TagMan Universal PCR Master Mix (Applied
Biosystems) for 40 cycles of a two-step PCR amplification
protocol (95 °C for 15 s and 60 °C for 1 min). Data were
analyzed using the *2C, method [22]. qRT-PCR was per-
formed in triplicate unless otherwise indicated.

Evaluation of tumor microvessel density

Tumor microvessel density (MVD) (microvessel/mm?) of
the entire tumor area was evaluated using a previously
described method [23]. Two independent observers
counted the number of microvessels in the entire field of
the tumor. MVD of specimens was calculated as the mean
MVD of triplicates.

Characterization of eGFP-labeled rat MSC-derived
cells in xenografts

eGFP fluorescence and primary antibodies against thymus
cell antigen-1 (Thy-1, CD90), neural/glial antigen 2 (NG2)
chondroitin sulfate proteoglycan, CD31, von Willebrand
factor, o-smooth muscle actin (aSMA), desmin, vimentin,
and RM-4 [24] (Supplementary Table 2) were used for
immunofluorescence analyses together with Alexa Fluor
594-labeled secondary antibodies.

Two-color fluorescence in situ hybridization (FISH)
analysis

Two-color FISH of human colorectal cancer xenografts
subcutaneously implanted into SCID mice with or without
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rat MSCs has been described previously [25]. Nuclei were
counterstained with DAPI Positive fluorescence signals
appeared as multiple dots in the nucleus. Green and yellow
indicated rat and mouse chromosomes, respectively. For
simultaneous analysis of immunofluorescence and FISH on
the same sections, immunofluorescence was performed
prior to FISH to avoid attenuation of antigenicity.

Chemotaxis assays

We used recombinant human chemokine (C-X-C motif)
ligand 12 (CXCL12)/stromal derived factor-lo [SDF-1o
(PeproTech Inc., Rocky Hill, NJ, USA)], VEGF (Abnova,
Taipei, Taiwan), platelet-derived growth factor BB (PDGF-
BB), or IL-6 (PeproTech) as chemoattractants. For MSC
migration assays, 3 x 10° eGFP-labeled MSCs were
seeded in the upper well of a 24-well Transwell Boyden
chamber (polycarbonate membranes, 8.0-um pore size;
Corning, Lowell, MA, USA) and allowed to migrate to-
ward the bottom well containing serum-free medium with
100 ng/mL of the indicated chemoattractants for 24 h.
Migrating cells were counted under a BZ-9000 BIOREVO
all-in-one fluorescence microscope (Keyence, Osaka,
Japan).

Microarray analysis

RNA was extracted from xenografts of COLO 320 cells
alone or COLO 320 cells co-implanted with rat MSCs from
NOG mice using an RNeasy kit and analyzed with a Hu-
man Oligo chip 25 K 3D-Gene (Toray, Tokyo, Japan).
Transcript Profiling: Accession No: GSE29389.

Cell transduction

To generate stable VEGF over-expressing (VEGF OE) and
CXCL12 knockdown (CXCL12 KD) cell lines, COLO 320
cells were transduced with lentiviruses for VEGF or
CXCL12 shRNA expression (GenTarget, San Diego, CA,
USA) for 72 h according to the manufacturer’s instruc-
tions. These stable cell lines were subjected to the xeno-
graft analysis in SCID mice as described previously. The
total number of mice used in this experiment was 15.

Co-culture of human colon cancer cell lines with rat
MSCs

To examine heterotypic interactions between colon cancer
cells and MSCs, MSCs were co-cultured with COLO 320
and HT-29 colon cancer cells either directly or indirectly
using a Transwell culture dish. Moreover, monocultured
colon cancer cells were treated with MSC-conditioned
medium (MSC-CM) or recombinant human CXCL12. Co-
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cultured COLO 320 cells were also treated with neutral-
izing antibodies against human E-cadherin (Takara, Otsu,
Japan), CCL5 (R&D Systems Inc., Minneapolis, MN,
USA), or CD49d (04 integrin, Pierce Biotechnology,
Rockford, IL, USA) (Supplementary Table 2), or a small
molecule antagonist of CXCR4, AMD3100 (Sigma-
Aldrich, Saint Louis, MO, USA), or an y-secretase in-
hibitor [(3,5-difluorophenylacetyl)-Ala-Phg-OBu, DAPT,
PEPTIDE, Minoh, Japan].

