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Suppression of Hematopoietic Activity in Tenascin-C—-Deficient Mice

By Masatsugu Ohta, Takao Sakai, Yumiko Saga, Shin-ichi Aizawa, and Masaki Saito

Tenascin-C (TN-C), a member of the extracellular matrix
(ECM) glycoprotein family, is expressed on the surface of
stromal cells in the hematopoietic system or lymphoid
organs. Recently, TN-C-deficient mutant mice produced by
TN-C gene targeting through homologous recombination
were shown to develop normally, although TNs have been
reported to play important roles in organogenesis and
carcinogenesis. In the present study, we found that colony-
forming capacity of bone marrow (BM) cells was consider-
ably lower in TN-C-deficient mice (a decrease of ~35% from
control), although their mononuclear cell count and BM
architecture showed no significant difference from those of
normal mice. Furthermore, in long-term BM culture in vitro,
hematopoietic cell production (a decrease of ~40% in Dex-

ter’s condition and of ~65% in Whitlock-Witte’s condition
from control), colony-forming capacity of the produced cells
(a decrease of ~60% from control), and longevity of the
cultures were markedly lower in the TN-C-deficient mice
than in control mice, whereas hematopoiesis in the TN-C-
deficient mutant mice was sustained. The addition of TN-C
glycoprotein to long-term BM cultures of TN-C-deficient
mice clearly induced the recovery of hematopoietic cell
production and colony-forming capacity of hematopoietic
progenitor cells. Thus, these results provide direct evidence
that an ECM glycoprotein component, TN-C, plays a relevant
role in hematopoiesis through interactions between stromal
cells and hematopoietic progenitor cells.

© 1998 by The American Society of Hematology.

HE HEMATOPOIETIC microenvironment plays an essen- fied* and it has been shown th&¥ encodes the &it proto-

tial role in hematopoiesis through cell-to-cell, cell-to- oncogene, a tyrosine kinase membrane recépgtand Sl
extracellular matrix (ECM), and cell-to-growth factor interac- encoded the mast cell growth factor (also knowrseeelfactor
tions!2Hematopoietic microenvironment is a complex structure[SLF], stem cell factor, okit ligand)%1°A novel tyrosine kinase
in which stem cells, progenitor cells, stromal cells, growth receptor specific to hematopoietic stem cells, called flt3/flk-2,
factors, and ECM molecules each interact to regulate hematopohas been identifiet};'? and its ligand, flk-ligand (FL), has

etic cell growth and differentiation. It remains a major quest torecently been cloned and characterized as proliferative factor
determine how the components of mictoenvironment regulatg§qy primitive hematopoietic cell%®

lineage-specific blood cell differentiation. Previous studies op the other hand. to clarify the function of each molecule
showed direct evidence of interaction between hematopoieti¢e|ated to hematopoietic regulation, a series of the mouse model
stem cells and stromal cells by the finding of the expression ofof the null mutation of the gene has been generated by
tyrosine kinase receptor family on hematopoietic stem cells anqjisruption of the gene using homologous recombination in
their ligands which stimulate the proliferation of hematopoietic embryonic stem (ES) cells. The knockout mice disrupting
stem _cells_ in molecular Ie\_/el_. The evidence in hereditarily hematopoietic growth factor receptor genes and growth factor
anemic micé that hematopoietic stem cells from heterozygotegenes have been reported. Mice deficient in flk2 showed
anemicSVSF mousé can repopulate the stroma and rescue a5 . . L ) . . .
Pop deficiencies in primitive B-lymphoid progenitors and in T-cell

lethally irradiated wild-type+€/+) host, but+/+ stem cells fail ) o .
to rescue thesISF anemia showed that the defect $flocus and myeloid reconstitution by mutant stem cells using bone
marrow transplantation (BMT) experimenrts.Furthermore,

resulted in the defective hematopoietic microenvironmént. : -

White spotting YV) and steel $) mutations have been identi- double-mutant mice of both flk2 andkit showed more severe
hematopoietic deficiency.Mice deficient in flk-1, the receptor

tyrosine kinase, playing an important role in endothelial devel-

opment, showed an early defect in the development of hemato-
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cells22 However, MIP-x knockout mice resulted in no overt forming capacity of hematopoietic progenitor cells and produc-
hematopoietic abnormalitiés. tion of hematopoietic cells in LTBMCs of TN-C—deficient mice
Gene disruptions of cell-adhesion—related molecules havevere significantly lower than in those of TN-C-expressing
extensively been studied. Integrin family are thought to becontrol mice.
critical in controlling differentiation and migration of blood cell
precursors. Hirsch et#reported that hematopoietic stem cells MATERIALS AND METHODS
Igcklng B1 integrins could form and dlfferen_tlate into different . TN-C_deficient mutant mice were created by TN-C gene-
lineages but C.OUId .not COIQn'Ze .the fetal liver. Arrolyo ealﬁal targeting in murine (ES) cells as described previogin the present
showed that disruption af4 integrin gene resulted in impaired  sydy, C57BL/6 mice were used as the control mice because ES cells
T and B lymphopoiesis, but in normal monocyte and naturalused in the targeting (TT2 cells) were derived from an F1 embryo of
killer cell development. These reports indicate that the mainte<C57BL/6 and CBA mice. C57BL/6 mice were obtained from The Japan
nance of hematopoietic stem cells in BM may require unidenti-SLC Co (Shizuoka, Japan). Mice were housed at the Department of
fied mo|ecu|e(s) related to adhesive interaction other mhn Experimental Medicine, Jichi Medical School, TOChigi, and at the
and a4 integrins. Furthermore, p53 tumor suppressor gene_Instit.u.te of Apimal E'xperimentation, Hokkgido University School Qf .
deficient mice showed that mice homozygous for the null alleleMedicine. This experiment was performed in accordance with the Jichi
. Medical School Guide for Laboratory Animals and with the Hokkaido
appeared normal but were susceptible to the spontaneous devel

