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HB-EGF/HER-1 signaling in bone marrow mesenchymal stem cells: inducing
cell expansion and reversibly preventing multilineage differentiation
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Giovanni Pizzolo, and Fabrizio Vinante

Epidermal growth factor receptor-1 (EGFR-1/
HER-1/ErbB-1) regulates proliferation and
cell fate during epidermal development.
HER-1 is activated by several EGF-family
ligands including heparin-binding epider-
mal growth factor-like growth factor (HB-
EGF), a mitogenic and chemotactic mole-
cule that participates in tissue repair, tumor
growth, and other tissue-modeling phenom-
ena, such as angiogenesis and fibrogen-
esis. We found that mesenchymal stem cells

(MSCs), the precursors of different mesen-
chymal tissues with a role in processes in
which HB-EGF is often involved, normally
express HER-1, but not HB-EGF itself. Un-
der the effect of HB-EGF, MSCs proliferate
more rapidly and persistently, without under-
going spontaneous differentiation. This ef-
fect occurs in a dose-dependent fashion,
and is specific, direct, and HER-1 mediated,
as it is inhibited by anti-HER-1 and anti-HB-
EGF blocking antibodies. Moreover, HB-

EGF reversibly prevents adipogenic, osteo-
genic, and chondrogenic differentiation
induced with specific media. These data
show that HB-EGF/HER-1 signaling is rel-
evant to MSC biology, by regulating both
proliferation and differentiation. (Blood.
2005;106:59-66)
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Introduction

HER-1 (EGFR-1, ErbB), the receptor for epidermal growth factor
(EGF), is involved in regulating proliferation and cell fate during
epidermal development.! Other receptors (HER-2, HER-3, HER-4)
and other factors belonging to the EGF family, including betacellu-
lin, heparin-binding epidermal growth factor-like growth factor
(HB-EGF), epiregulin, transforming growth factor-a (TGF-a), and
amphiregulin have been discovered.'> Among them, HB-EGF
binds to HER-1 and HER-4 with high affinity; is expressed in a
wide range of cell types of both epithelial and mesenchymal
origin3-#; and promotes adhesion, proliferation, and chemotaxis on
fibroblasts and smooth muscle cells (SMCs), chemotaxis on
endothelial cells and astrocytes, and proliferation and survival on
some epithelial cells.’!" HB-EGF participates in tissue-
modeling events and plays a role in complex proliferation and
differentiation-related phenomena, such as blastocystis implan-
tation,!? cutaneous wound healing,'? branching morphogenesis
of the submandibular gland, angiogenesis, and normal heart
development and function.!* HB-EGF is also involved in
pathologic processes such as atheromatous lesions,”!> cardiac
hypertrophy, !¢ cystic fibrosis,!” and epithelial neoplastic growth.”
In all these phenomena, a stem cell pool of mesenchymal origin
is necessary to build up the stromal and vascular architecture, to
renew the damaged tissues, and to support normal or neoplastic
proliferation.

Mesenchymal stem cells (MSCs) have been initially identified
in the bone marrow (BM) as multipotent nonhematopoietic progeni-
tor cells that differentiate into osteoblasts and adipocytes, chondro-

cytes, tenocytes, skeletal myocytes, and cells of visceral meso-
derm.'8-22 Recently, an MSC pool has been shown in tissues other
than BM,? and circulating MSCs can be normally detected in
peripheral blood,>* thus suggesting that the mesenchymal tissue
compartment may be supported by circulating BM MSCs, similarly
to what happens for hematopoietic stem cells. In addition, exog-
enously administered MSCs spread into all tissues, but preferen-
tially survive and proliferate in the presence of regenerating tissues
and proliferating malignant cells, thus being incorporated into the
tissue architecture as stromal fibroblasts, and preferentially interact-
ing with neoplastic cells. For this reason, engineered MSCs may be
used as an intratumor source of therapeutics.?> Although MSCs are rare
in adult human BM (1/10%), MSCs constitute approximately one third of
the initial adherent BM-derived stromal colonies in vitro. They do not
express hematopoietic markers, but a specific pattern of molecules, such
as CD105, CD73, CD106 (vascular cell adhesion molecule-1 [VCAM-
1]), CD54 (intercellular adhesion molecule-1 [ICAM-1]), CD44, CD90,
CD29, and stromal derived factor-1 (STRO-1).1822 MSCs interact with
hematopoietic stem cells, influencing their homing and differentiation
through cell-cell contact and the production of factors and chemokines.
MSC:s can be cotransplanted with hematopoietic stem cells to improve
their engraftment in BM,2 and they may be used to repair or regenerate
damaged or mutated bone, cartilage, and myocardial or hepatic
tissues.!9-22:27-28 Finally, MSCs have a significant immunoregula-
tory function, both toward developing thymocytes? and peptide-
specific mature T cells,? which might play a role in tumor-T
cell interaction during the neoplastic growth.
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We show here that MSCs express HER-1 and that HB-EGF/
HER-1 signaling profoundly affects MSC biology.