Cell cycle analysis and apoptosis

Cell cycle distribution was analyzed by flow cytometry and
Ki-67 immunohistochemistry (Abcam, Cambridge, MA,
USA) (Supplementary Table 2). Ki-67 immunohisto-
chemistry was performed according to the manufacturer’s
instructions. Apoptosis was measured by terminal
deoxynucleotidyl transferase-mediated dUTP nick-end la-
beling (TUNEL) reactions using the DeadEnd Colorimetric
TUNEL system (Promega, Madison, WI, USA).

Western blot analysis of AKT, mitogen-activated
protein kinases (MAPKs), and EMT signaling
molecules

Each cell population separated by FACS was lysed in ra-
dioimmunoprecipitation assay buffer comprising 20 mM
Tris=HCl (pH 7.4), 150 mM sodium chloride, 1 mM
EDTA (pH 8.0), 0.1 % (w/v) SDS, 0.1 % sodium deoxy-
cholate, 1 % Triton X-100, and one tablet each of complete
Mini protease inhibitor cocktail and PhosSTOP phos-
phatase inhibitor cocktail tablets (Roche Diagnostics,
Mannheim, Germany). Forty micrograms of each lysate, as
determined by a Bio-Rad protein assay (Bio-Rad, Hercules,
CA, USA), were resolved on a 12 % denaturing poly-
acrylamide gel and transferred to a polyvinylidene di-
fluoride membrane. After blocking with 5 % nonfat dry
milk in TBS, the membrane was incubated with primary
antibodies against pan-AKT phospho-AKT (Serd73),
JNK1/3, phospho-SAPK/INK, p38, phospho-p38, SNAIL,
E-cadherin, vimentin, or B-actin (Supplementary Table 2),
followed by a horseradish peroxidase-conjugated sec-
ondary antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). Immunoreactions were developed using an
enhanced chemiluminescence kit (Amersham Biosciences,
Little Chalfont, England).

Cell proliferation assay

COLO 320 cell proliferation was directly measured by flow
cytometry. Briefly, co-cultured MSCs with or without
neutralizing antibodies against human E-cadherin, CCLS,
CD49d (o4 integrin), or y-secretase inhibitor (DAPT), and
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a small-molecule antagonist of CXCR4, AMD3100 were
eliminated by gating GFP, and the viable single COLO 320
cell number was counted at 24, 48, and 72 h co-cultivation.
These data were compared with the control of co-cultured
COLO 320 without any treatments (Fig. 5c¢).

Statistical analysis

To compare two groups, parametric and nonparametric
analyses were performed using the unpaired Student’s 7 test
and the Mann—-Whitney U test, respectively. Categorical
variables were compared using the Chi square test, the
exact P value based on Pearson’s statistic, or the Monte
Carlo method. For multiple comparisons in in vivo studies,
we employed analysis of variance (ANOVA), particularly
in serial assessments, and two-way repeated measurements
(mixed between or within subjects) ANOVA followed by
Bonferroni’s test. A difference was considered significant
when P was < 0.05 in all two-tailed tests. Measured values
obtained from the study are presented as mean =+ standard
error of means unless otherwise indicated. SPSS Statistics
17.0 software (SPSS Inc., Chicago, IL, USA) was used for
all statistical analyses.