. . . L clE)ﬁiversity Guide for the Care and Use of Laboratory Animals.
ment of a variety of neoplasms including hematoporegignancy Basic data. Both TN-C—deficient mice and control mice were

(20 malignant lymphoma cases of 30 examirdjuggesting  yeighed. Blood was drawn from the tail vein for hematocrit, white

that p53 has an important role in the maintenance of normablood cell count, and hemogram. Spleen and liver weight was measured

hematopoiesis by the regulatory effect of cell-cycle control.  after killing of the mice by cervical dislocation. BM obtained from a
Gene targeting of ECM component has not been fully femur was fixed for histological examination.

examined yet. It is reported that fibronectin-knockout mutant Continuous BM cultures. LTBMCs were established as described

mice caused early embryonic lethality, and blood island forma-Previously*’ In each experiment, age-matched 7-week-old (young) and

tion was impaired in endodermal component of the yolkZac. 50-week-old (aged) TN-C—deficient mice and C57BL/6 mice were

. . used. For investigation of the myeloid and macrophage hematopoietic
We have previously shown that the ECM glycoproteins TN, ystem, we used culture conditions based on Dexter’s méthuith

fibronectin, f”md laminin were expressed in established Stromalodifications?s Briefly, the contents of an adult mouse femur and tibia
cells by murine BM adherent cell cultur&&-urthermore, when  yere flushed into a 25-cnculture flask (Falcon no. 3109; Becton

stromal cells were cocultured with nonadherent BM cells, pickinson Labware, Franklin Lakes, NJ) using an 18-gauge needle in
which resulted in the formation of active hematopoietic areas inFisher’s medium supplemented with 20% horse serum (Life Technolo-
culture, the expression of TN was markedly enhanced duringies, Inc, Grand Island, NY) and 1®mol/L hydrodortisone sodium
lymphoid differentiation under Whitlock-Witte's culture condi- hemisuccinate (Sigma Chemical Co, St Louis, MO). Cultures were
tions28 These findings suggest that the ECM component mighﬂ'ncubated at 33°C in humid air containing 7% £4hd the medium was
play a substantial role in lineage-specific hematopoiesis. Tenaghanged weekly by removal of all nonadherent cells and medium and
. . replacement with 6.0 mL fresh medium. For investigation of the

cins are ECM glycoproteins that have been postulated to b? . S o

. . . ymphoid hematopoietic system, we used the method originally estab-
regulators of cell-to-cell interaction, embryogenesis, and th

' . eIished by Whitlock et @° with some modification. Briefly, the flushed
process of malignant transformatihi*A recent study on the BM cells were prepared at the concentration ok 4.0° cells /mL and
establishment of TN-C gene-deficient mutant mice showed thageeded into a 25-cnculture flask in 5-mL RPMI-1640 medium
homozygous null mutant mice were born live and developedsupplemented with 5% fetal calf serum (FCS; HyClone Lab Inc, Logan,
normally34 Forsberg et & also reported normal development UT) and 5x 105 mol/L 2-mercaptoethanol (Sigma). Cultures were
of newly generated TN-C knockout mice, and showed that thencubated at 37°C in humid air containing 5% &Gnedium was
healing process of skin wounds and severed nerves was néhanged weekly, and BM nucleated cells were recharged once at day 14.
diminished in the TN-C gene-deficient condition. However, Nonadherent cells were counted weekly and stained with Wright-
little is known about regulation of hematopoiesis in TN-C— Glemsa staining solution for morphological assessment. _
deficient mice. In the present study we examined the hematopoi- Crossover reconstitution of cocultures of stromal cells and hematopoi-

ti tivity of tant mice i hich TN-C . etic cells. Stromal cell lines were established from adherent cells from
elic activity or mutant mice in whic ~& QENe expressIoN Was) tgyics of TN-C—deficient and control mice. On day 30 after

completely_ disrupted to Cli_i”fy the physiological roles of this ggtaplishment of LTBMCs, adherent cells were removed by treatment
molecule in hematopoiesis, using so-called long-term BMyjth 0.25% trypsin (Life Technologies, Inc, Rockville, MD) and
cultures (LTBMCs) as a model system of in vitro hematopoi- replated in tissue culture plate (Falcon no. 3001) in Dulbecco’s
esis. In this system, stromal cells and hematopoietic cellModified Eagle Medium (MEM) (Life Technologies, Inc) supplemented
derived from whole BM were maintained in culture, and with 10% FCS. Cultures were maintained at 37°C, 5%,CG@d
hematopoietic stem cells migrated within the adherent stromapassaged twice a week. After several passages, growing cells were
layer via microenvironmental homing, forming hematopoietic Plated at a limiting dilution and cloned by using penicylinders to
focus-like cobblestones in appearance. In this culture, th&eParate single cell-derived colonfésTo evaluate the supportive
ability of stromal cell lines for hematopoiesis, we used the technique of

relationship between the stromal cells and stem cells is main- A
marrow transplantation in vitro. Donor cells were prepared by the

tained, and in the presence of the hematopoietic cell and Strom%ethod described previouslyBriefly, fresh BM cells obtained from

cell interactions, proliferation of hematopoietic stem cells andage-matched 7-week-old mice were suspended in RPMI-1640 medium.
specific progenitor cells can be maintained over several Wieks. 1o prepare the adherent cell-depleted BM fraction, BM cells were

Our results show that TN-C—deficient mice retained theirpassed through a fine mesh and were applied on a Sephadex G-10
capacity for hematopoiesis; however, the extent of the colony{Pharmacia, Uppsala, Sweden) column as described previBushe
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pass-through fraction was collected and washed with the medium. Table 1. Multilineage Colony Formation of Nonadherent Cells

