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Abstract

 

Fanconi anemia (FA) consists of a group of at least five au-

tosomal recessive disorders that share both clinical (e.g.,

birth defects and hematopoietic failure) and cellular (e.g.,

sensitivity to cross-linking agents and predisposition to apop-

tosis) features with each other. However, a common patho-

genetic link among these groups has not been established.

To identify genetic pathways that are altered in FA and

characterize shared molecular defects, we used mRNA dif-

ferential display to isolate genes that have altered expres-

sion patterns in FA cells. Here, we report that the expression

of an interferon-inducible gene, 

 

MxA

 

, is highly upregulated

in cells of FA complementation groups A, B, C, and D, but

it is suppressed in FA group C cells complemented with

wild-type 

 

FAC

 

 cDNA as well as in non-FA cells. A post-

transcriptional mechanism rather than transcriptional in-

duction appears to account for MxA overexpression. Forced

expression of MxA in Hep3B cells enhances their sensitivity

to mitomycin C and induces apoptosis, similar to the FA

phenotype. Thus, MxA is a downstream target of FAC and

is the first genetic marker to be identified among multiple

FA complementation groups. These data suggest that FA

subtypes converge onto a final common pathway, which is

intimately related to the interferon signaling mechanism.

Constitutive activity of this pathway may explain a number of

the phenotypic features of FA, particularly the pathogenesis

of bone marrow failure. (

 

J. Clin. Invest.

 

 1997. 100:2873–

2880.) Key words: apoptosis 
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Introduction

 

Phenotypic manifestations of Fanconi anemia (FA)

 

1

 

 include
skeletal and visceral malformations, predisposition to cancer,
and progression to bone marrow failure and acute leukemia
(1–3). A pathognomonic finding in FA cells is the presence of

spontaneous chromosomal gaps and breaks and their accentu-
ation by bifunctional alkylating agents (cross-linkers), such as
mitomycin C (MMC). Somatic cell hybrid studies have identi-
fied at least five distinct complementation groups of FA (4–6),
and the genes mutant in groups A, C, and D have been
mapped to chromosomes 16q, 9q, and 3p, respectively (5, 7, 8).
Furthermore, the genes for complementation groups A (

 

FAA

 

;
reference 9) and C (

 

FAC

 

; references 10 and 11) have been
cloned, and despite their ability to suppress MMC cytotoxicity
in cells of appropriate FA complementation groups, these
genes and their protein products share little sequence homol-
ogy with each other or with any other known genes or pro-
teins.

We and others have been investigating the subcellular loca-
tion and biochemical interactions of FA gene products in or-
der to understand their function. FAC is a 63-kD cytoplasmic
protein (12, 13) that is thought to function as a biological sen-
sor and prevent or attenuate DNA damage (14). FAC has
been shown to interact with at least three cytoplasmic proteins
in vitro (15), suggesting that it is a component of a multimeric
complex. One of the interacting proteins is NADPH cyto-
chrome P-450 reductase, a microsomal enzyme involved in xe-
nobiotic metabolism (Youssoufian, H., T. Hoshino, J.M. Liu,
P. Joseph, and A.K. Jaiswal, manuscript submitted for publica-
tion); FAC suppresses the catalytic activity of this reductase.
By contrast, much less is known about the localization and
function of FAA. It is considerably larger than FAC with a
predicted molecular mass of 163 kD and contains both a puta-
tive nuclear localization signal and an imperfect leucine zipper.
Thus, FAA may function within the nucleus in a manner dis-
tinct from FAC.

To understand the molecular pathogenesis of FA in the
context of its genetic heterogeneity, we used mRNA differen-
tial display analysis (16) to characterize genetic alterations in
FA cells. Here we report that the expression of an IFN-induc-
ible gene, 

 

MxA

 

 (17–19), is highly upregulated in cells of multi-
ple FA complementation groups. In addition, wild-type FAC
can suppress the expression of MxA in lymphoblastoid cells
from FA complementation group C (FA-C) and restore resis-
tance to MMC. MxA is a GTPase (20) that belongs to the Mx
family of proteins, which are ubiquitous in eukaryotes (21–25)
and mediate a number of fundamental cellular processes, in-
cluding resistance to certain viral infections in mice and hu-
mans (26–30) and vacuolar sorting in 

 

Saccharomyces cerevisiae

 

(25). Our results suggest that the activities of at least four dis-
tinct FA genes converge onto a common genetic pathway,
which is intimately related to IFN signaling and susceptibility
to apoptosis.
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 FA, Fanconi anemia; FA-C, Fan-
coni anemia complementation group C; FAC, protein defective in
FA-C; MMC, mitomycin C; TUNEL, terminal transferase-mediated
UTP nick end-labeling.
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Methods

 

Cell culture. 

