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Introduction

Bone marrow failure is a consistent feature of Fanconi
anemia (FA) but it is not known whether the bone mar-

row failure is a direct and specific result of the inherited
mutation or a consequence of accumulated stem cell losses
resulting from nonspecific DNAdamage. We tested the
hypothesis that the protein encoded by the FA group C
complementing gene (FACC) plays a regulatory role in
hematopoiesis. Weexposed normal human lymphocytes,
bone marrow cells, endothelial cells, and fibroblasts to an

antisense oligodeoxynucleotide (ODN) complementary to
bases -4 to +14 of FACCmRNA.The mitomycin C assay

demonstrated that the antisense ODN, but not missense
or sense ODNs, repressed FACCgene expression in lym-

phocytes. Treatment with the antisense ODNsubstantially
reduced, in a sequence-specific fashion, cytoplasmic levels
of FACCmRNAin bone marrow cells and lymphocytes.
Escalating doses of antisense ODNincreasingly inhibited
clonal growth of erythroid and granulocyte-macrophage
progenitor cells but did not inhibit growth of fibroblasts
or endothelial cells. The antisense ODNdid not inhibit
growth factor gene expression by low density bone mar-

row cells or marrow-derived fibroblasts. We conclude
that, while the FACCgene product plays a role in defining
cellular tolerance to cross-linking agents, it also functions
to regulate growth, differentiation, and/or survival of
normal hematopoietic progenitor cells. (J. Clin. Invest.
1994. 94:846-852.) Key words: hematopoiesis * antisense
oligonucleotides - DNAdamage * chromosome instability
* cross-linking agent
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Fanconi anemia (FA)1 is an autosomal recessive disorder
characterized by cellular hypersensitivity to agents that dam-
age DNA, bone marrow failure, diverse congenital anomalies,
and a marked increase in the incidence of acute myelogenous
leukemia (1, 2). Diagnostically, the sine qua non of this
disorder is hypersensitivity of FA cells to the clastogenic
effects of DNAcross-linking agents such as diepoxybutane
and mitomycin C (3, 4). This disorder is genetically hetero-
geneous, with four different complementation groups having
been identified by somatic cell hybrid analysis (5). While
the cDNA for group C has been cloned, sequenced, and
mapped to chromosome 9q22.3 (6, 7), there is no substantial
amino acid sequence homology with any known gene family
and, to date, the function of the gene product is unknown
(6). This is particularly true for the potential role of the
FACC protein in hematopoiesis. Clearly, the FACC gene

product functions to either facilitate interstrand cross-link
repair (directly or indirectly) (8) or to inhibit naturally oc-

curring factors that enforce DNAdamage caused by cross-

linking agents. The capacity of mutations in this gene to
predispose to cell damage confounds studies on hematopoie-
sis. Specifically, aberrancies of in vitro growth, differentia-
tion, or survival found in progenitor cells from children with
FA might derive either from nonspecific cell damage or, more

directly, from mutation of FACCif the FACCprotein plays
a direct role in hematopoiesis.

Because the use of randomly damaged cell populations can

be avoided by studying normal somatic cells, a genetic loss-of-
function approach to the analysis of FA cells is a more promis-
ing strategy. The recent characterization of the FACCgene (6,
7) and the formal demonstration that the inherited mutation is
sufficient to confer the mitomycin C-sensitive phenotype (9)
have enabled us to test directly the hematopoietic activity of the
FACCgene product using specific antisense oligonucleotides.
These studies were designed to test the hypothesis that the
FACCgene product plays a direct permissive role in growth
and/or differentiation of hematopoietic progenitor cells.

1. Abbreviations used in this paper: BFU-E, burst-forming unit ery-
throid; CFU-E, colony-forming unit erythroid; CFU-GM, CFU
granulocyte/macrophage; FA, Fanconi anemia; FACC, Fanconi anemia
group C complementing gene; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; ODN, oligodeoxyribonucleotide; RT, reverse transcrip-
tion.
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Table I. Effect of FACCGene Repression on Chromosomal
Aberrations in Normal Lymphocytes

Radials Percentage of cells Breaks
Mitomycin C ODN (per 100 cells) with no breaks (per 100 cells)

None None 0 97+3 1.5±1.5
None AS 0 100 0
None S/MS 0 100 0

+ None 14+4 44+11 48±5
+ AS 34+2* 14±1 * 136±18*
+ S/MS 10 44±1 67±18

* In the presence of mitomycin C, values for all three antisense (AS)
scores (columns 3-5) were significantly different than values for the
None and S/MS rows (P < 0.05).