Recipient stromal cells were plated in 12-well plate (Falcon no. 3043) in Produced by LTBMCs

1.5-mL culture medium per well at the density 0k210° cells/well in No. Erythroid

Dulbecco’s MEM supplemented with 5% FCS. After 48 hours of Examined Time No. Colonies Bursts

cultures when the stromal culture grew subconflueny 8C° donor wk) Control TN-C DM Control TN-C DM

cells/well in Dexter’s condition or 2< 1C° cells/well in Whitlock-

Witte’s condition were engrafted in the specified medium as described 7-Wk-old mice

above. 0 130 =+ 6 85 + 5* 10+ 2 7+ 2*
Colony-forming assay. Progenitor cell assays were performed with 2 1455 69 1* 8x1  6=x1f

BM cells from the femur and tibia before the initiation of LTBMCs and 4 89+1  30x2* g8+l  3=x1f

nonadherent cells produced by murine LTBMCs. Previously described 8 axz  21+6* 71 4=x2f

assay conditions required for growth of multilineage colonies (colony- 12 59x4 Mx2” 4x0 320

forming unit in granulocyte-erythroid-megakaryocyte-macrophage, 16 37+1  20=x1* 2x0 10

CFU-GEMM)37 were used with some modifications. Briefly, cells  50.wk-old mice

were plated in methylcellulose (Methocel A-4A, premium; Dow 0 61+ 6 40 + 3* 4+1 3+ 1t

Chemical Co, Midland, MI) cultures at a concentration ofx510* 8 40 + 3 16 + 1t 3+1 1+ 0t

cells/mL at 37°C in humid air containing 5% GQDne milliliter of a - —
methylcellulose culture was added to each 35-mm Petri dish. Cultures C°'onies (=50 cells) were counted at day 14. Visualized hemoglo-
contained 1.0% methylcellulose, 1% bovine serum albumin, 30% FCSPinized colonies were counted as erythroid bursts (BFU-E). Data
40 pmol/L 2-mercaptoethanol, 2 U/mL of erythropoietin (Kirin Brew- ePresented as mean colony number + SD per 5 X 10* nonadherent
ery, Tokyo, Japan), and 1% pokeweed mitogen—stimulated mousée!ls from triplicate CL.J|tuI'eS. Progenltor cell assays were performed
spleen cell-conditioned medium (SCCM) as a source of IL-3. TriplicateYSind BM cells before introduction of LTBMCs (week 0) and nonadher-
plates were cultured for 14 days, and colonie§( cells) were counted ent cells from murine LTBMCs at appropriate intervals of cultures
using an inverted microscope. Macroscopic hemoglobinized coloniedWeek 2'1_6)'_ . . .
were counted as erythroid bursts (burst-forming unit-erythroid, BFU- APbreviation: TN-C DM, tenascin-C-deficient mutant mice.
E). Spleen colony-forming assay (colony-forming unit in spleen, *Pf .01, TP < .05, according to Student’s t-test. Two additional
CFU-S) was performed as described previoddBriefly, hematopoi- ~ €XPeriments gave comparable results.
etic cells from BM or LTBMCs were washed and resuspended at 2
1P cells/mL in phosphate-buffered saline (PBS)(Recipient C57BL/6  38.0* 1.1 X 10°/femur and tibia), spleen weight (0v10.1 g),
mice were exposed to 9-Gy total body irradiation and 0.25 mL of thegnd liver weight (1.1= 0.2v 1.1 = 0.1 g). No statistical
cell SUSpenSiOn was inje.Cted to r.eCipient mice via the Iatergl tall vein. Atdifferences were observed in both mice group at week 50 (data
daly 12, _thg m_ac’roscloglc colonies were counted after fixation of thenot shown). However, colony-forming capacity of BM cells of
spleens in Bouin's solution. - : :

Addition of TN-C glycoprotein to LTBMCs and colony-forming TN_C_denCI?m mutant mice was ConSIderaply Iowgr than that

of control mice (Tables 1 and 2, week 0). Histological assess-

assay. To confirm the biological role of TN-C, TN-C purified from ina h i . . h hat th .
human melanoma cells (A375) was added to the LTBMCs and colon)}'nent using hematoxylin-eosin staining showed that the micro-

assay system. TN-C was purified by a series of biochemical procedure2COPiC architecture of BM, spleen, thymus, and liver was the
including Sepharose CL4B (Pharmacia Biotech, Tokyo, Japan) gefame in mutant and control mice (data not shown).

filtration, gelatin Sepharose 4B (Pharmacia) gel affinity chromatogra- Longevity of LTBMCs. BM cells from 7-week-old mice
phy, and DEAE-5PW (Toyo Soda, Tokyo, Japan) ion-exchange highwere subjected to LTBMCs in vitro using two culture condi-
performance liquid chromatography using the method described bytions: Dexter’s culture system for myeloid-lineage cell growth

Oike et al** Sodium dodecy! sulfate-polyacrylamide gel electrophoresis gnd differentiation, and Whitlock-Witte's for B-lymphoid lin-
(SDS-PAGE) under reducing conditions showed that finally purified

TN-C consisted of a protein band with an apparent molecular weight of
250 kD with over 95% purity. No fibronectin immunogenicity was
detected (data not shown). LTBMCs were set in 12-well plates (Falcon