Results
MSC dependency for xenograft tumor progression

Xenografted tumor growth appeared to occur as two cate-
gories according to their dependency or lack of dependency
on co-implanted MSCs. DLD-1, HCT-15, and HT-29 cells
were MSC-independent, whereas COLO 320, HCT116,
and LoVo cells were MSC-dependent in SCID mice
(horizontal panels in Fig. la). We chose the two most
distinctive cell lines, COLO 320 as an MSC-dependent cell
line and HT-29 as an MSC-independent cell line, for sub-
sequent analyses. To differentiate the effects of tumor
immune surveillance from the net effects of MSCs on tu-
mor progression, we examined three classes of immun-
odeficient mice as recipients of xenografts, namely nude
mice, which have impaired T cell functions, SCID mice
with impaired T cell and B cell functions, and NOG mice.
Compared with the NOD strain, NOG mice have decreased
NK and macrophage activities, and are defective for T and
B cell functions from the scid mutation and exhibit den-
dritic cell dysfunction from an IL-2Ry mutation [18]. NOG
mice show very limited transplantation rejection. There-
fore, they are an excellent model for human xenograft
studies. In nude mice (bottom panels in Fig. 1a), engraft-
ment of xenografts was delayed for both MSC-dependent
and -independent cell lines, resulting in a smaller max-
imum tumor volume than that in SCID and NOG mice on
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day 13. Furthermore, COLO 320 xenografts without MSCs
were successfully engrafted into NOG mice at ap-
proximately 2 weeks after implantation (top right panel in
Fig. 1a).

Angiogenic profiles of xenograft tumors

Measurement of angiogenesis is complicated by the fact
that it is a dynamic process, although most studies to date
have focused on the products of angiogenesis such as
VEGF family proteins [26] and MVD, which are common
endpoints for assessment of tumor vascularity [23].
Therefore, we evaluated the angiogenic profiles by the
expression of VEGF and other angiogenic proteins, in-
cluding HGF and FGF-2, as well as MVD. VEGF mRNA
expression was significantly higher in HT-29 xenografts
than in COLO 320 xenografts, while there was no differ-
ence between either xenograft with and without MSCs
(Fig. 1b). VEGF protein expression was significantly
higher in HT-29 cells (3.35 & 0.15 ng/mL) than that in
COLO 320 cells (1.26 £ 0.47 ng/mL, P = 1.65E—4),
while HGF and FGF-2 proteins were produced at the same
level in the two cell lines (Supplementary Fig. lc, d).
Although cancer cell nests were sparser, the surrounding
tumor stroma with tumor microvessels was more abundant
in COLO 320 + MSC xenografts than in HT-29 + MSC
xenografts (Fig. 1c). 'Modified MVD’ was significantly
greater in COLO 320 xenografts (1.60 == 0.07 mm™) than
in HT-29 xenografts (0.87 + 0.03 mm™, P = 0.0026;
Fig. 1d). The number of MSC-derived (eGFP-positive)
cells progressively increased as COLO 320 xenografts
advanced, particularly at 15 mm in diameter, while the
number of these cells was low in HT-29 xenografts re-
gardless of tumor size (Fig. le). Although MSCs success-
fully engrafted, rat Vegf was not detected by qRT-PCR,
suggesting that rat Vegf produced by engrafted MSCs was
less likely to directly compensate for human VEGF in co-
implanted COLO 320 xenografts (Fig. 1f). Consequently,
these results suggest that angiogenesis in COLO 320
xenografts occurs less depending on VEGF than HT-29
xenografts.

Fate of co-implanted eGFP-labeled rat MSCs
in xenograft tumors

Engrafted MSCs were randomly distributed in the COLO
320 xenograft tumor stroma, potentially as CAFs, as pre-
viously reported (data not shown). Excluding CAFs, MSC-
derived cells were primarily located in perivascular regions
on day 14 after implantation (Fig. 2a). Several differen-
tiation markers for pericytes, including Thy-1 (CD90;
Fig. 2b), NG2 (Fig. 2c¢), and aSMA (Fig. 2d), largely or
partially co-localized with eGFP, while platelet endothelial
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Fig. 1 Growth dependency and angiogenic profiles of MSC-co-
implanted xenografts. a The tumor volume of xenografts established
using six human colorectal cancer lines with or without co-implanted
rat MSCs in the three class of immunodeficient mice was measured
over 2 weeks. Horizontal panels designated as SCID show the
dependency of tumor growth on co-implanted MSCs in all the six cell
lines. MSC-independent cell lines were DLD-1, HCT-15, and HT-29
in SCID mice (left half), whereas MSC-dependent cell lines were
COLO-320, HCT-116, and LoVo (right half). Two rows of vertical
panels indicate HT-29 (lefr) and COLO-320 (right) xenograft
analyses in the three class of immunodeficient mice. b VEGF
transcripts were analyzed by gRT-PCR in xenografted tumors.
¢ H&E-stained COLO-320 and HT-29 xenografts with co-implanted
MSCs at low magnification (upper panels) and high magnification
(lower panels). Yellow arrowheads in the lower panels indicate tumor
vessels. d The modified MVD was estimated as the mean MVD of
triplicates from COLO-320 and HT-29 cells. e Comparison of the
number of GFP-positive signals obtained from tumors grown up to 5,