Methods

Oligonucleotides. The antisense 18-mer we used was selected after ex-
amination of the predicted secondary structure of the FACC transcript
(RNAFOLD, State Line, PA), so that potentially stable intramolecular
stem structures in the target FACCmRNAwere avoided. This 18-mer
sequence itself was not complementary to any other sequence in Gen-
Bank or EMBL, or to itself, and did not form a stable intrastrand stem
structure. All oligodeoxyribonucleotides (ODNs) were 18-mers: AS,
antisense FACC(5 '-GAATCTTGAGCCATCT7G-3' [complementary
to bases -4 to +14 relative to the translation initiation site]); S, sense
FACC(5 '-CAAGATGGCTCAAGATTC-3' [bases -4 to + 14]); MS,
missense (5'-TAGGATACGCATTAAATC-3' [five point mutations
were inserted in GM-CSFcDNA covering bases + 1 to + 18] ). Neither
the sense nor missense ODNs influenced mitomycin C sensitivity so
the results for these sequences are pooled in Table I. ODNswere synthe-
sized by phosphoramadite chemistry with a DNAsynthesizer (model
391; Applied Biosystems, Foster City, CA) and purified on Nensorb
Prep columns (New England Nuclear, Boston, MA).

Mitomycin C assay. Human peripheral blood mononuclear leuko-
cytes were isolated from normal volunteers using centrifugation on Fic-
oll-Hypaque (Pharmacia LKB Biotechnology Inc., Piscataway, NJ) as
described previously (10) and resuspended at a concentration of 4.0
x 106 cells/ml. Ficoll-Hypaque-separated lymphocytes from two nor-
mal volunteers (50 and 24 yr of age) were cultured in a microwell
culture plate in 1 ml of RPMI 1640 medium supplemented with 10%
"high-heat" inactivated (45 min at 660C to efficiently inactivate DNases
known to degrade ODNs in vitro [11]) FCS (Hyclone Laboratories,
Logan, UT), 4 jIM L-glutamine, and 1%phytohemagglutinin. Antisense,
missense, and sense ODNs (20 jOM) were added to different wells at
the same time mitomycin C was added according to methods described
previously (12). In certain experiments, total cytoplasmic RNAwas
extracted 6 h after the addition of ODNs(see below). After 4 d, meta-
phase preparations (13) were made, and viable cell counts were per-
formed using a hemocytometer and trypan blue staining. 50 (donor 1)
or 100 (donor 2) metaphases were scored (for breaks and radial forms)
for each experimental condition. A radial was defined as a chromatid
interchange, in which chromatids remained paired in mitosis, giving rise
to a structure with multiple arms.

Treatment of bone marrow cells with ODNs. Paid normal human
volunteers, after having given signed informed consent, provided bone
marrow cells from the iliac crest. In certain experiments, low density
bone marrow mononuclear cells (14) were depleted of adherent cells
and T lymphocytes as described previously (14) or were enriched for
CD34+ cells using an immunoaffinity column (Ceprate.m LC; CellPro,
Inc., Bothell, WA). To determine the percentages of CD34+ cells pres-
ent before and after enrichment, the cells were stained with either an

FITC-conjugated anti-human CD34 murine monoclonal antibody
(QBEND1O [IgGI]; Amac, Inc., Westbrook, ME) or an FITC-conju-
gated control IgGI murine monoclonal antibody (IgG I/ZX3; Exalpha,
Boston, MA), washed extensively, fixed in 2% paraformaldehyde, and
then analyzed by flow cytometry (FACScan®; Becton Dickinson Immu-
nocytometry Systems, Mountain View, CA). The cells (1 X 106 low
density cells or nonadherent T lymphocyte-depleted cells/ml or 3 X 105
CD34' cells/ml) were incubated with or without ODNs (20 jiM) for
18 h in RPMI supplemented with 10% FCS which had been high-heat-
inactivated and recombinant human erythropoietin (2 U/ml; Amgen
Biologicals, Thousand Oaks, CA). The cells were then recharged with
ODNs (20 MM) for an additional 6 h and were then used either in
hematopoietic colony growth assays or for RNA isolation.