Table 2. Spleen Colony Formation of Nonadherent Cells
Produced by LTBMCs

no. 3043) in 1.5 mL culture medium per well with an appropriate No. Total
concentration of TN-C, and medium with TN-C was changed weekly. In Examined Time Colonies Rad
the colony assay system, TN-C was added to the methylcellulose (wk) Control TN-C DM Cont
medium. TN-C derived from human glioma cell line U-251MG (Life 7-wk-old mice
Technologies, Inc) was also used in a series of experiments. Mouse 0 38+ 1 21 + o 0+0
plasma fibronectin (FN) (UCB-Bioproducts S.A., Brussels, Belgium) or 4 16 + 2 9+ 2t 0+0
heparan sulfate (HS) derived from bovine kidney (Seikagaku Corp, 8 741 3+1 0+0
Tokyo, Japan) was used as a control for TN-C. 12 6+ 1 4+ 1% 0+0
RESULTS 50-wk-old mice
. L . 0 26 =2 15 + 2* 0+0
Hematologic parameters in vivo.Hematologic parameters 4 16+ 2 12+1 0+0
of both mutant and control mice were examined in vivo at 8 7+1 3+ 1t 0+0

weeks 7 and 50. No statistical differences were observed
between TN__C_defICIent mutant and control mice at week 7 Incolony number = SD per 5 X 105 nonadherent cells. Five mice were
the data of either parameteP (> .05, Student'd-test), body coqineach group.

weight (22.0+ 0.8v22.8* 1.0 g), hematocrit (51.3%: 1.3% Abbreviations: TN-C DM, tenascin-C-deficient mutant mice; Rad
v 48.4% = 2.9%), white blood cell count (7,30& 300 v Cont, irradiated control mice without cell inoculation.

7,400 = 200/puL), BM mononuclear cell count (392 0.7 v *P < .01, P < .05, according to Student’s t-test.

Spleen colonies were counted at day 12. Data represented as mean
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eage. In the initiation of Dexter’s condition, cultures from the cell layers gradually became sparse (Fig 2a). After 20 weeks of
mutant and control mice showed stable hematopoietic focugulture, almost all hematopoietic foci disappeared in the
formations (cobblestone islands) consisting of hematopoietid TBMCs of TN-C—deficient mice (Fig 2a), whereas the LT-
progenitor cells adhering to stromal layers. LTBMCs started toBMCs of control mice continued to maintain active hematopoi-
produce hematopoietic cells from the foci 7 days after culturing.esis (Fig 2b). Under the Whitlock-Witte culture condition, after
The number of hematopoietic cells produced was more markthe stable formation of hematopoietic foci 4 weeks after
edly decreased in the course of LTBMCs of TN-C—deficientculturing, prominent decreases of hematopoietic foci and cell
mice than in those of controls (Fig 1a). No significant differenceproduction (Figs 1b and 2c) was observed in comparison with
was observed in the hemograms of the cells produced in eactontrol cultures (Figs 1b and 2d), as in Dexter’s culture system.
group during active hematopoiesis (produced hematopoietidThe cells produced by the LTBMCs of the mutant and control
cells consisted of 3% to 5% immature blasts, 10% immaturemice conditioned according to the Whitlock-Witte method
myeloid, 85% mature myeloid, and5% monocytoid cells in  showed similar hemograms (produced cells consisted of approxi-
Wright-Giemsa-stained preparations). As the LTBMCs of TN- mately 5% to 10% immature blasts,2% myeloid, 5% to 8%
C—deficient mice got older, the formation of hematopoietic foci monocytoid, and 70% to 80% small lymphocytes). Cell-surface
diminished in comparison with control mice. The cells pro- marker analysis of the predominant small lymphocytes showed
duced from LTBMCs predominantly consisted of monocytoid positive reactivity against mouse B-cell marker, anti-mouse
cells with few mature myeloid cells, and the adherent stromalantibody RA3-6B2 (B220; Caltag La. Inc, South San Francisco,
CA), using the indirect immunofluorescence method with a
a FACScan instrument (Becton Dickinson, Lincoln Park, NJ)
18 (data not shown). Fifty-week-old mice were used to examine
16 the effect of aging. The longevity of TN-C—deficient mutant
14 cultures were also lower than that of control cultures. In both
culture systems after 20 weeks of culture, adherent stromal cell
12 number did not differ from LTBMCs of control and TN-C—
10 deficient mice (15.6- 1.8v 16.2 = 2.0 X 1P cells/flask in
Dexter’s condition, and 10.3 2.0v 9.6 + 2.5 X 10° cells/flask
in Whitlock-Witte’s conditionP > .05, Student’s-test).
Crossover reconstitution of cocultures of stromal cells and
nonadherent hematopoietic cellsStromal cells in LTBMCs
are not clonal ones because they are derived from whole
contents of BM of mice. We established stromal cell lines from
LTBMCs of control and TN-C—deficient mice and constituted
Weeks in Culture crossover cocultures of stromal cells and nonadherent BM
hematopoietic cells to confirm the decreased supporting activity
of hematopoiesis in TN-C—deficient condition. As shown in Fig
3, when stromal cells derived from TN-C—deficient mice were
cocultured with hematopoietic cells from control or TN-C—
deficient hematopoietic cells, cell production from formed
hematopoietic foci was markedly decreased compared to that
from cocultures with stromal cells from control mice and
hematopoietic cells from control or TN-C—deficient mice.
Again it was clearly shown that cell production from coculture
of stromal cells from control mice and hematopoietic cells from
TN-C—-deficient mice was lower than that of both stromal cells
and hematopoietic cells from control mice.
L - ) : Colony formation by the produced hematopoietic cells from
0 5 ” ‘ 1‘0 ] 15 LTBMCs. Multi-lineage colony-forming capacity of nonadher-
ent cells produced in Dexter’s cultures was evaluated using the
colony-formation assay. Nonadherent cells formed multilineage
Fig 1. Weekly nonadherent cell production by LTBMCs in Dexter’s colonies as well as macroscopic hemoglobinized erythroid
culture condition (a) and in Whitlock-Witte’s culture condition (b) bursts in the presence of IL-3 and EPO in semisolid medium. In
from BM cells of TN-C-deficient mutant mice () and of control mice o mparison with control mice, significantly diminished colony
(W) obtained at 7 weeks of age. In Dexters culture condition, formation was observed in TN-C—deficient mice characterized
hematopoietic foci formation and cell production became active 1
week after culturing, and in Whitlock-Witte’s culture condition, active by a lower number of multilineage colonies and erythroid bursts
hematopoiesis began 4 weeks after the crisis phase.® Results repre- (Table 1). To exclude the possibility that there may be a shift of
f:;stfi.isc:}fjrne: Se? O:O”UO“a‘feTex::kceg:Szrlsgliszfe"‘é?er‘:i'zct;{]t?t progenitor cell compartment between nonadherent progenitor
different between TpN—dgficie%tpmouse gr.oup and controls (?D <.01) iﬁ _Ce”S produced by cobblestone islands and adh?rent progenitors
both culture systems. Two other identical experiments gave compa- in cobblestones, we tested the colony formation of adherent
rable results. progenitors. Adherent hematopoietic progenitors were obtained