 

Epstein-Barr virus-transformed human lymphoblastoid
cell lines were maintained in RPMI 1640 (GIBCO BRL, Gaithers-
burg, MD) and 15% FBS. In addition, stably transfected FA-C lym-
phoblastoid cells HSC536-Vect (transfected with the empty DRA-CD
vector) and HSC536-FAC (transfected with DRA-FAC) described
previously (15) were supplemented with 200 

 

m

 

g/ml hygromycin B
(Boehringer Mannheim Biochemicals, Indianapolis, IN). Other FA
cell lines used were HSC99 (FA-A; reference 5), HSC230 (FA-B; ref-
erence 5), RA568 (FA-C; reference 15), and HSC230 and PD-20
(FA-D; references 5 and 8). Non-FA hematopoietic cells were grown
in RPMI 1640–10% FBS. COS-1 and Hep3B cells were grown in Dul-
becco’s modified essential medium (DMEM) and 10% FBS. Primary
human fibroblasts (GM02149; American Tissue Type Collection,
Rockville, MD) were grown in DMEM–20% FBS and supplemented
with vitamins as well as essential and nonessential amino acids. All
cells were cultured at 37

 

8

 

C in a humidified atmosphere containing
5% CO

 

2

 

.

 

Expression plasmids.

 

Full-length human 

 

FAC

 

 cDNA cloned into
the mammalian episomal expression vector DRA-CD has been de-
scribed previously (15). p78/2-8B containing the full-length coding se-
quence of MxA (19) was obtained from the American Tissue Type
Collection. Wild-type FAC, a mutant FAC allele (L554P), and full-
length MxA were also cloned into pcDNA3 (Invitrogen Corp., San
Diego, CA) for expression in COS-1 and Hep3B cells. pXP2-MxA809
was constructed by inserting a PCR-amplified 809-bp genomic frag-
ment of the MxA promoter (19) into the KpnI and BglII sites of the
promoterless luciferase reporter plasmid pXP2 (gift of Dr. D. Tenen,
Beth Israel Hospital, Boston, MA). 

 

Antibodies.

 

The generation of anti-FAC antiserum has been de-
scribed previously (13–15). An aliquot of goat polyclonal anti-human
MxA antibodies was kindly provided by Dr. M.A. Horisberger (Ciba-
Geigy Ltd., Basel, Switzerland) and anti-MxA rabbit polyclonal anti-
bodies were subsequently generated by us against a 30-kD histidine-
tagged fusion protein (MxA amino acids 241–499). Other antisera
used in this study were obtained from commercial sources and in-
cluded anti-human STAT1 p84/p91, STAT2 p113, and STAT3 p92
(Santa Cruz Biotechnology Inc., Santa Cruz, CA), anti-human IP10
(PeproTech, Inc., Rocky Hill, NJ), anti-human–

 

b

 

2

 

-microglobulin and
anti-human HLA class I antigen (Sigma Chemical Co., St. Louis,
MO), and anti–

 

b

 

-tubulin (Boehringer Mannheim Biochemicals).

 

mRNA differential display.

 

0.5 

 

m

 

g of total RNA treated with
RNase-free DNase I was reverse transcribed and the cDNAs were
amplified by PCR using one base–anchored oligo-dT primers (Gen-
Hunter Corporation, Nashville, TN; reference 16) in the presence of
[

 

a

 

35

 

S]dATP. The PCR products were resolved on 6% urea-polyacryl-
amide sequencing gels. Differentially expressed bands were cut from
gels, reamplified for 30 cycles, cloned into the vector pCR2.1 (Invitro-
gen Corp.), and sequenced. Reamplified cDNAs were also labeled
with [

 

a

 

32

 

P]dCTP by random-prime labeling (Boehringer Mannheim
Biochemicals) and used as hybridization probes in Northern analyses.