Materials and methods

Generation of MSCs

MSCs were generated from BM aspirates of healthy donors, collected after
informed consent. BM mononuclear cells were obtained with density
gradient centrifugation (Lymphoprep; Nycomed Pharma, Oslo, Norway)
and cultured in 25-cm? flasks (BD Falcon; Becton Dickinson, Milan, Italy)
at a concentration of 30 X 10° cells in 5 mL Dulbecco modified Eagle
medium (DMEM), with high glucose concentration, GLUTAMAX I, 15%
heat-inactivated fetal calf serum (FCS), 100 U/mL penicillin, and 100
pg/mL streptomycin (all from GibcoBRL/Life Technologies, Milan, Italy).
Cultures were incubated at 37°C in a 5% CO, atmosphere. After 72 hours,
nonadherent cells were removed. When 70% to 80% confluent, adherent
cells were trypsinized (0.05% trypsin at 37°C for 5 minutes; GibcoBRL/
Life Technologies), harvested, and washed with medium to remove trypsin,
and expanded in larger flasks. A homogenous cell population was obtained
after 2 to 3 weeks of culture.

Flow cytometric analysis

MSCs were recognized by immunophenotype using monoclonal antibodies
(MoAbs) specific for CD105 (endoglin), CD73, CD106 (VCAM-1), CD29,
CD44, and CD90. In addition, we assessed the lack of endothelial cell (with
anti-CD31 antibodies) and hematopoietic (with anti-CD45, -CD14, -CD11c,
-CD123, and -CD34 antibodies) marker expression. All antibodies were
purchased from Pharmingen/Becton Dickinson (Milan, Italy). MSCs were
also stained with anti-CD10 and -CD56 (to assess adipocyte and osteoblast
differentiation, respectively) and anti-HER-1 and -HER-4 (EGF/HB-EGF
receptors) antibodies (all were purchased from Pharmingen/Becton Dickin-
son except anti-HER-4, which was from Neomarkers, Westinghouse, CA),
and with polyclonal anti-HB-EGF Ab (Oncogene Research Products,
Boston, MA). For immunophenotypic analysis, MSCs were detached using
trypsin/EDTA (ethylenediaminetetraacetic acid) for 5 minutes, immediately
washed with phosphate-buffered saline (PBS) to remove trypsin, and
resuspended at 10%mL. No difference in marker expression (including
MSC-related and hematopoietic molecules) was observed by gently detach-
ing the cells using a cell scraper and then mixing the cell suspension by a
syringe to disaggregate cell clusters. Cell suspension (100 pL) was
incubated at +4°C for 10 minutes with 15% FCS, followed by incubation
with the specific antibody at +4°C for 30 minutes. Cells were washed with
PBS. At least 10 000 events were analyzed by flow cytometry (FACScali-
bur; Becton Dickinson, Milan, Italy) using Cell Quest software.

HB-EGF, HER-1, and HER-4 RNA expression

HB-EGF, HER-1, and HER-4 RNA expression by MSCs was evaluated
with reverse-transcriptase—polymerase chain reaction (RT-PCR). Total
RNA was isolated from human MSCs cultured without and with HB-EGF;
total RNA was isolated from the A431 human breast cancer cell line as a
positive control for HER-1 expression®'; and the U937 cell line for
HB-EGF and HER-4,* respectively. An aliquot of 4 pg RNA was
reverse-transcribed, as previously reported,*3'32 and c-DNA was analyzed
using the following primers: (1) HB-EGF sense 5'-TGGTGCT-
GAAGCTCTTTCTGG-3" and antisense 5'-GTGGGAATTAGTCATGC-
CCAA-3’, to span exons 1 to 5 of the gene giving a fragment of 605 bp
(complete form of HB-EGF c-DNA); (2) HER-1 sense 5'-GATACCCAG-
GACCCAG-3" and antisense 5'-GCGACAATGAAAAACT-3" (290-bp
fragment); and (3) HER-4 sense 5'-AGATGGAGGTTTTGCTGCT-
GAACA-3" and antisense 5'-TTACACCACAGTATTCCGGTGTCT-3’
(726-bp fragment). ACTB (beta-actin) served as quantitative control,
detected by the following primers: sense 5'-GGCACCCAGCACAAT-
GAAG-3'" and antisense 5'-GCTGATCCACATCTGCTGG-3' (200-bp frag-
ment). HB-EGF and HER-4 c-DNA was amplified as previously reported.*
The cycling parameters for HER-1 were as follows: 30 runs in a thermal
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cycler (GeneAmp PCR System 2400; Perkin Elmer, Norwalk, CT) using
1.25 U Taq polymerase (Perkin Elmer) in 50 pL (94°C for 30 seconds, 49°C
for 60 seconds, 72°C for 90 seconds, followed by 7 minutes at 72°C). PCR
products were separated by electrophoresis on 1.5% agarose gel.

MSC proliferation assays

To assess the enhancement of MSC number under the effect of HB-EGF,
short-term (72 hours) 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) assay was carried out as previously described.*3?
Briefly, 10 pL per well of 5 mg/mL MTT solution was added and the plates
were incubated at 37°C for 4 hours. After adding 100 pwL/well of 0.04 N
HCI in isopropanol and thoroughly mixing, the plates were read (wave-
lengths: test, 570; reference, 630 nm) on an AutoReader III (Ortho
Diagnostic Systems, Raritan, NJ). Results were expressed as “additional
proliferation,” that is, the percentage of increase of MSC proliferation
following HB-EGF addition (P1) compared with the spontaneous MSC
proliferation that normally occurred without HB-EGF (P2). In other words,
(P1—P2)/P2 X 100. Blocking anti-HB-EGF and anti-HER-1 goat antibod-
ies (from R&D Systems Europe, Abingdon, United Kingdom) were used at
saturating concentration (50 pg/mL) to assess the HB-EGF/HER-1 signal-
ing contribution to MSC proliferation. Indifferent goat immunoglobulins
(Igs) were used as negative control for the blocking antibodies.