Cell Number x 10 "8 /Flask
(o]

o)

Cell Number x 10 “€/Flask

Weeks in Cultures
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Fig 2. Morphology of LTBMCs obtained from 7-week-old mice. Dexter’s cultures of TN-C-deficient mice (a) and of control mice (b) were
photographed under an inverted microscope at week 25 after culturing. Large hematopoietic foci were seen in the control culture.
Whitlock-Witte’s cultures of TN-C—-deficient mice (c) and of control mice (d) were photographed at week 15. Bar, 100 wm. Significant decrease in
hematopoietic activity was observed in LTBMCs of TN-C-deficient mutant mice.

by procuring the adherent cell layer of LTBMCs at 4 weeks of t-test) and adherent hematopoietic cells formed=3% and
culture followed by passing through the Sephadex G-10 columr26 += 2/5 X 10* in control and in TN-C—deficient condition,
as described in Materials and Methods. Nonadherent cellsespectivelyP < .01, Student'¢-test). Thus, decreased colony-
formed 81+ 4 and 58+ 2/5 X 10* total colonies in control and  forming ability in LTBMCs of TN-C was not simply a shift in

in TN-C—deficient condition, respectiveli? (< .001, Student’'s  progenitor cell compartments. Spleen colony formation (day 12

160 160
= 140 140 . Fig 3. Crossover reconstitu-
L tion of cocultures of stromal cells
.5 § 120 120 and nonadherent hematopoietic
22 cells derived from BM cells of
3 § — 100 100 TN-C-deficient mutant and con-
,;.2_ § % 80 i 80 trol mice obtained at 7 weeks of
CR-R-] age. Results represented as the
% L ; 60 60 percentage of the value obtained
28 in cumulative mean = SD of non-
2 3 40 40 adherent cells produced weekly
g 20 20 for 4 weeks by triplicate cultures
© 1 per group, which gave 11.8 x 10°
0 ot cells/well in Dexter's condition
NABMC Control TN-CDM Control TN-C DM Control  TN-CDM Control TN-CDM (8) and 1.7 x 10° cells/well in
Whitlock-Witte’s condition (b) in
Stromal Layer Control TN-CDM Control TN-C DM coculture of stromal cells and
hematopoietic cells from control
TN-C Addition 0 20 0 20 0 20 0 20 0 20 0 20 0 20 O 20 mice. Two other identical experi-

ng/ml ments gave comparable results.
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Fig 4. Cumulative nonadherent cell production by LTBMCs treated with TN-C glycoprotein in Dexter’s culture condition from BM cells of
TN-C-deficient mutant mice (a) and control mice (b) obtained at 7 weeks of age. Results represented as cumulative mean = SD of nonadherent
cells produced weekly by at least four cultures per group per week. TN-C was added to LTBMCs at final concentration of 4 ng/mL (A), 20 ng/mL
(), 100 ng/mL (#), and without TN-C (@®). Results were significantly different between TN-C-treated and TN-C-nontreated cultures (P < .01) in
both culture systems. Two other identical experiments yielded comparable results.

CFU-S), another assay that indicates colony formation of mordBMCs of TN-C—deficient mice than in the LTBMCs without
primitive progenitor cells, was significantly lower in TN-C— TN-C (Figs 4a and 5a). The level of cell production by LTBMCs
deficient mice (Table 2). These results indicate that colony-n TN-C—deficient mice supplemented with 20 to 100 ng/mL
forming capacity of nonadherent cells produced in the culturesTN-C recovered to the level of control mice without TN-C
was lower in TN-C—deficient conditions. addition (Fig 4av 4b and Fig 5av 5b). Furthermore, TN-C—
Addition of TN-C to LTBMCs of TN-deficient micelo added LTBMCs of control mice also showed enhanced produc-
confirm the biological role of TN-C on hematopoietic activity in tion of hematopoietic cells (Figs 4b and 5b). However, addition
TN-C deficient mice, we performed a series of experimentsof TN-C to LTBMCs at the concentration over 500 ng/mL
When 4 to 100 ng/mL TN-C derived from a melanoma cell line resulted in disruption of the stromal layer and hematopoietic
was added to the LTBMCs of TN-C—deficient mice both in the focus followed by decreased production of hematopoietic cells.
Dexter’s condition and Whitlock-Witte’s condition, hematopoi- Glioma-derived TN-C had the same effect on the production of
etic focus formations, cobblestone islands, recovered rapidly imematopoietic cells produced by TN-C—deficient LTBMCs
a TN-C dose-dependent manner. The number of hematopoieti@ata not shown). These results indicated that the addition of
cells produced was markedly higher in the TN-C-added LT-TN-C to the LTBMCs of TN-C-deficient mice induces a
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Fig5. Cumulative nonadherent cell production by LTBMCs treated with TN-C glycoprotein in Whitlock-Witte’s culture condition from BM cells
of TN-C—-deficient mutant mice (a) and control mice (b) obtained at 7 weeks of age. Results represented as cumulative mean + SD of nonadherent
cells produced weekly by at least four cultures per group per week. TN-C was added to LTBMCs at final concentration of 4 ng/mL (A), 20 ng/mL
(), 100 ng/mL (#), and without TN-C (@®). Results were significantly different between TN-C-treated and TN-C-nontreated cultures (P < .01) in
both culture systems. Two other identical experiments gave comparable results.
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recovery from the impaired hematopoiesis that is observed ir
TN-C—deficient mice. In crossover reconstitution of coculture
systems, it was also shown that TN-C addition had same effec
of recovery from the impaired hematopoiesis in TN-C—deficient
mice (Fig 3).