Isolation of RNAand reverse transcription PCR(RT-PCR) analysis.
Total cytoplasmic RNAwas extracted from ODN-treated and untreated
PHA-stimulated peripheral blood mononuclear cells or low density bone
marrow cells (see above) as described previously (11). First strand
cDNA was reverse transcribed from 1 jg of peripheral blood mononu-

clear cell RNAor 2 jg of bone marrow cell RNAusing random hexa-
nucleotide primers (GIBCO BRL, Gaithersburg, MD) and MMLV
RNase H - reverse transcriptase (GIBCO BRL) exactly as described
previously (11). The cDNA was then amplified by PCR for 36 cycles
(denature at 94°C for 30 s, primer anneal at 53°C for 1 min, primer
extend at 72°C for 1 min) as described previously (11). Control reac-

tions, in which I jug plasmid cDNA (see below) or no cDNA (i.e., only
water) was added to the PCRmixture, were run with each experiment.
The amplification products were separated by electrophoresis on 1.5%
agarose, stained with ethidium bromide, and visualized with an ultravio-
let transilluminator. The respective sense and antisense primers used for
PCR, their locations relative to the translation start site, and the PCR
amplification product sizes were as follows: FACC(6, 7) -GAAATCCT-
CCAGCCAGAGTTC(bases 638-658), CCCATCCTCCGAAGT-
GAATGA(1190-1210), 573 bp; glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (15)-CCACCCATGGCAAATTCCATGGCA
(148-171), TCTAGACGGCAGGTCAGGTCCACC(722-745), 598
bp. A 4.6-kb NotI fragment containing the full-length FACC cDNA
was isolated from pREP4 FAC3 (6), cloned into the NotI site of pGEM
13Z (Promega Corp., Madison, WI), and used as a positive FACC
control for PCR. The positive GAPDHcontrol for PCR is a 5.6-kb
plasmid construct (American Type Culture Collection, Rockville, MD)
containing a 1.2-kb GAPDHcDNA insert (15).

Hematopoietic colony growth assays. Bone marrow cells were cul-
tured (14) in 1-ml volumes (1 x 105 low density cells, 5 x I04 nonad-
herent T lymphocyte-depleted cells, or 5 x 102 CD34+ cells/ml) in
Iscove's modified Dulbecco's medium made semisolid with 1%methyl-
cellulose and supplemented with 30% FCS, I% deionized bovine serum
albumin (Sigma Immunochemicals, St. Louis, MO), 2 mML-glutamine,
10-4 M j3-mercaptoethanol, penicillin-streptomycin, and recombinant
human growth factors (colony-forming unit erythroid [CFU-E]: eryth-
ropoietin 2 U/ml; burst-forming unit erythroid [BFU-E] and colony-
forming unit granulocyte/macrophage [CFU-GM]: IL-3 [R & D Sys-
tems, Minneapolis, MN] 1 ng/ml, G-CSF [Amgen Biologicals] 100 U/
ml, and erythropoietin 2 U/ml; Steel factor [Amgen Biologicals] 100
ng/ml was also added to the cultures of CD34+ cells.). CFU-E-derived
colonies or erythroid bursts and GMcolonies were enumerated after 7
or 14 d, respectively, in culture. Extracellular ODNswere not present
in the clonal assays because the FCS used in methylcellulose cultures
was not high-heat inactivated, and consequent ODNdegradation occurs
within 3 h (11). Colony growth results were expressed as mean colony
numbers of triplicate or five replicate cultures. P values (unpaired Stu-
dent's t test) for each ODNwere determined relative to untreated cells.

Endothelial cell and fibroblast growth. 11-Lu diploid human fibro-
blasts (American Type Culture Collection) and human foreskin fibro-
blasts (NFF6) were grown to confluence in Eagle's MEMwith 10%
FCS. Cells were harvested and plated at 10% confluence in multiple
24-well plastic tissue culture plates in the same medium containing high-
heat-inactivated FCS with or without ODNs, or in complete medium
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containing either high-heat-inactivated FCS or low-heat-inactivated
serum (560C) without ODNs. Cells were cultured for up to 7 d. Cells
were harvested regularly from duplicate wells using light trypsinization,
and trypan blue viable cell counts were performed in a hemocytometer.
Humanbone marrow fibroblasts, prepared as described previously from
low density bone marrow cells (16), were grown to confluence before
the study. Half of the confluent cells were exposed to IL-la, with and
without antisense, sense, and missense FACCODNs, and the remainder
was exposed to medium alone with and without ODNs.