To assess the proliferating cell rate, *H-thymidine incorporation assay
was run in parallel for 72 hours and 7 days, and the effect of HB-EGF was
compared with that of 1 ng/mL basic fibroblast growth factor (bFGF),
which is currently used for MSC expansion.>* We also assessed whether
FCS, a normal constituent of the complete culture medium, might simulate
the effect of HB-EGF. Proliferation assay was performed in round-bottom
96-well plates (Costar, Cambridge, MA) in a total volume of 0.2 mL
complete DMEM. A total of 1 pnCi (0.037 MBq) [*H]-thymidine (ICN,
Costa Mesa, CA) was added into each well 2 or 6 days after the addition of
HB-EGF or bFGF, and cells were harvested on day 3 or day 7, respectively,
onto glass fiber filters using an LKB 96-well harvester (Wallac Oy, Turku,
Finland) after an additional 24 hours. [*H] thymidine uptake was measured
on an LKB Betaplate counter (Wallac Oy). The results were expressed as
mean counts per minute (cpm) for triplicate cultures (standard errors were
routinely < 10%).

Long-term MSC proliferation was assessed without and with different
HB-EGF concentrations, starting from 5 X 10% and 10* MSCs seeded into
24- or 6-well plates or 25-, 75-, or 175-cm? flasks (BD Falcon; Becton
Dickinson), by counting with flow cytometry all the cells harvested at 1, 2,
and 3 weeks of culture before reaching cell confluence. Cell acquisition
continued up to the end of the samples and was stopped as soon as no other
cells were detected, thus preventing aspirated air bubbles, which could be
incorrectly counted as cells. In addition, the flow cytometer was thoroughly
washed between each sample to avoid any cross-contamination.

MSC differentiation assay

MSCs were tested for their ability to differentiate into adipocytes,
osteoblasts, and chondrocytes, as previously described,!82226:30.34 i the
presence or absence of human recombinant HB-EGF (R&D Systems
Europe). Adipocyte differentiation was achieved after 2-week culture of
MSCs with adipogenic medium (AM), containing 107¢ M dexamethasone,
10 pg/mL insulin, and 100 pg/mL 3-isobutyl-L-methylxantine (all from
Sigma Immunochemicals, Milan, Italy). Osteoblast differentiation was
achieved after 2-week culture with osteogenic medium (OM) containing
1077 M dexamethasone, 50 pg/mL ascorbic acid, and 10 mM
B-glycerophosphate (Sigma Immunochemicals). Chondrocyte differentia-
tion was achieved after 2-week culture with chondrogenic medium (CM),
containing 107 M dexamethasone and 10 ng/mL TGF-$ (Sigma Immuno-
chemicals). However, one-week culture with differentiation medium is
sufficient to irreversibly prime MSCs toward a specific differentiation, with
a good cell morphology preservation. Oil-red-O, von Kossa, and toluidine
blue dyes were used to identify adipocytes, osteoblasts, and chondrocytes,
respectively. More than 90% of the cells differentiated depending on the
time left in culture with the differentiating agent.
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Differentiation gene expression

We analyzed the expression of differentiation genes by MSCs under the
effect of 2 conditioning media (AM and OM) with or without HB-EGF (50
ng/mL) or bFGF (1 ng/mL), by using quantitative real-time RT-PCR. Total
RNA was isolated from human MSCs, and 1 pg RNA was converted to
c-DNA with random primers by the First Strand c-DNA Synthesis Kit
(AMV; Roche Diagnostic, Mannheim, Germany). Real-time quantitative
PCR analysis was performed on an ABI Prism 7000 SDS (Applied
Biosystems, Foster City, CA) using the TagMan PCR Master Mix (Applied
Biosystems). The TagMan assays were chosen from the list of the
Assays-on-Demand (Applied Biosystems). They included Hs00234592_m1
for PPAR-vy (peroxisome proliferative activated receptor, gamma),
Hs00173452_m1 for LPL (lipoprotein lipase), and Hs00609791_m1 for
FABP4 (fatty acid—binding protein 4, adipocyte) to test adipogenic differen-
tiation®; Hs00173720_m1 for IBSP (integrin-binding sialoprotein bone
sialoprotein, bone sialoprotein II) and Hs00231692_m! for RUNX2 (runt-
related transcription factor 2) to test osteogenic differentiation.’*3” All PCR
reactions contained primers and probe diluted 1:20 and 5 ng c-DNA (total
RNA equivalent) in 25 pL total volume, and samples were analyzed in
triplicate. Thermal cycling included an initial incubation at 50°C for 10
minutes followed by 95°C for 10 minutes then 50 cycles of 15 seconds at
95°C for denaturation and 1 minute at 60°C for extension. Fluorescence
emission of 6-carboxyfluorescein (FAM) was automatically measured
during PCR run. A cycle threshold value of 45 was considered the end of the
PCR run. The expression of each mRNA was calculated by relative
quantification using the average of GAPD (glyceraldehyde-3-phosphate
dehydrogenase) (Hs99999905_m1) and ACTB (beta-actin) (Hs99999903_m1)
transcript level as reference. Data were analyzed as indicated in User Bulletin no.
2 (Applied Biosystems).?