Furthermore, when 2 to 10 pg/mL soluble fragment of FN or
5 to 50 pg/mL HS was added to the LTBMCs of TN-C—deficient
mice both in the Dexter's condition and Whitlock-Witte's
condition, the number of hematopoietic cells produced was
markedly higher in the FN- or HS-added LTBMCs of TN-C—
deficient mice than in the LTBMCs without FN or HS. This
increment of hematopoietic cell production was less than tha
observed in TN-C-added LTBMCs of TN-C—deficient mice
(data not shown). Addition of FN to LTBMCs at the concentra-
tion over 50 pg/mL and of HS over 200 pg/mL also resulted in
disruption of the stromal layer and hematopoietic focus.

Effect of TN-C-added LTBMCs on colony formation by the
produced cells from LTBMCs.In comparison with TN-C
deficient mice, significantly greater colony formation was
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Fig 7. Effect of FN- and HS-added LTBMCs on colony formation by

observed in nonadherent cells produced by TN-C-added |_-|-_the produced cells from LTBMCs of TN-C-deficient mice and of

MBCs of TN-C—deficient mice, characterized by an increaseoi

number of multilineage colonies and erythroid bursts (Fig 6). As
with cell production from LTBMCs, the level of colony
formation of nonadherent cells from LTBMCs of TN-C-
deficient mice added with 20 to 100 ng/mL TN-C recovered to
the level of control mice without the addition of TN-C to the
LTBMCs (Fig 6). Furthermore, colony formation of nonadher-
ent cells from control LTBMCs treated with TN-C also in-
creased (Fig 6). In addition to TN-C effect to LTBMCs on
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Fig 6. Effect of TN-C-added LTBMCs on colony formation by the
produced cells from LTBMCs of TN-C-deficient mice and of control
mice. At weeks 3 and 6 after induction of LTBMCs with TN-C at the
final concentration of 0, 4, 20, and 100 ng/mL, nonadherent cells were
obtained and cultured in methylcellulose medium as described in
Materials and Methods. Colonies (>50 cells) were counted at day 14.
Visualized hemoglobinized colonies were counted as erythroid bursts
(BFU-E). Results are mean = SD of triplicate plates and are expressed
as the percentage of the value obtained in nonadherent cells from
control LTBMCs without TN-C, which formed 134 + 4 colonies
including 14 + 1 erythroid bursts per 5 x 104 nonadherent cells at
week 3, and 103 + 7 colonies including 11 + 1 erythroid bursts at
week 6 of LTBMCs. TN-C DM, tenascin-C-deficient mutant mice.

ontrol mice. At week 3 after induction of LTBMCs with FN at the final
oncentration of 0, 2, and 10 pg/mL or HS at 0, 5, and 50 pg/mL,
nonadherent cells were obtained and cultured in methylcellulose
medium. Results are mean =+ SD of triplicate plates and are expressed
as the percentage of the value obtained in nonadherent cells from
control LTBMCs without FN, which formed 122 + 3 colonies including
7 %= 1 erythroid bursts per 5 x 10* nonadherent cells at week 3, and
from control LTBMCs without HS, which formed 122 + 2 colonies
including 9 = 2 erythroid bursts per 5 x 104 nonadherent cells at week
3. TN-C DM, tenascin-C-deficient mutant mice.

colony formation, FN or HS was added to LTBMCs to see the
effects of these molecules on colony formation. As shown in Fig
7, nonadherent cells produced by FN- or HS-added LTBMCs of
TN-C—deficient mice formed greater colonies compared with
those by control LTBMCs of TN-C—deficient mice. Again,
colony formation of nonadherent cells from control LTBMCs
treated with FN or HS also increased. To exclude the possibility
that ECM molecule itself acts on the progenitor cells to enhance
colony-forming capacity of hematopoietic progenitor cells, we
evaluated the influence of TN-C on the colony-forming assay
using BM cells or nonadherent cells from LTMBCs of both
control and TN-C—deficient mice. As shown in Table 3, TN-C
did not affect the number of colonies in terms of the formation
of multilineage colonies or erythroid bursts in the presence or
absence of the growth factors, IL-3 and EPO. Furthermore,
other ECM molecules examined, FN or HS as control to TN-C,
also did not affect the colony formations (Table 4). These results
clearly show that the exogenous addition of TN-C to LTBMCs
changes stromal cell-mediated hematopoiesis, but that TN-C
did not directly act on hematopoietic progenitor cells. Glioma-
derived TN-C had the same effect on the formation of hemato-
poietic colonies in a series of experiments described above (data
not shown).