cell adhesion molecule-1 (PECAM-1, CD31), a represen-
tative endothelial marker, did not co-localize, but was in
close contact with eGFP-positive cells at the perivascular
niche (Fig. 2e, f). These observations suggest that MSCs
repopulate at the perivascular niche and differentiate into
pericytes in COLO 320 xenograft tumors.

In contrast to COLO 320 xenografts, most MSCs were
likely to engraft randomly as CAFs in the HT-29 xenograft
tumor stroma (Fig. 2g), which partially expressed the
representative myofibroblast marker, aSMA (Fig. 2h-k).
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10, or 15 mm in diameter. The number of GFP-positive signals are
expressed as mean = SEM in three representative sections, respec-
tively. f Relative rat-specific Vegf mRNA expression was compared in
MSCs, COLO-320 cells, and COLO-320 xenografts with/without
MSCs. NS and ND indicate ‘not significant’ and ‘not detectable’,
respectively. Asterisks indicate statistical significance: *P < 0.05,
**p < 0.01, ***P <0.00l. a P=0.0048 on day 5 of HT-29
xenografts in NOG mice; P = 0.003, 0.047, and 0.014 on days 9, 11,
and 13 of COLO 320 xenografts in NOG mice; P = 0.020, 0.021,
0.013, 0.039, and 0.022 on days 5, 7, 9, 11, and 13 of COLO 320
xenografts in SCID mice; P = 0.036 on day 13 of COLO 320
xenografts in nude mice; P = 0.017 on day 5 and P = 0.03 on day 7
in the HCT-116 panel; P = 0.025 on day 3 and P = 0.004 on day 7 in
the LoVo panel. b P = 0.0048 on day 5 of HT-29 xenografts in NOG
mice. e P = 0.043 between 10 and 15 mm in the COLO 320
xenograft and P = 0.031 between COLO 320 and Ht-29 xenograft in
15 mm tumor diameter

Perivascular MSCs were seldom observed in HT-29
xenografts (Fig. 21), while they were abundantly observed
in COLO 320 xenografts.

Characterization of recruited mouse cells adjacent to rat
MSC-derived cells

Rat MSCs were in line with or immediately adjacent to
mouse cells (Fig. 3a, b). In simultaneous immunofluores-
cence analyses, mouse-derived cells recruited to the tumor
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COLO 320 xenograft

Fig. 2 Fate of GFP-positive MSC-derived cells in COLO-320 and
HT-29 xenografts. a MSC-derived cells producing GFP fluorescence-
populated areas along the inner vascular lumen in the COLO 320
tumor stroma. Cells were counterstained with DAPIL  Pericyte
markers, including Thy-1 (CD90) (b), NG2 chondroitin sulfate
proteoglycan (c), and oSMA (d) were stained with Alexa Finor

vessels differentiated mainly into CD31-positive endothe-
lial cells (Fig. 3c), while some differentiated into aSMA-
positive mural cells (Fig. 3d). These findings were more
frequently observed in COLO 320 +4 MSC xenografts than
in HT-29 4 MSC xenografts (data not shown), which may
explain why MVD was significantly greater in COLO 320
xenografts than in HT-29 xenografts, suggesting that rat
MSC-derived cells recruited mouse angiogenic cells at
possible sites of tumor vasculogenesis in COLO 320
xenografts. Whether these mouse cells are truly angiogenic
cells or recruited at the site of tumor vasculogenesis should
be warrant by further analysis.