Human umbilical vein endothelial cells were obtained according to
techniques described previously (10, 14, 17, 18) and cultured in RPMI
1640 medium supplemented with 20% FCS, heparin, and endothelial
cell growth factor (19). Cells were passaged continuously on 25-cm2
plastic tissue culture flasks coated with 0.1% gelatin (Sigma Immuno-
chemicals). Eighth passage cells in 24-well tissue culture plates were
exposed for 18 h to ODNs in medium supplemented with 20% high-
heat-inactivated FCS, after which complete medium with low-heat-
inactivated FCS was substituted. Cells were lifted from the wells 7 d
later for viable cell counts as described above for fibroblasts.

Hematopoietic growth factor assays. Low density bone marrow cells
or bone marrow fibroblasts were incubated for 2 d in RPMI 1640 with
10%high-heat-inactivated FCS. Half of the cultured cells were exposed
to 1 ng/ml recombinant human IL-la (kindly provided by Dr. Peter
LoMedico, Hoffman-LaRoche, Nutley, NJ). The cultured cells were
exposed to sense, antisense, or no ODNs. Sense and antisense ODNs
(20 AM) were added to the cultures first, and IL-1 was added 60 min
later. GM-CSF, IL-6, and G-CSF (18) assays (sandwich ELISA assays;
R & D Systems) were performed on supernatants of these cultures.
Supernatants of ODN-exposed low density marrow cells were also tested
for the presence of colony growth inhibitory factors by including ali-
quots of these supernatants (10% vol/vol) in methylcellulose cultures
of marrow cells that had not been exposed to ODNs.

Results

Antisense ODNrepresses FACCexpression. To validate the
capacity of the antisense sequence to repress FACCgene ex-
pression, lymphocytes from two normal volunteers were tested
in the mitomycin C assay before and after exposure to 20 /M
antisense (FACC), missense, or sense (FACC) oligonucleo-
tides. In both cases, the antisense oligonucleotide resulted in:
(a) increased breaks per 100 metaphases; (b) increased radial
formation; and (c) a reduction in the fraction of metaphases
that were free of aberrations (Fig. 1 and Table I). Exposure of
cells to the control oligonucleotides had no such effect (Ta-
ble I).

Wealso examined, by RT-PCR analysis, the effect of expo-
sure to the antisense ODNon FACC mRNAlevels in low
density bone marrow mononuclear cells or PHA-stimulated pe-
ripheral blood mononuclear cells. As shown in Fig. 2, treatment
for 24 h with the FACCantisense ODNsubstantially reduced
FACC mRNAlevels in bone marrow cells. In contrast, the
sense ODNhad no effect on FACCmRNAexpression. Simi-
larly, exposure to the FACCantisense ODNfor only 6 h reduced
FACCmRNAlevels in peripheral blood lymphocytes to 63%
of the levels of cells not exposed to ODN, while treatment with
the sense ODNdid not alter FACC mRNAlevels (data not
shown). Neither ODNaffected GAPDHexpression in marrow
cells (Fig. 2) or peripheral blood cells (not shown).

Antisense ODNinhibits CFU-E-, BFU-E-, and CFU-
GM-derived colony growth. Bone marrow cells from six nor-
mal volunteers were exposed to multiple doses of antisense and
sense ODNsfor 24 h and were then replated in methylcellulose

in the presence of hematopoietic growth factors. Exposure of
marrow cells to the antisense molecule specifically, signifi-
cantly, and in a dose-related fashion inhibited clonal growth
of erythroid (CFU-E and BFU-E) and myeloid (CFU-GM)
progenitor cells (Fig. 3). Phosphorothioate-modified oligonu-
cleotides were also used in some experiments, the antisense
versions (but not the sense strands) of which effected equivalent
suppression of clonal growth (not shown). Although some in-
vestigators have observed that exposure of FA cells to atmo-
spheric oxygen or hyperoxia inhibits growth in vitro (20-22),
parallel culture studies performed at both 0.1 or 5 and 20% 02
indicated that the gene product is required for optimal colony
growth at all oxygen tensions (not shown).