DISCUSSION

In hematopoietic organs, stromal cells such as fibroblasts,
epithelial cells, and macrophage-like cells develop networks to
maintain hematopoiesis, ie, hematopoietic stem cell self-
renewal, proliferation, and growth, by interaction with hemato-
poietic progenitor cells. ECM glycoproteins produced by the
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Table 3. Direct Effect of TN-C on Multilineage Colony Formation
Assay of BM Cells and Nonadherent Cells Produced by LTBMCs

hematopoietic progenitor cells by interaction with the stromal
cells. By the assessments of colony-forming capacity and
Methylcellulose longevity of continuous BM cultures and crossover reconstitu-

Medium Control TN-CDM tion assay, we showed that hematopoietic activity in TN-C—

No. No. deficient mutant mice is markedly lower than in control mice in
TN-C No. Erythroid No. Erythroid : : P
Cells Examined (ng/mL) GF Colonies Bursts Colonies Bursts which TN-C genelis norma"y expressed. The addition of TN-C
BM Cells 0 + 905 61 653 42
4 + 872 6*x2 NE NE Table 4. Direct Effect of ECM Component on Multilineage Colony
20 + 89x3 6x2 674 5=x3 Formation Assay of BM Cells and Nonadherent Cells
100 + 914 6*2 654 4=*2 Produced by LTBMCs
0 - 31 0 2+1 0
100 — 4+ 2 0 2+2 0 Methylgellulose Control TN-C DM
Nonadherent Medium
No. No.
cells from ECM No. Erythroid No. Erythroid
LTBMCs Cells Examined ~ (ug/mL) GF Colonies Bursts Colonies Bursts
Tr(Wr Z)With 20 BM cells
Ea/fnLof FN 0 + 78+4 6=1 55%+3 40
TI?I-C 0 + 1758 17+x1 1074 8= 2 *oo78xs b6x2 S7=2 axd
20 + 18117 17:1 109:1 6:l 10 + 753 6*0 52*x3 4x2
Treated without B B B - 0 - 10 0 2=l
TN-C 0 + 134+6 14+*1 83*+x3 7=*x1 10 B 2=l 0 1=0
20 + 136:7 13:2 80:5 7:2 HS 0 + 774 T7x1 55*+*x3 4=*0
N dh " - - - - 5 + 78+x2 7x2 55*x5 4=*0
O”:e”gf:m 50 + 76+0 7%1 54+*2 5=+1
LTBMC 0 - 2=*1 0 2+1 0
K6 s 50 - 1+1 0 2+2 0
(wk 6) . Nonadherent
Treated with
100 na/mL cells from
9 LTBMCs
of TN-C 0 - 0 0 0 0
20 - 0 0 0 0 (wk 3)
Treated with
100 - 0 0 0 0
10 pg/mL
0 + 148+2 18+2 89+x3 92 of FN
2 + 1462 16+ 2 *2 +1
108 N 152+5 l$+3 :$+4 lz+l FN 0 + 1433 11+1 1185 8=*1
Treated without - - - - 10 + 145+*6 11+3 110*6 6=*x1
reatedwithou 0 - 2+1 0 2+2 0
TN-C 0 - 0 0 0 0
20 _ o o 0 0 Treated
100 B 0 0 0 0 without FN
0 + 103+7 12+2 d45+1 5+1 FN 0 + 122+3 14+*1 88*+x3 7=*x1
- - - N 10 + 118+*7 13*+x2 85*5 72
20 + 105+6 11+1 45+x2 5=*1 .
Treated with
100 + 103+x2 10*2 46*4 5=*2
50 pg/mL
Colonies (>50 cells) were counted at day 14. Visualized hemoglo- of HS
binized colonies were counted as erythroid bursts (BFU-E). Data HS 0 + 154 *4 12+x2 112*5 9=*2
represented as mean colony number * SD per 5 X 10* nonadherent 50 + 148+6 11+2 110+*5 9=+1
cells from triplicate cultures. Progenitor cell assays were performed 50 - 2+0 0 1+1 0
using BM cells before introduction of LTBMCs and nonadherent cells Treated
from LTBMCs treated with or without TN-C. No statistical differences without HS
were observed in colony formation of hematopoietic cells of TN-C DM HS 0 + 122+2 12+2 89*3 9=*2

or control mice treated with or without TN-C between methylcellulose
cultures in the presence of increased concentration of TN-C and those
without TN-C (P > .05, Student’s t-test).

Abbreviations: TN-C DM, tenascin-C-deficient mutant mice; GF,
growth factors containing IL-3 (1% SCCM) and erythropoietin (2
U/mL); NE, not examined.

stromal cells are known to play a critical role in the regulation of
cell growth and differentiatio®? Recent evidence that TN-C is
expressed in the stromal cells of the hematopoietic systeth

or lymphoid organ®47and that anti-TN-C antibody blocks the

50 + 1256 11*+*1 92*+4 8=x1

Colonies (>50 cells) were counted at day 14. Visualized hemoglo-
binized colonies were counted as erythroid bursts (BFU-E). Data
represented as mean colony number = SD per 5 X 10* nonadherent
cells from triplicate cultures. Progenitor cell assays were performed
using BM cells before introduction of LTBMCs and nonadherent cells
from LTBMCs treated with or without ECM component. No statistical
differences were observed in colony formation of hematopoietic cells
of TN-C DM or control mice treated with or without ECM between
methylcellurose cultures in the presence of increased concentration of
ECM and those without ECM component (P > .05, Student’s t-test).

Abbreviations: TN-C DM, tenascin-C-deficient mutant mice; GF,

attachment of hematopoietic progenitor cells to the stromalyrowth factors containing IL-3 (1% SCCM) and erythropoietin (2
layer*® suggests the involvement of TN-C in the regulation of u/mL).