Selective activation of the CXCL12/CXCR4 axis
in COLO 320 xenografts co-implanted with MSCs

To investigate chemoattractants of rat MSCs, we evaluated
ligand-receptor interactions for CXCL12/Cxcrd [27],
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HT-29 xenograft

594-labeled antibodies in the COLO 320 tumor stroma. f Is a
schematic representation of e. g MSC-derived cells producing GFP
fluorescence randomly populated the HT-29 tumor stroma. h Cells
were counterstained with DAPIL j aSMA was stained with an Alexa
Fluor 594-labeled antibody. k Merged image of h—j. 1 Representative
immunofiuorescence of CD31 in the HT-29 tumor stroma

VEGF/Vegfr1(Flt1), Vegfr2 (Kdr) [26] PDGF-BB/Pdgfr-3
[28], and IL-6/T1-6r o chain [29], all of which have been
previously reported to act as MSC chemoattractants
(Fig. 4a, b). Among these factors, human CXCL12 was
unique and the most potent chemotactic factor to Cxcr4-
bearing rat MSCs (Fig. 4c—f). qRT-PCR analysis revealed
that CXCLI2 was the most upregulated gene among 58
upregulated genes of the 25,000 genes examined by mi-
croarray comparing co-implanted COLO 320 xenografts
with COLO 320 xenografts alone (Fig. 4g, h). CXCLI12
was expressed at baseline in COLO 320 cells and was not
influenced by co-culture with MSCs; however, it was
slightly upregulated in xenografts and dramatically
upregulated in co-implanted xenografts, consistent with the
transcriptomic data obtained from the microarray analysis.
In contrast, HT-29 cells failed to express CXCLI2 under
any of the conditions. CXCR4 was slightly upregulated in
co-cultured COLO 320 cells and markedly upregulated in
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Rat-derived

Rat-derived

Fig. 3 Characterization of recruited mouse cells located adjacent to
rat MSC-derived cells in COLO-320 xenografts. Using species-
specific probes, we easily differentiated human, rat, and mouse cells
in xenograft tumors by two-color FISH analysis (a, b) and simulta-
neous immunofluorescence analyses of CD31 (c) and aSMA (d) on
the same sections analyzed by FISH. N1-6 in ¢ and d indicate
corresponding nuclei. MSC-derived cells produced green fluorescence

xenografts with or without MSCs, whereas CXCR4 was
expressed at a low level in HT-29 cells under all conditions
(Fig. 41). Although analogous to rat Vegf (Fig. If), rat
Cxcll2 produced by engrafted MSCs was less likely to
directly compensate for tumor CXCL12 (Fig. 4j). How-
ever, in contrast to Vegf, rat MSCs significantly induced
human CXCLI2 expression in xenograft tumors (Fig. 4i,
P =0.017).

To explore what attributes MSC-dependency to COLO
320 cells, we established CXCL12 knockdown (CXCL12
KD) and VEGF-overexpressing (VEGF OE) COLO 320
cells and initiated xenograft tumors using these stable lines.
Xenograft tumor growth from the CXCL12 KD line was
significantly inhibited; in contrast, tumor growth from the
VEGF OE line was enhanced compared to that from mock
transfectant. Either transgenic or knockdown cells as well
as parental COLO 320 cells could not develop xenograft
tumors without MSC co-implantation (Fig. 4k). These re-
sults suggested that tumor CXCLI12 attributed MSC-de-
pendent tumor growth to COLO 320 whereas tumor VEGF
could not contribute to MSC-independent growth.
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from SpectrumGreen-labeled DNA probes while mouse angiogenic
cells exhibited yellow fluorescence from Cy3-labeled DNA probes.
Nuclei were counterstained with DAPI. Pink signals in nuclei indicate
positive signals in FISH using the mouse-specific probe, while red
signals in the cytoplasm indicate positive signals for CD31 (c) and
aSMA (d) using immunofluorescence