 

Northern analysis. 

 

Total RNA or poly A–selected mRNA iso-
lated by previously described methods (31) was fractionated on 1%
agarose gels containing formaldehyde, transferred to Biotrans nylon
membranes (ICN Biomedicals, Inc., Irvine, CA), and fixed by baking
at 80

 

8

 

C for 30 min. Prehybridization and hybridization were per-
formed according to the manufacturers’ suggestions in a buffer con-
taining 50% formamide. Final washing was in 0.1 

 

3

 

SSC and 0.1%
SDS at 55

 

8

 

C for 30 min.

 

Western analysis. 

 

For Western (or immunoblotting) experiments,
total cell lysates or immune complexes obtained by immunoprecipita-
tion of cytosolic lysates were resolved by SDS-PAGE and transferred
to polyvinyldifluoride membranes (DuPont-Merck Pharmaceutical
Co., Wilmington, DE). After blocking, membranes were reacted se-
quentially with a primary antibody followed by horseradish peroxi-
dase–conjugated secondary antibodies (GIBCO BRL) and visualized
by chemiluminescence (DuPont-Merck Pharmaceutical Co.).

 

Transfections.

 

COS-1 cells were grown to 

 

z 

 

50% confluence in
10-cm dishes and transfected transiently with 1 

 

m

 

g/ml plasmid DNA
by the DEAE-dextran as described previously (13), while Hep3B
cells were stably transfected using a calcium phosphate coprecipita-
tion method. Stable Hep3B transfectants were selected in the pres-
ence of G418 (400 

 

m

 

g/ml).

 

Nuclear run-on assay.

 

Nuclei were isolated by sucrose gradient
centrifugation, and in vitro transcription was performed as described
(31). [

 

a

 

32

 

P]UTP–labeled transcripts were isolated as described (32),
and 6.3

 

 3 

 

10

 

5 

 

cpm/ml was used to probe identical strips of Hybond-
N

 

1

 

 (Amersham Life Sciences-USB, Arlington Heights, IL) filters
containing 10 

 

m

 

g of linearized plasmid DNA. Hybridization and
washing conditions were similar to the Northern blots.

 

Promoter analysis.

 

Lysates from COS-1 cells transfected with
promoter and reporter vectors were prepared using the Luciferase
Assay System (Promega Corp., Madison, WI), and luciferase activity
was measured with a luminometer. To control for the efficiency of
transfection, 100-

 

m

 

l aliquots of lysates were also incubated with 3.5
mM 

 

O

 

-nitrophenyl-

 

b

 

-

 

D

 

-galactopyranoside (Sigma Chemical Co.) at
37

 

8

 

C for 30 min and the activity of 

 

b

 

-galactosidase was assessed by
light absorbance measured at 420 nm.

 

Determination of cell survival in response to MMC.

 

Cell survival
in response to MMC (Sigma Chemical Co.) was performed by incuba-
tion of 1

 

 3 

 

10

 

4

 

 viable cells with different concentrations of MMC for
6 d and counting of live cells by trypan blue exclusion. Data obtained
from at least three independent experiments are shown. 

 

Apoptosis assays. 

 

Two different assays were used for the detec-
tion of apoptotic cells in Hep3B cells overexpressing MxA. First, cov-
erslips containing transfected Hep3B cells were fixed with 3.5%
paraformaldehyde for 30 min, and the terminal transferase-mediated
UTP nick end-labeling (TUNEL) assay was performed using termi-
nal transferase and fluorescein-conjugated dUTP (Boehringer Mann-
heim Biochemicals). Apoptotic cells were visualized by fluorescence
microscopy, and fluorescent cells in five different fields on each cov-
erslips were counted. Second, genomic DNA enriched for small frag-
ments was isolated from parental and MxA-expressing cells using a
modification of the Hirt procedure. Briefly, Hep3B cells were washed
with PBS containing Ca

 

2

 

1

 

/Mg

 

2

 

1

 

, detached by scraping, and resus-
pended in a buffer containing 10 mM Tris-HCl (pH 8.0), 10 mM
EDTA, 20 

 

m

 

g/ml RNase A, and 0.6% SDS. After 15 min at 37

 

8

 

C,
NaCl was added to a final concentration of 1.2 M and the mixture was
precipitated overnight at 4

 

8

 

C. After spinning in a microcentrifuge for
5 min, the supernatant was extracted with phenol and chloroform,
precipitated with 2 vol of ethanol, resuspended in TE buffer, and re-
solved on 2% agarose gel in Tris-acetate buffer. 