20z aunr g0 uo 3senb Aq Jpd'v20v/720v¥9L/vL0Y/ L L/L6/}Pd-8]o1e/poo|djeusuoledlqndyse//:d)y woly papeojumoq



4082 OHTA ET AL

glycoprotein to the LTBMCs of TN-C—deficient mice clearly 4. Silvers WK: Steel, flexed-tailed, splotch, and varitint-waddler, in:
induced the recovery of hematopoietic cell production andThe Coat Colors of Mice: A Model for Mammalian Gene Action and

colony-forming capacity. In the LTBMCs of TN-C—deficient Interaction. New York, NY, Springer-Verlag, 1979, p 243

mice both in Dexter's and Whitlock-Witte's condition, TN-C ~ 5 Bemstein SE, Russell ES, Keighley G: Two hereditary mouse
glycoprotein was not detected at all in the stromal layer OranemlasS(SVSP andW/WH) deficient in response to erythropoietin. Ann

o - . - . - . NY Acad Sci 149:475, 1968
COUdItloned media using metabolic Iab.elln-g a.nd |mmu_nopreC|p|- 6. McCulloch EA, Siminovitch L, Till JE, Russell ES Bernstein SE:
tation methods (data not shown). This finding confirmed that'I'he cellular basis of the genetically determined hemopoietic defect in

TN-C was not ind_uce_d in the LTBMCs of TN_-_C—deficient mice anemic mice of genotypBISF. Blood 26:399, 1965
by exogenous stimuli such as culture conditions and concomi- 7 chapot B, Stephenson DA, Chapman VM, Besmer P, Berstein A:
tant hematopoietic progenitor cells. Furthermore, TN-C did notthe protooncogene c-kit endoding a transmembrane tyrosine kinase
induce the hematopoietic progenitor cells to enhance colonyreceptor maps to the mou#élocus. Nature 335:88, 1988
forming capacity indicated by the colony-forming assay coexist- 8. Geissler EN, Ryan MA, Housman DE: The dominant-white
ent with TN-C. Thus, the impaired hematopoiesis in TN-C- spotting V) locus of the mouse encodes thé&itprotooncogene. Cell
deficient mice might be affected by stromal cell-mediated55:185, 1988
hematopoiesis. We showed direct evidence of the critical 9. Willams DE, Eisenman J, Baird A, Rauch C, Van Ness K, March
involvement of ECM in the maintenance of multipotent hemato-CJ, Park LS, Martin U, Mochizuki DY, Boswell HS, Burgess GS,
poietic progenitor cells in TN-C—deficient mutant mice. As €osman D, Lyman SD: Identification of a ligand for thekit-
mentioned by Forsberg et #indicating that a number of ECM  Proto-oncogene. Cell 63:167, 1990 .
proteins might be compensatory and exchangeable during thgolsorﬁacnogelzzge':g’n%lbfrt DJ, Cho B.Cf Donov"j_m PJ, Jenkins NA,
. L . . , , Lyman SD, Williams DE: Mast cell growth
processes of tissue repair in TN-C—deficient mice, we alsq

. . actor maps near the Steel locus on mouse chromosome 10 and is
demonstrated that the addition of FN or HS to LTBMCs |nduceddeleted in a number of Steel alleles. Cell 63:175, 1990

a recovery from the impaired hematopoiesis that was observed 11 matthews W, Jordan CT, Wiegand GW, Paardoll D, Lemischka
in TN-C—deficient mice. FN, one of the components of ECM |r; A receptor tyrosine kinase specific to hematopoietic stem and
molecules, plays an important role in the regulation of hemato-progenitor cell-enriched populations. Cell 65:1143, 1991

poietic differentiatiorf®4°and glycosaminoglycan side chains, 12. Rosnet O, Marchetto S, deLapeyriere O, Birnbaum D: Murine
especially HS, has been shown to be a key molecule as selectivt3, a gene encoding a novel tyrosine kinase receptor of the PDGFR/
compartmentalization of growth factors to regulate hematopoi-CSF1R family. Oncogene 6:1641, 1991

esis through stroma-stem interactig®?. The mechanism(s) of ~ 13. Lyman SD, James L, Bos TV, de Vries P, Brasel K, Gliniak B,
action of TN-C on hematopoietic stem cell and microenviron- Hollingsworth LT, Picha KS, McKenna HJ, Splett RR, Fletcher FA,
ment remain to be determined; however, TN-C may possibly acfaraskovsky E, Farrah T, Foxworthe D, Williams DE, Beckmann MP:
by increasing binding of hematopoietic cells to stromal ceIIsMOIeC_UIar glonlng ofallgaqd fqrthe fIt3/fIk—2.tyrosme kinase receptor:
and by increasing the utilization of hematopoietic growth A proliferative factor for primitive hematopoietic cells. Cell 75:1157,

. . 1993
factors by the stem cells cooperating with other ECM mol- 14. Mackarehtschian K, Hardin JD, Moore KA, Boast S, Goff SP,

ecules. Our results imply that the redundant Sl_"pplememary_emischka IR: Targeted disruption of the flk2/flt3 gene leads to
ECM components other than TN-C such as FN influence theyeficiencies in primitive hematopoietic progenitors. Immunity 3:147,
interaction between the hematopoiesis-supportive microenvirontggs

ment and hematopoietic stem cells under TN-C—deficient 15. Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu X-F,
condition by the modification of behavior of stroma—stem cell Breitman ML, Schuh AC: Failure of blood-island formation and
and stroma—growth factor—stem cell networks. Further studiesasculogenesis in flk-1-deficient mice. Nature 376:62, 1995

are required to clarify the function of the TN families in vivo ~ 16. Wu H, Liu X, Jaenisch R, Lodish HF: Generation of committed
with special reference to organogenesis of hematopoietic tissueythroid BFU-E and CFU-E progenitors does not require erythropoi-
during development and are also required to generate speciff{in or the erythropoietin receptor. Cell 83:59, 1995 _

knockout mutant mice of other ECM genes to evaluate the 17- Robb L, Drinkwater CC, Metcalf D, Li R, Kugen F, Nicola N,

effects of defective gene(s) on concordant hematopoietic regulfﬁegle_y G: Hematopoietic and Iu.ng abnormalities in mice with a null
tion mutation of the commoi8 subunit of the receptors for granulocyte-

macrophage colony-stimulating factor and interleukins 3 and 5. Proc
Natl Acad Sci USA 92:9565, 1995
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