Interactions between rat MSCs and human colon cancer
cell lines

Co-cultured MSCs significantly increased the Ki-67 la-
beling index of COLO 320 cells both at 48 h (P = 0.044)
and 72 h (P = 0.004), while there was an increased
apoptotic index of HT-29 cells at both 48 h (P = 0.002)
and 72 h (P = 0.006, Fig. 5a). These data supported by
cell cycle analysis (Supplementary Fig. 1d, e) suggest that
MSC:s as the cancer niche affected the proliferation of these
tumor cell lines in quite different ways, with a protu-
morigenic effect on COLO 320 cells but an anti-tumori-
genic effect on HT-29 cells. In COLO 320 cells, AKT
protein was exclusively activated, or phosphorylated
(Fig. 5b). This effect did not occur with indirect co-culture,
MSC-CM, or recombinant CXCL12 treatment, but instead
AKT was activated in the direct co-culture via a cell-cell
contact-dependent mechanism with MSCs, namely, via a
cancer niche. In sharp contrast to COLO 320 cells, MSCs
suppressed AKT signaling but clearly activated or phos-
phorylated p38 in the co-cultured HT-29 cells in the cancer
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Fig. 4 Sclective activation of the CXCLI2/CXCR4 axis. a Ligand
expression was analyzed by qRT-PCR in HT-29 and COLO-320 cells.
CXCLI12 and IL-6 transcripts were more abundant in COLO 320
cells, whereas VEGF and PDGF-BB transcripts were significantly
more abundant in HT-29 cells. b Expression of receptors in rat MSCs
was analyzed by immunofiuorescence using Alexia Fluor 594-labeled
secondary antibodies. All of the corresponding receptor proteins were
expressed in rat MSCs at various levels. e~f Chemotaxis assays were
conducted with GFP-labeled MSCs seeded in upper wells and allowed
to migrate toward the bottom wells containing cell-free medium with
0-100 ng/mL recombinant human chemoattractants. The assay was
performed in triplicate. g RNA extracted from xenografts of COLO-
320 cells alone or co-implanted with rat MSCs in NOG mice was
analyzed using a human Oligo chip 25 K 3D-Gene (Toray) microar-
ray. By setting the cut-off value as greater than fourfold that of the
expression difference in the microarray analysis, 58 of the 25,000

genes examined were found to be more upregulated in xenografts of

COLO 320 cells co-implanted with rat MSCs than in COLO 320
xenografts alone. h The indicated six genes among all upregulated

niche (Fig. 5b). The cytokine-producing capacity of co-
cultured MSCs was analyzed by qRT-PCR (Supplementary
Fig. 1f). To confirm whether CXCL12 (Fig. 4i) or Cxcl12
(Supplementary Fig. 2a) worked as a component of the
cancer niche, treatment of recombinant CXCL12 (Fig. 5b)
and CXCR4 antagonist (AMD3100, Fig. 5¢) was included
in the analyses.
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genes were confirmed by qPCR. i gRT-PCR analysis of the human
CXCL12/CXCR4 axis under various conditions. j Rat-specific Cxcl12
mRNA expression was compared in rat MSCs, COLO-320 cells, and
COLO-320 xenografts with/without MSCs. k Growth dependency of
COLO 320 cells, in which VEGF was overexpressed or CXCL12 was
knocked down, on rat MSCs. Mock represented cells transduced by
negative control shRNA lentivector plasmid DNA. ND indicates ‘not
detectable’ and co and xe represent ‘co-culture with rat MSCs’ and
‘xenograft tumors,” respectively. Asterisks indicate statistical sig-
nificance. a P = 6.34E—4 for CXCL12, P = 5.53E—5 for VEGF,

P = 0.018 for PDGF, i P = 0.017, and k *1, VEGF OE vs. CXCL12

KD P = 0.037, CXCL12KD vs. VEGF OE + MSC P = 0.037; *2,
Mock vs. CXCL12 KD P = 0.039, VEGF OE vs. CXCL12 KD
P = 0.002, VEGF OE vs. CXCLI12 KD+ MSC P = 0011,
CXCL12 KD vs. Mock + MSC P = 0.039, CXCL12 KD vs. VEGF
OE + MSC P = 0.002, VEGF OE + MSC vs. CXCL12KD + MSC
P = 0.011. k Growth dependency of COLO 320 cells, in which
VEGF was overexpressed or CXCL12 was knocked down, on rat
MSCs. OF overexpression, KD knock down