HER-1 phosphorylation assay

The effect of HB-EGF by HB-EGF-producing cells (LP1 cell line; EV.,
personal data, February 2000) was evaluated through its effect on HER-1
pY1068 phosphorylation in MSCs in a coculture system (cell-to-cell
contact). MSCs were cultured in DMEM plus 15% FCS in 6-well plates
(Costar) and then incubated in the absence or presence of 100 pg/mL
anti-HB-EGF neutralizing moAbs as a control (R&D, Minneapolis, MN).
LP1 cells (3 X 10° were directly added to the monolayer of MSCs and
cocultured for 20 minutes. Subsequently, LP1 cells were removed and MSCs
washed with cold PBS, collected, and stored at —80 °C until use to analyze the
phosphorylation status of HER-1 1068 tyrosine (pY1068). MSCs were also
stimulated for 20 minutes with 50 ng/mL recombinant human HB-EGF (R&D)
to test their reactivity and as a control of the culture experiments.

Table 1. Inmunophenotype of proliferating and differentiating MSCs

HER-1, HB-EGF, AND MSCs 61

Full-length HER-1 (EGFR) and HER-1(EGFR)-P (pY1068) ELISA

Cell lysate preparation. Cell pellets were washed twice with cold PBS and
lysed for 30 minutes in 150 L ice-cold cell extraction buffer (Biosource,
Camarillo, CA) additioned with protease inhibitor cocktail (Sigma, St
Louis, MO) and 1 mM phenylmethylsulfonyl fluoride (PMSF). The lysates
were harvested, incubated for 30 minutes on ice, and vortexed at 10-minute
intervals. After centrifugation at 16 060g (13 000 rpm) for 10 minutes at
4°C, aliquots of clear lysate were transferred to microfuge tubes and used
for enzyme-linked immunosorbent assay (ELISA).

ELISA. Full-length EGFR and EGFR phosphorylated at tyrosine 1068
were measured using commercially available ELISA kits (Biosource).
Briefly, 100 wL of samples (diluted 1:10) prepared as described above was
incubated in duplicate overnight at 4°C. After washing, detection antibodies
specific for human C-terminus of EGFR or EGFR phosphorylated at
tyrosine 1068 was added to the wells. After removal of excess detection
antibody, samples were treated with a horseradish peroxidase-labeled
anti—rabbit IgG. After a third incubation and washing, the substrate solution
was added. The enzymatic reaction was stopped and read within 30 minutes
at 450 nm on a AutoReader III (Ortho Diagnostic Systems). Values of
EGFR (pY1068) were normalized for full-length EGFR content. Results
were expressed as percentage (x = SD) of phosphorylation compared with
the basal control (3 experiments). Each sample had comparable cell
numbers and amount of HER-1 molecules.

Statistics

Statistical comparison of the proliferation assay arms (achieved on the basis
of the variable cell number, HB-EGF culture concentration, and presence/
absence of anti-HB-EGF or anti-HER-1 blocking antibodies, but homoge-
neous as far as their composition) was carried out according to the Student ¢
test. Differences were considered statistically significant when P < .05.

Results
MSCs express and modulate surface HER-1 but not HB-EGF

MSC immunophenotype is shown in Table 1. Proliferating MSCs
normally expressed surface CD105, CD73, CD29, CD44, and
CD90 at high levels, and CD106 less intensely (Figure 1A), but
they were negative for all the hematopoietic (CD45, CD14, CDllc,
CD123, CD34) and endothelial (CD31) markers. Along with the

Proliferating MSCs HB-EGF-treated MSCs Preadipocytes Preosteocytes Prechondrocytes
CD105 ++ 4 + + +
CD73 ++ ++ + + +
CD106 = + = = 4
CD29 ++ ++ + + +
CD44 +++ +4++ + + +
CD90 +++ +++ + + +
CD45 = = = = =
CD14 - - - - -
CD11c - - - - -
CcD123 - - - - -
CD34 = = = = =
CD31 - - - - -
HB-EGF = = = = =
HER-1 + - - - -
HER-4 = = = = =
CD10 - - + - -
CD56 = = = + -

MSC immunophenotype have been analyzed by flow cytometry in standard conditions (proliferating cells), after 2-hour incubation with 25 ng/mL HB-EGF, and after culture
with differentiation (adipogenic, osteogenic, chondrogenic) media. HB-EGF-treated MSCs lose HER-1 surface expression, which is restored a few hours after removing
HB-EGF from the medium (data not shown). Results are expressed as intensity of expression (—, negative; + weak expression; +, 1 log shift from negative control; ++, 2 log
shifts from negative control; +++, 3 log shifts from negative control) and derive from 6 different experiments.
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Figure 1. MSC marker expression. Proliferating MSCs were analyzed for the
surface expression of (A) CD105 (endoglin), CD73, CD106 (VCAM-1), CD29, CD44,
and CD90, which are all constitutively expressed, and (B) HB-EGF, HER-1, and
HER-4 molecules. In panels A and B, the x axis measures positive marker, open
curves, cells positive for the marker; and shaded curves, negative controls. Only
HER-1 is expressed in standard conditions. The presence of the mRNA for HB-EGF,
HER-1, and HER-4 was evaluated by RT-PCR on MSCs (C). Lane 1 indicates negative
control (water); lane 2, MSCs; lane 3, MSCs after the addition of 25 ng/mL HB-EGF to
culture; lane 4, A431 cell line (HER-1 positive control); and lanes 5-6, U937 cell line
(HB-EGF and HER-4 positive controls). Beta-actin is the quantitative control.

differentiation into preadipocytes, preosteocytes, and prechondro-
cytes, cells progressively reduced the expression of CD105, CD73,
and VCAM-1. At the same time, preadipocytes and preosteocytes
became positive for CD10 and CD56, respectively (Table 1).