 

Results

 

MxA gene is overexpressed in FA-C cells.

 

Approximately 20%
of the total cellular RNA from HSC536 and HSC536-FAC
cells was analyzed by mRNA differential display. As demon-
strated previously (15), electroporation with the episomal vec-
tor DRA-FAC and stable expression of FAC in HSC536 cells
restores their resistance to MMC. Thus, any differentially ex-
pressed product may correlate with the cellular phenotype of
MMC sensitivity. Using primers HT11 C and HAP12 (Gen-
Hunter kit 2), we detected a 340-bp fragment that was
uniquely expressed in HSC536 but not FAC-complemented
cells (Fig. 1). Cloning of this fragment and partial sequencing
showed a high degree of identity with nucleotides 2529–2784
of the human 

 

MxA

 

 cDNA (also called p78; reference 19). The
differential expression of MxA mRNA from HSC536 was fur-
ther investigated by Northern hybridization using a 

 

32

 

P-labeled
1-kb PstI fragment obtained from the full-length cDNA clone
p78/2-8B as a probe. In agreement with the previously re-
ported size of MxA, a 2.8-kb band was detected in lanes con-
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taining RNA from parental and vector-transfected HSC536
cells but not from FAC-transfected cells (Fig. 2 

 

A

 

). Six other
differentially-displayed bands showed no consistent differ-
ences in their expression patterns by Northern analysis and
were not analyzed further (data not shown). 

 

Altered expression of MxA but not other IFN-induced pro-

teins.

 

Consistent with the differential expression of mRNA,
MxA protein expression was also detected in parental and vec-
tor-transfected HSC536 cells, but not in 

 

FAC

 

-transfected cells
(Fig. 2 

 

B

 

). To assess the possibility that the expression of other
IFN-inducible genes and STATs that transduce IFN signals
are also altered in FA, we performed immunoblotting experi-
ments with antibodies directed against HLA class I (Fig. 2 

 

B

 

)
as well as 

 

b

 

2

 

-microglobulin and the 

 

g

 

-IFN–inducible gene IP-
10 (data not shown). Both HLA class I antigen and 

 

b

 

2

 

-micro-
globulin were expressed in noncomplemented and comple-
mented FA-C cells in approximately equal levels, while IP-10
expression was absent from both cell types. The expression of
STAT1 (Fig. 2 

 

B

 

), STAT2, and STAT3 (data not shown) were
similar in the three cell types. In addition, we also noted no

variations in the expression of 

 

a

 

- and 

 

g

 

-IFN or their receptors
in HSC536 parental and FAC-complemented cells, as assessed
by reverse-transcription and PCR (data not shown). There-
fore, while we cannot exclude completely an altered expres-
sion pattern for other genes involved in IFN-mediated signal-
ing, our data demonstrate that the IFN-inducible pathway is
not globally dysregulated in FA-C cells.

 

MxA is also overexpressed in FA groups A, B, and D. 

 

We
also assessed the expression of MxA in a larger panel of FA
and non-FA cells by Northern (Fig. 3 

 

A

 

) and Western (Fig. 3

 

B

 

) analyses. MxA expression was upregulated in additional
FA-C cells that contain different 

 

FAC

 

 gene mutations as well
as in other well-defined FA cells that belong to complementa-
tion groups A, B, and D. By contrast, we did not detect MxA
overexpression in a number of non-FA cells, either hemato-
poietic or nonhematopoietic. Likewise, MxA was suppressed
in the non-FA lymphoblastoid cell line LCL171 (15) and in
Nalm6 cells (data not shown). These results confirm previous
studies (33) that the expression of MxA is generally silent in
most established tissue culture lines and primary cell types.
Importantly, we demonstrate that MxA overexpression is a
cellular phenotype that is shared by at least four different FA
complementation groups. 

 

Accumulation of MxA mRNA in FA-C cells is mainly post-

transcriptional. 