Relevant cancer cell niche signaling by MSCs

First, we chose relevant niche signaling molecules for the
subsequent analyses from the candidate panel when ligands
and/or receptors were upregulated in MSCs under co-cul-
tivation with COLO 320 (Supplementary Fig. 2a). COLO
320 cell proliferation under direct contact with MSCs was
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Fig. 5 Heterotypic interactions between rat MSCs as a cancer cell
niche and human colon cancer cell lines. In direct co-culture with
MSCs, cancer cells were separated by FACS based on GFP
fluorescence. Transwell assays were used for the indirect co-culture
procedure. COLO 320 and HT-29 cells were treated with MSC-CM,
and COLO 320 cells were treated with recombinant CXCL12. a The
Ki-67 labeling index and apoptotic index calculated from TUNEL
staining are shown. b Western blot analysis was conducted on COLO-
320 and HT-29 cells cultured alone or co-cultured with MSCs and
probed for the proteins shown. Data are representative of three
independent experiments. Phosphorylated protein expression relative
to that in untreated cells for each of the three signaling pathways was
quantified in comparison to the band intensity of unphosphorylated
proteins in COLO-320 (lower left panel) and HT-29 (lower right
panel) cells treated as indicated. ¢ Proliferation of COLO 320 cells
was assessed by the cell number counted by FACS under co-culture
with rat MSCs for each anti-neutralizing antibody against human
E-cadherin, CCLS, and CD49d (04 integrin), or small molecule
inhibitor of the CXCLI12 receptor CXCR4, AMD3100, and y-
secretase inhibitor, DAPT. Proliferation of co-cultured COLO 320
cells under no treatments was a control designated as COLO 320 (co).
Phosphorylated AKT (lower left panel) and p38 (lower right panel)

subtly enhanced by blocking homotypic E-cadherin adhe-
sion, whereas it was suppressed by a CXCR4 antagonist
(AMD3100), Ccl5 neutralization, y-secretase inhibition
(DAPT), or CD49d blockage. The major ligand of vascular
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protein expression relative to that in untreated COLO 320 cells for
each of the five signaling pathways was quantified in comparison to
the band intensity in Western blot analysis (see Supplementary
Fig. 2b) of unphosphorylated proteins in COLO 320 cells treated as
indicated in c. Western blot analysis of EMT signaling molecules
(d) and gRT-PCR analysis of CDHI transcripts (e) in direct co-
culture. Nt no treatment, Dco direct co-culture, CDHI E-cadherin,
CXCLI2 chemokine (C-X-C motif) ligand 12, CXCR4 chemokine (C-
X-C motif) receptor 4, Ccl5 chemokine (C-C motif) ligand 5, CCR5
chemokine (C-C motif) receptor 5, Jagl Jagged 1, Vcaml vascular
cell adhesion molecule-1, lrga4 integrin o4. Asterisks indicate
statistical significance: co-cultured MSCs significantly increased the
Ki-67 labeling index of COLO 320 cells both at 48 h (P = 0.044) and
72 h (P = 0.004), while there was an increased apoptotic index of
HT-29 cells at both 48 h (P = 0.002) and 72 h (P = 0.006, a). ¢ *1,
E-cadherin vs. CD49d P = 0.001, E-cadherin vs. CCLS P = 0.002,
E-cadherin vs. DAPT P = 4.8E—4; *2, E-cadherin vs. CD49d
P = 1.0E—6, E-cadherin vs. CCL5 P = 1.1E—4, E-cadherin vs.
DAPT P = 2.0E—6, E-cadherin vs. AMD3100 P = 1.3E~—4, control
vs, CD49d P = 3.0E—6, control vs, CCL5 P = 0.003, control vs.
DAPT P = 2.0E-5, control vs. AMD3100 P = 0.004, CD49d vs.
CCL5 P = 0.003, CD49d vs. AMD3100 P = 1.3E—4. e P = 0.047

cell adhesion molecule-1 (Veam-1) is integrin 041 (very
late antigen-4, VLA-4), which is a dimer and composed of
CD49d (ad4) and CD29 (B1) (Fig. 5¢, Supplementary
Fig. 2b). Similarly, HT-29 cell proliferation was only