The inhibitory effect of the antisense ODNwas noted on
bone marrow cells depleted of adherent cells and T lymphocytes
(Table II). Likewise, pretreatment with the antisense ODNin-
hibited BFU-E- and CFU-GM-derived colony growth from
bone marrow cells which had been highly enriched for cells
expressing the integral membrane protein CD34 (the proportion
of CD34+ cells before and after enrichment was 4.1 and 69.7%,
respectively) and then cultured at very low cell density (5 X 102
cells/ml, Table II). CFU-E-derived colony growth was not
observed in the cultures of CD34+ cells (Table II), consistent
with the observation that CFU-Es do not express CD34 (23).

Antisense ODNdoes not suppress growth factor gene ex-
pression. Our observations with hematopoietic progenitor cell-
enriched marrow cell populations (Table II) are compatible
with the view that the antisense ODNdirectly inhibited progeni-
tor cell replication and/or differentiation. However, some auxil-
iary cells usually contaminate even highly enriched progenitor
cell populations from human marrow. Therefore, the suppres-
sion of clonal hematopoiesis also might have resulted from
functional inhibition of the few colony-stimulating factor-pro-
ducing auxiliary cells that remained in these cultures. Therefore,
we tested this notion directly by measuring constitutive and IL-
1-induced synthesis of GM-CSF, G-CSF, and IL-6 by human
low density bone marrow cells or bone marrow fibroblasts cul-
tured with and without ODNs. Wechose to assay these three
factors because they enhance clonal growth of progenitor cell
types examined in this study. Neither sense nor antisense se-
quences inhibited uninduced or IL-1 -induced growth factor
gene expression (Table III). In addition, we did not detect
soluble inhibitors of clonal growth produced by antisense
ODN-treated marrow cells (not shown). Taken together with
our findings with progenitor cell-enriched marrow cells (Table
II), our results suggest that the antisense molecules inhibit he-
matopoiesis by directly inhibiting clonal growth or differentia-
tion of progenitor cells rather than by inhibiting growth factor
production.

Antisense ODNsdo not inhibit fibroblast, lymphocyte, or
endothelial cell growth in vitro. Diploid fibroblasts were also
exposed to multiple doses of ODNsfor 24 h, after which com-
plete medium was replaced, and cells were cultured for up to
7 d. None of the ODNsinhibited replication of these cells. Fig.
4 represents results of studies on 11-Lu fibroblasts. Results in
studies on NFF6 diploid fibroblasts and human umbilical vein
endothelial cells were identical (not shown). None of the ODNs
inhibited peripheral blood mononuclear cell growth assessed
after 4 d of mitogen stimulation using the same culture condi-
tions as were used for the mitomycin C test (not shown). We
do not attribute the lack of an inhibitory effect to failure of the
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Figure 1. Radial forms and broken chromo-
somes result from exposure of normal lympho-
cytes to antisense FACCODN, PHA, and mito-
mycin C. Radial forms (large arrows) and
breaks (small arrows) are similar to those seen

4 in lymphocyte culture from Fanconi anemia
patients treated with mitomycin C. Similar re-
sults were seen in experiments using lym-
phocytes from a second normal volunteer
(Table I).

ODNsto enter or function within endothelial cells or fibroblasts
because we have shown previously that antisense oligonucleo-
tides are taken up by these cells and efficiently repress gene
expression (11, 24).

Discussion

The nearly universal occurrence of bone marrow failure and
the high risk of acute nonlymphocytic leukemia in children with
FA (2, 25, 26) suggest that hematopoietic tissue is uniquely
sensitive to FA mutations. Clearly, the high frequency of cyto-
genetic defects in bone marrow cells of FA children with myelo-

1 2 3 4 5 Figure 2. Sequence-spe-
cific reduction of cyto-
plasmic FACCmRNA

FACC __ levels in antisense
FACC ODN-treated low den-

sity bone marrow cells.
The upper panel demon-
strates the 573-base

GAPDH FACCamplification__ ~~~~~~product of RT-PCR reac-
tions using bone marrow
cell RNAand FACC-
specific primers. The

lower panel shows the 598-base GAPDHamplification product using
the same amount of mRNAwith GAPDH-specific primers. Lane 1,
cells unexposed to ODN; lane 2, cells exposed to sense FACCODN;
lane 3, cells exposed to antisense FACCODN; lane 4, plasmid con-
taining FACCcDNA (upper panel) or GAPDHcDNA (lower panel);
lane 5, no cDNA (i.e., only water) added to PCRmixtures. Molecular
weight markers, run on the same gel, are not shown.

dysplasia and acute leukemia (26, 27) confirms that acquired
defects in somatic cells are an important element of multistep
leukemogenesis, but the nature of early bone marrow failure
in FA patients is unknown. Indeed, early marrow failure may
represent a condition favoring the very earliest steps in leukemo-
genesis. To clarify the relationships that exist between bone
marrow failure and leukemogenesis in this population of pa-
tients, the function of the FA gene product must be determined.