 

Both transcriptional and posttranscriptional
mechanisms may be responsible for the observed differences
in the steady-state levels of MxA mRNA. To estimate the rela-
tive transcription rates of MxA and assess whether the differ-

Figure 1. mRNA differen-
tial display analysis in FA-C 
cells. Total cellular RNA 
from HSC536 and HSC536-
FAC cells was analyzed by 
mRNA differential dis-
play. To minimize artifacts, 
two independent reverse-
transcribed reaction prod-
ucts from HSC536 (2)
and HSC536-FAC (1) 
HSC536 cells were used 
for subsequent PCR ampli-
fications. Results obtained 
with three different primer 
pairs (A, B, and C) are 
shown. Primers HT11 C 
and HAP12 (GenHunter 
RNA image kit 2) were 
used to obtain the display 
pattern in panel B. A 340-
bp corresponding to a par-
tial cDNA clone of MxA 
from the 39 end is shown 
(arrow).

Figure 2. Differential expression of MxA but not other IFN-induc-
ible genes in FA-C cells. (A) Northern analysis of total RNA probed 
for MxA expression and for b-actin as loading control. (B) Immuno-
blot of lysates from the same panel of cell lines probed with the indi-
cated antisera. b-tubulin expression is used for loading control. 
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ential accumulation of 

 

MxA

 

 mRNA is regulated by transcrip-
tional or posttranscriptional mechanisms, we performed in
vitro transcription on isolated nuclei from HSC536-Vect and
HSC536-FAC cells by radiolabeling of RNA and using it as a
probe on filters that contain denatured, immobilized plasmid
DNA. No differences were observed in the transcriptional rate
of MxA in the two different cellular milieu (Fig. 4). There
were also no differences in the transcriptional rates of 

 

b

 

2

 

-
microglobulin and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). These results suggest that the differential reg-
ulation of MxA in FA-C cells is primarily posttranscriptional.

 

MxA promoter is not a direct target of FAC. 

 

While the
above results implicate a posttranscriptional mechanism for
the differential regulation of MxA, a dual regulatory mecha-
nism consisting of both transcriptional and posttranscriptional
regulation cannot be excluded. Given that FAC is primarily
cytoplasmic, several potential scenarios can be envisioned that
may contribute to the transcriptional regulation of target
genes. It is possible that a small amount of FAC protein may
enter the nucleus and affect gene expression directly by inter-
action with the MxA promoter. Alternately, FAC may affect
gene expression indirectly by either protein interactions with
spatially-regulated transcription factors or proteins that affect
mRNA stability. To evaluate these possibilities, the MxA pro-
moter (Fig. 5 

 

A

 

; references 34 and 35) was cloned into a pro-
moterless expression plasmid encoding luciferase and trans-
fected into COS-1 cells with or without expression plasmids
encoding FAC. Coexpression of either wild-type FAC or an al-
lele containing a deleterious missense mutation (L554P) failed
to suppress the baseline luciferase activity of this promoter
(Fig. 5 

 

B

 

). Transfection of the MxA promoter construct into

HSC536 and HSC536-FAC lymphoblasts also failed to reveal
any differences in promoter activity (data not shown). These
results demonstrate that the MxA promoter is not a direct tar-
get of FAC.

 

MxA activation is independent of STAT status.

 

Because
STAT proteins play critical roles in gene regulation initiated
by IFN signaling, we also assessed whether the expression, ac-
tivation or DNA-binding of STAT isoforms are different in

Figure 3. Expression of MxA in FA and 
non-FA cells. (A) Northern analysis of
total RNA from the following FA cells: 
HSC99 (FA-A, lane 1), HSC230 (FA-B, 
lane 2), RA568 (FA-C, lane 3), GM4510 
(FA-C, lane 4), PD-20 (FA-D, lane 5), and 
HSC62 (FA-D, lane 6). The positions of 
MxA, 28S rRNA and 18S rRNA are 
shown. (B) Immunoblot of lysates from the 
following cells probed with the indicated 
antisera: HSC99 (FA-A, lane 1), HSC230 
(FA-B, lane 2), PD-20 (FA-D, lane 3), 
GM02149 (primary human fibroblast, lane 
4), K563 (myeloid/monocytic cell line, lane 
5), Hep3B (human hepatoma cell line,
lane 6) Hep3B cells stably transfected with 
pcDNA3-MxA (lane 7), COS-1 (monkey 
kidney cell line, lane 8), and COS-1 cells 
transfected with pcDNA3-MxA (lane 9). 