All proliferating MSCs showed surface membrane expression
of HER-1 (Table 1; Figure 1B), except those treated with HB-EGF
(Table 1). MSCs were always negative for HB-EGF and HER-4
(Figure 1B). These features were confirmed by RT-PCR (Figure
1C). MSCs were negative for HB-EGF and HER-4 (Figure 1C
lanes 2-3) RNA, if compared with the U937 cell line (Figure 1C
lanes 5-6). HER-1 RNA was present in proliferating MSCs (Figure
1C lane 2), like in the A431 cell line (Figure 1C lane 4), and still
detectable after the addition of HB-EGF to the culture (Figure 1C
lane 3), although MSCs down-regulated completely the surface
HER-1 expression by one hour after HB-EGF addition, and
expressed it again a few hours after HB-EGF removal from culture
(data not shown). By contrast, differentiating MSCs (Table 1), and
MSCs that were no longer proliferating, permanently lost the
expression of surface HER-1 (data not shown).
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Figure 2. Effect of HB-EGF on MSC expansion. Enhancement of MSC proliferation
was induced by HB-EGF in a dose-dependent fashion with concentrations between 5
to 50 ng/mL, starting from both 5 x 108 (A) and 10 (B) cells. MSC expansion with 5
ng/mL (i), 25 ng/mL (M), and 50 ng/mL ((J) HB-EGF was assessed by MTT method
at 72 hours and expressed as additional proliferation (the percentage of increase of
MSC proliferation following HB-EGF addition [P1] compared with the spontaneous
MSC proliferation that normally occurs without HB-EGF [P2]). In other words,
(P1-P2)/P2 X 100. P < .01 refers to the difference between the spontaneous
expansion without HB-EGF and the additional proliferation with 5, 25, and 50 ng/mL
HB-EGF. The figure shows means = SD of 5 different experiments.
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Figure 3. Comparison of HB-EGF with bFGF and contribution of FCS to
proliferation enhancement. To assess the proliferating cell rate, 3H-thymidine
incorporation assay was run for 72 hours (A) and 7 days (B), and the effect of
HB-EGF was compared with that of 1 ng/mL basic fibroblast growth factor (bFGF),
with or without FCS, a normal constituent of the complete culture medium that might
contain growth factors. The enhancement of MSC proliferation rate by HB-EGF is
dose dependent, with little difference between 25 and 50 ng/mL, and the effect with
50 ng/mL concentration is lower but not far from that achieved by adding 1 ng/mL
bFGF to the culture. With both growth factors, as well as with normal medium, MSC
proliferation depends on the presence of FCS, thus indicating that the increase of
proliferation rate is actually due to the specific effect of those growth factors and not to
FCS components. In the presence of FCS, the difference between the arm without
HB-EGF and the others is statistically significant (P < .01). The figure shows
means * SD of 5 different experiments.

HB-EGF is a proliferation factor for MSCs
without inducing differentiation

The addition of HB-EGF to MSC cultures at a concentration range
of 5 to 50 ng/mL enhanced MSC expansion in a dose-dependent
fashion, starting from both 5 X 103 and 10* cells. Higher concentra-
tions (500 ng/mL) led to an inhibitory effect on MSC proliferation,
as described for other cell types.* After 72-hour culture, the mean
increase of MSC number, compared with the 5 X 103 basal cell
concentration, was 2.6 = 1.4 times with no HB-EGF. This sponta-
neous MSC expansion was increased by 5, 25, and 50 ng/mL
HB-EGF of an additional 11.9 £ 7.4%, 20.2 £ 6.9%, and
29.4 * 14.4%, respectively. The difference between the expansion
without HB-EGF and with 5, 25, and 50 ng/mL. HB-EGF was
statistically significant (P < .01) (Figure 2A).

We observed similar findings when we used a starting MSC
number of 10%, by which cells are nearly confluent in a 96-well
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Figure 4. Long-term effect of HB-EGF on MSC proliferation. Dose-dependent
enhancement of MSC proliferation induced by HB-EGF persists for several weeks,
starting from both 5 X 103 (A) and 10* (B) cells. No HB indicates MSC proliferation
without HB-EGF; HB 5, HB 25, and HB 50: MSC proliferation with 5, 25, and 50 ng/mL
HB-EGF, respectively. The figure shows a representative case from those analyzed in
Figure 2.
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Figure 5. Effect of blocking antibodies against HER-1 and HB-EGF on MSC
proliferation. Starting from both 5 x 103 (A) and 10* (B) cells, the enhancement of
MSC proliferation induced by 5 ng/mL (&), 25 ng/mL (M), or 50 ng/mL ((J) HB-EGF (1)
is completely abolished by the addition of blocking antibodies against HER-1 (2) and
HB-EGF (3). No inhibitory effect is obtained by adding to HB-EGF the same
concentration of indifferent goat immunoglobulins (4), the blocking antibody isotype.
Proliferation rate is assessed by MTT method at 72 hours and expressed as
additional proliferation (the percentage of increase of MSC proliferation following
HB-EGF addition [P1] compared with the spontaneous MSC proliferation that
normally occurs without HB-EGF [P2]). In other words, (P1—P2)/P2 X 100. P < .01
refers to the difference between the arms without blocking antibodies and the others.
The figure shows means + SD of 5 different experiments.

plate; with no HB-EGF, the mean increase of MSC number was
slightly lower (2.0 = 1.0 times), probably because of cell-cell
contact. Nevertheless, MSC expansion was enhanced by 5, 25, and
50 ng/mL HB-EGF of an additional 13.6 = 8.8%, 21.0 = 7.8%,
and 30.9 = 15.0%, respectively. Again, the difference between the
expansion without HB-EGF and with 5, 25, and 50 ng/mL HB-EGF
was statistically significant (P < .01) (Figure 2B).