It is possible that bone marrow failure is only the result of
nonspecific hematopoietic injury resulting from accumulated
DNAdamage. However, that the products of one or more of
the FA complementing genes plays a regulatory role in growth
of hematopoietic cells is also a plausible, albeit not necessarily
exclusive, explanation. These alternatives cannot be tested by
studying hematopoietic cells from patients with FA because
any observed aberrancies might derive either from a specific
(inherited) loss of hematopoietic function or from nonspecific
damage to hematopoietic stem cells and/or bone marrow stro-
mal cells that support hematopoiesis. Indeed, some stromal cell
abnormalities have been described in FA cells, including abnor-
mal production of hematopoietic growth factors (28-30), but
it is likely that these are acquired because such defects are not
consistently found in affected patients in multiplex fami-
lies (30).

In this study, we have shown that pretreatment of normal
lymphocytes with the FACCantisense ODNinduces hypersen-
sitivity to the chromosome-damaging effects of mitomycin C
(Fig. 1 and Table I), in effect recapitulating the FA cytogenetic
phenotype. The sequence-specific reduction of FACCmRNA
levels in antisense ODN-treated bone marrow cells (Fig. 2)
and mitogen-stimulated peripheral blood mononuclear cells (not
shown) provides additional support for the notion that the anti-
sense ODNspecifically represses FACC gene expression in
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Figure 3. (A) Effect of FACCODNson CFU-E-, BFU-E-, and CFU-GM-derived colony growth in vitro. Results shown are mean±SDof six
separate experiments. Antisense (black bars) but not sense (hatched bar in A and white boxes in B-D) oligonucleotides inhibited clonal growth
significantly (P < 0.001). The results have been normalized to colony growth in the absence of ODNtreatment (100%). Antisense ODNdose-
related inhibition of clonal growth is shown for CFU-GM(B), CFU-E (C), and BFU-E (D).

these cells, possibly by an RNase H-dependent mechanism
(11, 31, 32). Pretreatment with the FACCantisense ODNinhib-
its clonal growth of erythroid and granulomonocytic progenitor
cells in a concentration-dependent, sequence-specific fashion
(Fig. 3). The apparently greater sensitivity of CFU-GM-de-
rived colony growth (Fig. 3 B), compared with CFU-E- and
BFU-E-derived colony growth (Fig. 3, C and D), could reflect
inherent differences between the progenitor cell types in their
relative sensitivity to similar degrees of FACCrepression, the
efficiency with which they internalize ODNs(33), their relative
RNase H levels; or any of a number of other possibilities. An
explanation for why inhibition of colony growth was only partial
even at maximal ODNconcentrations (Fig. 3) cannot be pro-
vided from the present study. Because, by design, exposure of
marrow cells to the antisense ODNwas brief in these experi-
ments, it is likely that our protocol of ODNtreatment only

partially and transiently reduces FACCprotein levels; further
reduction in FACCprotein for longer periods may be required
to fully inhibit colony growth. Alternatively, antisense ODN
treatment may not achieve similar degrees of FACCrepression
in all progenitor cells of a given type. For example, actively
cycling cells may take up ODNsmore efficiently than noncy-
cling cells (34). Further study will be required to answer these
questions.