Figure 4. Similar rates of transcription in parental and complemented 
FA-C cells. The transcriptional activity of the MxA gene in parental 
and complemented FA-C lymphoblastoid cells was compared by nu-
clear run-on analysis. Equal quantities of plasmid DNA containing 
the indicated inserts were immobilized on filters and probed with ra-
diolabeled nuclear RNA. 
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parental and complemented FA-C cells by a number of differ-
ent assays. First, steady-state levels of STAT1 (Figs. 2 

 

B

 

 and 3

 

B

 

) as well as STAT2 and STAT3 (data not shown) analyzed by
immunoblotting showed no differences in the overall expres-
sion levels of these proteins. Second, using nuclear extracts
from HSC536 parental and FAC-complemented cells, we
found no differences in the activation and DNA-binding pro-
file of STATs and STAT-associated proteins by mobility-shift
assays (data not shown). Finally, using sequential immunopre-
cipitation with anti-FAC antibodies and immunoblotting with
anti-STAT antibodies from lysates of transfected COS-1 cells
and HeLa cells, we failed to detect interactions between FAC
and STATs 1, 2, or 3 under relatively mild binding conditions
(e.g., 50 mM NaCl, 0.1% Triton X-100; data not shown), which
have been used by us previously to detect interactions with
other FAC-binding proteins (15; Youssoufian, H., T. Hoshino,
J.M. Liu, P. Joseph, and A.K. Jaiswal, manuscript submitted
for publication). Thus, MxA induction in FA group C cells ap-
pears to be independent of the expression or activation of
STATs 1, 2, and 3. A direct interaction between FAC and
STATs is also not supported by these studies. 

 

Phenotypic effects of MxA overexpression.

 

These studies
demonstrate that MxA is downstream of FAC. Because MMC
sensitivity and apoptosis are also consequences of FAC defi-
ciency, it is possible that MxA overexpression can lead directly
to these phenotypic effects and thus constitute a linear path-
way of pathogenesis. Alternately, the phenotypic features of
FA may result from the activities of pathways that are inde-

pendent of MxA overexpression. To distinguish between these
possibilities, we transfected MxA into a non-FA cell line,
Hep3B, and obtained low-level expression of MxA in a popu-
lation of cells that were resistant to G418 (Fig. 3 

 

B

 

). We then
isolated individual clones and evaluated their response to
MMC. In general, it was difficult to isolate clones that showed
high levels of MxA by this strategy, suggesting that ectopic
overexpression of MxA may be toxic to these cells. However,
two clones (Hep3B clone No. 8 and No. 11) showed relatively
high MxA levels and were chosen for subsequent studies.
Hep3B clone No. 8 was significantly more sensitive to the cyto-
toxic effects of MMC than the parental counterpart (Fig. 6).
The average dose of MMC reducing the survival of these cells
to 50% of control levels (EC50) was 12 nM, while the average
EC50 of parental Hep3B cells to MMC was 60 nM. This result
supports the linear-pathway model of FA pathogenesis.

These cells were also examined for the presence of apop-
totic markers by two different assays. First, the TUNEL assay
was performed using a commercial kit and fluorescence mi-
croscopy. A significantly greater proportion of the Hep3B
clone No. 8 cells were apoptotic compared with the parental
cells (Fig. 7 

 

A

 

). Quantitation of five different fields per cover-
slip that had cell densities of 

 

z 

 

50% confluence revealed 14

 

6

 

3
fluorescent cells per 100 cells for clone No. 8 and 0

 

6

 

0 for pa-
rental Hep3B cells. Pretreatment with MMC for 24 h did not
enhance the number of apoptotic cells (data not shown). Sec-
ond, genomic DNA prepared from parental Hep3B, clone No.
8 and clone No. 11 was also examined for the presence of
DNA laddering characteristic of apoptosis. Both clones over-
expressing MxA showed a greater degree of ladder formation
than the parental cells (Fig. 7 

 

B

 

). As with the TUNEL assay,
the presence of MMC did not appear to enhance the extent of
ladder formation. These results demonstrate that MxA over-
expression is sufficient to induce apoptosis in Hep3B cells.