The enhancement of MSC proliferation rate by HB-EGF,
measured by *H-thymidine assay, was dose dependent with little
difference between 25 and 50 ng/mL, and the effect with 50 ng/mL
concentration was lower but not far from that achieved by adding 1
ng/mL bFGF to the culture. For both growth factors, the effect
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depended on the presence of FCS in the culture medium.
However, FCS removal hampered not only the advantage in
proliferation conferred to MSCs by HB-EGF and bFGF, but also
MSC normal expansion, thus indicating that the increase of
proliferation rate is actually due to the specific effect of those
growth factors and not to FCS components (Figure 3), and that
serum-free medium, even with HB-EGF addition, does not
allow normal MSC proliferation.

Dose-dependent enhancement of MSC proliferation induced by
HB-EGEF persisted for several weeks (Figure 4), starting from both
5 X 103 (Figure 4A) and 10* (Figure 4B) cells, sustained by a
clear-cut increase of proliferation rate of HB-EGF-treated MSCs
compared with the initial cell concentrations.

At any time of the culture of MSCs with HB-EGEF, no
spontaneous differentiation into any of the mesenchymal lineages
was observed, as assessed by specific staining. HB-EGF—cultured
MSCs continued to proliferate more quickly than untreated MSCs
regardless of the HER-1 down-regulation, as previously men-
tioned. In addition, MSCs expanded with HB-EGF were still able
to differentiate into adipocytes, chondrocytes, and osteoblasts
using the appropriate differentiation media without HB-EGF.

HB-EGF-induced proliferation is mediated by HER-1

To show that the proliferative effect of HB-EGF on MSCs was
exerted through the interaction with its receptor HER-1, blocking
MoAbs against HER-1 or HB-EGF were added to MSC cultures in
conjunction with HB-EGF and the resulting proliferation was
measured. Starting from both 5 X 103 (Figure 5A) and 10* cells
(Figure 5B), the enhancement of MSC expansion beyond the
spontaneous expansion (which was increased of an additional
9.8 +2.2%,18.9 * 6.6%, and 25.8 = 15.4% starting from 5 X 10°
MSCs with 5, 25, and 50 ng/mL HB-EGF, respectively; and
12.4 = 8.0%, 19.5 = 9.2%, and 30.8 = 10.4% starting from 10*
MSCs, with 5, 25, and 50 ng/mL HB-EGF, respectively; lane 1)
was completely abolished by the addition of anti-HER-1 (lane 2)
and anti-HB-EGF (lane 3) blocking MoAbs (P < .01). In the
presence of HB-EGF and indifferent goat Ig, the blocking antibody
isotype, no difference was observed in MSC proliferation com-
pared with HB-EGF only (starting from 5 X 103 cells: additional
10.4 = 1.6%, 18.3 = 5.9%, and 25.0 = 13.0% proliferation by 5,
25, and 50 ng/mL HB-EGF, respectively; starting from 10%

Figure 6. HB-EGF prevents MSC differentiation in-
duced by specific media. Confluent MSCs were cul-
tured for 14 days in flasks and culture slides with no
differentiation medium (No DM) or in the presence of
adipogenic (AM), osteogenic (OM), or chondrogenic (CM)
medium, without and with 50 ng/mL HB-EGF; then cells
were stained with Oil-red-O, von Kossa, and toluidine
blue methods, respectively, to assess MSC differentia-
tion. MSCs cultured in the presence of HB-EGF did not
show any specific differentiation. The figure shows a
representative case of 3 different experiments. In each
box, left images show unstained cells and right images
show cells stained with specific dyes. Images were
visualized through an Olympus BX50 microscopic
equipped with UPlan FL 100x/1.30 oil objective lens
(Olympus, Tokyo, Japan). Acquisition was performed
with Nikon ACT-1 2.20 software (Nikon, Tokyo, Japan);
processing, with Adobe Photoshop 7.0 (Adobe, San
Jose, CA).
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additional 12.4 = 7.6%, 21.1 £ 9.4%, and 31.4 = 11.2%, respec-
tively; Figure 5A-B lane 4).

Simple addition of antibodies (anti-HER-1, anti-HB-EGF, or
indifferent goat Ig) without HB-EGF did not modify MSC sponta-
neous proliferation (data not shown); moreover, we had previously
assessed that anti-HB-EGF blocking antibodies have no effect on
proliferation of HB-EGF- and HER-1-negative cell lines.*

HB-EGF inhibits MSC differentiation

Confluent MSCs were cultured for 14 days in flasks and culture
slides in the presence of AM, CM, or OM, in the presence or
absence of 50 ng/mL HB-EGF. Then cells were stained with
Oil-red-O, von Kossa, and toluidine blue, respectively, to assess
MSC differentiation. MSCs cultured in the presence of HB-EGF
did not show any evidence of differentiation (Figure 6). To achieve
this result, HB-EGF had to be added to the culture immediately
before or together with the differentiation medium and left for the
entire culture time. Analysis of differentiation gene expression by
quantitative RT-PCR showed that the presence of HB-EGF together
with differentiation media is associated with the lack of specific
differentiation gene up-regulation, more evidently than using bFGF
(Figure 7), which had been suggested to not interfere with MSC
multilineage differentiation potential .33