Pretreatment with the FACCantisense ODNinhibited sub-
sequent colony growth in cultures of progenitor-enriched mar-
row cells (Table II), including a CD34' cell-enriched popula-
tion which displayed 9-10% plating efficiency even when

cultured at very low cell density (500 cells/ml). Moreover, the
FACC antisense ODNdoes not inhibit constitutive or IL-1-
induced GM-CSF, G-CSF, or IL-6 production by low density
marrow cells or bone marrow-derived fibroblasts (Table HII).
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Table II. Suppression of Colony Growth by the FACCAntisense
Oligonucleotide in Cultures of Low Density Bone Marrow Cells
(LDBMCs) Enriched for Hematopoietic Progenitors*

ODN CFU-E BFU-E CFU-GM

Nonadherent T lymphocyte-
depleted LDBMCs

None 230±3 127±11 111±9
S 255±22 136±5 96±15
AS 110±7* 85±3§ 54±31

CD34' LDBMCs
None 0 21.8±5.3 25.2±0.5
S 0 23.8±2.4 22.8±4.5
AS 0 13.2±2.6t 13.6±3.2t

* The results represent the mean (±SEM) of colonies per 5 x 104
nonadherent T lymphocyte-depleted LDBMCsper milliliter of triplicate
cultures or 5 x 10' CD34' LDBMCsper milliliter of five replicate
cultures. I P < 0.0001; § P < 0.02; and 11 P < 0.005.

Taken together, these results suggest that antisense ODN-medi-
ated inhibition of colony growth occurs via direct effects of the
ODNon hematopoietic progenitor cells rather than on accessory
cells.

The results of this study indicate that the FACCgene prod-
uct plays a permissive role in growth, differentiation, or survival
of hematopoietic progenitor cells. These observations suggest
that hematopoietic progenitor cell defects in FA may arise not
only from accumulated genetic damage in the stem cell or stro-
mal cell (30) populations but develop because committed hema-
topoietic progenitor cells, and possibly stem cells, require the
FACCgene product for optimal growth, survival, and/or differ-
entiation. This notion is supported by gain-of-function studies
of Walsh et al. (35) in which infection with a retroviral vector
containing the normal human FACCgene complemented the
cytogenetic defect and augmented clonal growth of CD34+ cells
from the peripheral blood of a Fanconi anemia patient with a

Table III. Antisense FACCODNDoes Not Inhibit Production of
the Hematopoietic Growth Factors IL-6, GM-CSF, and G-CSF

Cells IL-1 ODN IL-6 GM-CSF G-CSF

ng/ml pg/mi pg/mi pg/mi

LDBMC* 0 0 1±1 0 0
LDBMC 0 S 161±31 0 0
LDBMC 0 AS 87±33 0 0
LDBMC 1 0 192±38 21±3 0
LDBMC 1 S 818±91 36±1 43±16
LDBMC 1 AS 768±49 28±1 35±13
Ft 0 0 6758±1360 0 0
F 0 MS 6838±1660 0 0
F 0 AS 10274±2460 0 0
F 1 0 84825±2148 501±28 581±110
F 1 MS 84427±1473 493±10 655±13
F 1 AS 80178±1430 768±19 698±32

* Low density bone marrow cells. t Bone marrow-derived fibroblasts.
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Figure 4. Antisense FACCODNdoes not inhibit growth of human
diploid (11-Lu) fibroblasts. Subconfluent cells were exposed to anti-
sense or sense ODNfor 24 h, complete medium was replaced, and
viable cells were counted on days 2-6. Cells not exposed to ODNwere
exposed to medium containing heat-inactivated (56°C) FCS (CON-
TROL56) or high-heat (66°C) inactivated FCS (CONTROL66) for 24
h. ODNexposure was in high-heat-inactivated FCS. Data points repre-
sent means±SD of counts on duplicate wells.

known FACCmutation. Establishing the exact role of the FACC
protein in normal cells will require a broad-based search. It may
play a role in growth factor signal transduction or, alternatively,
might function to suppress either a mitotic inhibitory pathway
or apoptosis in progenitor cells.

Although growth of fibroblasts, mitogen-stimulated lympho-
cytes, and endothelial cells was not affected by exposure to the
antisense ODN(Fig. 4 and data not shown), we have not yet
tested a sample of nonhematopoietic cell types large enough to
suggest that this particular role of the FACCgene product is
strictly specific to hematopoietic cell types. However, discovery
of additional roles of this protein in growth, differentiation, or
survival of other cell populations will in no way diminish the
likelihood that the FACCprotein plays a biologically significant
hematopoietic role. Other proteins, such as Steel factor, with
unambiguous hematopoietic function in vivo (36-39), also
play functional roles in nonhematopoietic cells (40-43). The
specific loss-of-function approach described here will permit a
more specific clarification of the precise role of the FACCgene
product in growth and development of both hematopoietic and
nonhematopoietic cells.
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