HB-EGF preserves multilineage stem-cell potential

As the treatment with HB-EGF had prevented MSC differentiation,
we assessed whether HB-EGF—treated MSCs retained their multi-
lineage stem cell potential in the presence of differentiation
medium (Figure 8). MSCs were cultured for one week in the
presence of CM without and with 50 ng/mL HB-EGF, which was
added 2 hours before CM and left for the entire culture. At the end
of the culture, HB-EGF and CM were removed and MSCs
cultivated for 2 weeks with AM or OM. MSCs treated with CM
without HB-EGF underwent differentiation into chondrocytes, as
suggested by morphology and Toluidine blue (Figure 8A), while
MSCs cultured with HB-EGF and CM did not (Figure 8B).
Consequently, adipogenic and osteogenic differentiation were
achieved only with HB-EGF—pretreated MSCs (Figure 8D and F,
respectively), but not in the absence of HB-EGF preincubation
(Figure 8C and E, respectively). This evidence shows that the
presence of HB-EGF in the preliminary culture with CM had not
only prevented MSC differentiation into chondrocytes, but also let
them maintain their multilineage stem cell potential. Similar results
were achieved by culturing MSCs for one week in the presence of
AM or OM without and with 50 ng/mL HB-EGF, and then for 2
weeks with CM or OM (those previously cultured with AM =
HB-EGF), and with CM or AM (those previously cultured with
OM = HB-EGF). In all cases, differentiation was achieved only
with HB-EGF-pretreated MSCs (data not shown).

HB-EGF—producing cells activate HER-1 signaling in MSCs

Coculture of MSCs with cells that normally produce HB-EGEF, such as
LP1 myeloma cell line (membrane HB-EGF positive, soluble HB-EGF
producing, and membrane HER-1 and HER-4 negative; M.K., personal
data, October 2003) led to a significant HER-1 phosphorylation
(25.1 = 5.2%) in MSCs, an event that triggers all HER-1-dependent
intracellular activities,” compared with that observed using human
recombinant HB-EGF (55.2 = 6.6%). In both cases, phosphorylation
was significantly prevented (7.3 = 3.4% and 0.9 = 0.3%, respectively)
by the use of blocking antibodies against HB-EGF, while indifferent
goat Igs were ineffective (Figure 9).
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Figure 7. Analysis of differentiation gene expression by quantitative RT-PCR. The
presence of HB-EGF (50 ng/mL) together with differentiation media (AM, adipogenic
medium; OM, osteogenic medium) in a 2-week culture is associated with the lack of
specific differentiation gene up-regulation. This result is less evident with bFGF (1
ng/mL). FABP4 indicates fatty acid-binding protein 4, adipocyte differentiation; LPL,
lipoprotein lipase, adipocyte differentiation; PPARYy, peroxisome proliferative active
receptor-vy, adipocyte differentiation; IBSP, integrin-binding sialoprotein I, osteoblast
differentiation; and RUNX2, runt-related transcription factor 2, osteoblast differentia-
tion. The expression of each mRNA was calculated by relative quantification using the
average of GAPD (glyceraldehyde-3-phosphate dehydrogenase) and ACTB (beta-
actin) transcript level as reference (4 duplicates). P < .01 refers to the difference
between the arms with differentiation medium (AM or OM) without growth factors and
those with either HB-EGF or bFGF, and to the reciprocal comparison of the 2 growth
factors. DMEM indicates culture medium without growth factors or differentiation
agents. Error bars indicate means + SD of 4 different experiments.

Discussion

This study provides the first evidence that HB-EGF/HER-1 signal-
ing is mitogenic for MSCs and may reversibly prevent their
differentiation, leading to self-renewal rather than differentiative
cell divisions. MSCs are the precursors of different mesenchymal
tissues that play a crucial role in the construction of normal and
pathologic microenvironments, mainly through the interaction with
other cell types, such as endothelial cells, vascular SMCs, and
leukocytes. HB-EGF is involved in these processes, in which it
exerts a complex role entailing chemotaxis, proliferation, differen-
tiation, and apoptosis, depending on both HER-1 or HER-4
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Figure 8. HB-EGF preserves multilineage stem cell
potential. MSCs were cultured for one week in the
presence of CM without and with 50 ng/mL HB-EGF,
which was added 2 hours before CM and left for the entire
culture. Then both groups were cultured for 2 weeks with
AM or OM, without HB-EGF and CM. MSCs treated with
CM without HB-EGF underwent differentiation into chon-
drocytes, as suggested by morphology and Toluidine blue
(A), while MSCs cultured with HB-EGF and CM did not
(B). Adipogenic and osteogenic differentiation were not
achieved with untreated MSCs (C,E), but only with
HB-EGF—pretreated MSCs (D,F). The presence of HB-
EGF in the preliminary culture with CM not only prevented
MSC differentiation into chondrocytes, but also preserved
their multilineage stem cell potential. The figure shows a
representative case of 3 different experiments. Image
visualization, acquisition, and processing were per-
formed as for Figure 6.

stimulation and reverse signaling through the cytoplasmic tail of
HB-EGE.4-10,12-15.39

‘We have observed that HB-EGF enhances ex vivo MSC prolifera-
tion via the interaction with its receptor HER-1, whose role in normal
and neoplastic epithelial cell expansion has been clear for a long time.
MSC differentiation potential is not affected by the enhancement of
self-renewal, as the proliferative effect is not associated with spontane-
ous differentiation. The effect is highly controlled because surface
HER-1 is down-regulated after interaction with HB-EGF; this occurs
rapidly but reversibly, because HER-1 RNA is still synthesized and
leads to the re-expression of surface HER-1 a few hours after HB-EGF
removal from culture. By contrast, HER-1 expression is permanently
lost during MSC differentiation into mesenchymal cell lineages. HB-
EGF proliferative effect on MSCs is direct, dose dependent, long lasting,
comparable with other growth factors such as bFGF, and HER-1
mediated, because it is completely prevented by antagonizing HB-EGF/
HER-1 interaction with anti-HER-1 blocking antibodies.

Of utmost interest is the finding that HB-EGF inhibits MSC differen-
tiation in a stronger manner than bFGE Not only does HB-EGF prevent
spontaneous MSC differentiation, but also makes the MSCs refractory to
differentiating media for a significantly long time (1-2 weeks). This
inhibitory effect is detectable only if HB-EGF is added to the culture
immediately before the differentiation medium and left for the entire
culture time. This suggests that the preliminary HER-1 triggering by
HB-EGF is necessary to hamper the differentiation cascade, and that
surface HER-1 is probably re-expressed during the culture after being
down-regulated following HB-EGF interaction. This is consistent with the
evidence that HER-1 RNA is still detectable in MSCs after HB-EGF
addition (Figure 1C lane 3). It is likely that the molecular events that occur
downstream of the engagement of HER-1 by HB-EGF may interfere at a
very early level with those activated by the specific medium.

There is increasing evidence of the potential use of MSC
infusion for clinical purposes, such as hematopoietic support, tissue
repair, immunosuppressive cell therapy, and anticancer gene
therapy.?!-2225-2830 Thus, it is of great interest to study which factors
may have a role in MSC expansion, maintenance of MSC stem cell
plasticity, and interaction with normal and pathologic cells once the
MSCs are recruited and included in proliferating tissues. The rapid
ex vivo MSC expansion and down-regulation of the MSCs
sensitivity to physiologic differentiation agents could represent a
valid alternative to other factors, such as bFGF, with an advantage
in terms of MSC differentiation potential, in situ recruitment, and
proliferation, and therefore of in vivo transplantation efficiency.
MSC differentiation potential and curative effect should be main-
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tained anyway, as the differentiation block of MSCs is temporary,
depending on the presence of HB-EGF.

The in vivo role of HER-1 expression by MSCs is unknown.
The evidence that HER-1 phosphorylation occurs in MSCs in the
presence of HB-EGF-producing cells suggests that HB-EGF/
HER-1 signaling may be operational in vivo, as previously shown
for epithelial cells.” As HB-EGF is not produced by MSCs, it is
likely that its effects are exerted in vivo through the interaction
between MSCs and microenvironments. HER-1 expression by
MSCs makes possible a potential interaction with a large number

A LP1
i [
H g
r 8
fig] - i
E 8
] 8
& HER-1 & HER-4
;E =8
s A
a B
I e e B - g e
— HB-EGF
- T
i & P<.0
g £
g a
é ]
g 1]
g
[
medium HB-EGF HB-EGF- i LP1+ HE-EGF 4

blacking Abs blocking Abs  goatlg

Figure 9. HB-EGF-producing cells activate HER-1 signaling in MSCs. (A)
Coculture of MSCs with cells that normally produce HB-EGF, such as LP1 myeloma
cell line (membrane HB-EGF positive, soluble HB-EGF producing, and membrane
HER-1 and HER-4 negative) led to a significant HER-1 phosphorylation in MSCs,
compared with that observed using human recombinant HB-EGF (50 ng/mL), which
is prevented by the use of blocking antibodies against HB-EGF (B). As phosphoryla-
tion is the event that triggers all HER-1—dependent intracellular activities,® this
evidence suggests that HB-EGF/HER-1 signaling may be operational in vivo. SSC
indicates side scatter; FSC, forward scatter. Error bars indicate means = SD of 3
different experiments.
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of HB-EGF-producing cells, such as monocytes,? T cells,” granulo-
cyte-macrophage colony-stimulating factor (GM-CSF)-activated
granulocytes,*? myeloid leukemia blasts,* vascular SMCs,? endothe-
lial cells,” and normal® or neoplastic epithelial cells.” Most of these
HB-EGF-producing cell types normally interact with stromal
tissues. In the case of tissue damage or neoplastic growth, these
cells are recruited and take part in either inflammatory or
regenerative phases. Stromal support is guaranteed by both the
local tissue mesenchymal progenitors and the migration of BM
MSCs.21-22:2425.27-28 [t has to be investigated whether the HB-EGF/
HER-1 signaling may contribute in vivo to maintain a broad,
proliferating pool of undifferentiated MSCs, thus ensuring the
regenerative process or the efficient angiogenesis to neoplastic
growth. The use of HB-EGF inhibitors could have a role in these
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In conclusion, the effects of HB-EGF/HER-1 signaling on
MSC:s give the cue to understand better the biology and the role of
MSCs. These findings suggest a unifying basis for the pleiotropic
activity of HB-EGF in a number of other conditions, including the
mesenchymal-epithelial transition.*® Moreover, this study supports
the idea that some complex biologic phenomena, such as the
microenvironment/neoplasia interaction, should be reconsidered
when evaluating the role of broad-activity factors on stem cells.
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