Figure 5. The MxA promoter is not a direct target of FAC. (A) Sche-
matic representation of the MxA promoter showing consensus bind-
ing sites for STATs. Numbers below the diagram show the base loca-
tions in the MxA promoter. To facilitate subcloning, KpnI and BglII 
sites were added during PCR amplification. (B) Activity of the MxA 
promoter in the presence of wild-type (black columns) and mutant 
(white columns) FAC isoforms. COS-1 cells were cotransfected with 
the MxA promoter fused to the reporter gene luciferase in the vector 
pXP2 as well as expression constructs encoding FAC isoforms and
b-galactosidase. The luciferase activity in cell lysates was normalized 
for b-galactosidase activity. For dose–response studies, different 
quantities of plasmid DNA encoding FAC isoforms were used, as in-
dicated. The mean and SEM are shown.

Figure 6. Induction of MMC sensitivity in Hep3B cells with MxA 
overexpression. Parental Hep3B and clone No. 8 overexpressing 
MxA were compared for their sensitivity to MMC. Cellular viability 
was assessed by trypan blue exclusion after continuous growth in 
MMC at the indicated doses for 6 d. Experiments were performed in 
triplicate. The mean and SEM are shown. 
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Discussion

In this study, we demonstrate that MxA, an IFN-inducible
gene, is overexpressed in FA cells of complementation groups
A, B, C, and D in the absence of exogenous stimulation by
IFN. The overexpression of MxA is reversible by wild-type
FAC, suggesting that FAC is a natural inhibitor of MxA in
vivo. By contrast, several other IFN-inducible genes—includ-
ing HLA human class I antigen, b2-microglobulin, and IP10—
do not appear to be subject to regulation by FAC. Thus, the
pathogenesis of FA may involve a constitutive, albeit selective,
signaling by IFN. Our combined data on the altered expression
of MxA demonstrates that the mechanism is primarily on a
posttranscriptional level, although the precise mode of post-
transcriptional control remains to be established.

Among the many cellular activities of IFNs is their ability
to inhibit cellular proliferation in vivo and in culture (36). In fi-
broblasts stimulated by growth factors, a- or b-IFN delays the
onset of DNA synthesis. In addition, IFNs antagonize the ac-
tion of some positive growth factors, which may be particularly
relevant to the growth of blood cell production where these
polypeptides act as negative regulators (37, 38). Thus, high lev-
els of IFNs may be expected to suppress hematopoiesis and
have indeed been used clinically in myeloproliferative disor-
ders where such activities would be desirable. IFNs have also
been suspected to play a role in the hematopoietic failure of
FA. The most compelling evidence comes from animal model-
ing attempts of FA. Targeted disruption of the murine fac gene
recapitulates the chromosomal instability and other features of
the human disorder (39, 40). It has been noted that the colony-
forming capacity of murine progenitor cells declines progres-
sively, and that low doses of g-IFN profoundly inhibit the
growth of erythroid and myeloid progenitors (40, 41). In addi-
tion, both human and murine primary hematopoietic progeni-
tor cells are susceptible to apoptosis at lower doses of g-IFN
than their normal counterparts (41). It was, therefore, gratify-
ing that our unbiased approach of mRNA differential display
identified a gene that is associated with IFN signaling. 

An increasing body of evidence also demonstrates that FA
genes may have anti-apoptotic functions (41–44). Increased
susceptibility to cross-link specific apoptosis in FA-C cells by
a p53-independent mechanism has been described previously
(43). In addition, FAC overexpression in either human or mu-
rine myeloid IL-3–dependent progenitor cells was also noted
to delay the onset of apoptosis after withdrawal of the critical
growth factor (44). Taken together, these results show that
FAC is coupled to fundamental pathways that regulate cell
death. In this study, our observations that MxA overexpres-
sion is coupled to apoptosis leads us to propose the following
model (Fig. 8). Constitutive overexpression of MxA by IFNs
or viral infection (i.e., exogenous stimuli) could result in grad-
ual loss of stem cells from the bone marrow. Similarly, an in-
trinsic cellular defect (i.e., FAC and perhaps other FA gene
mutations) could also lead to apoptosis and progressive cell
loss. The inability to replace apoptotic cells efficiently may
eventually lead to marrow aplasia. In principle, this mecha-
nism could also operate in other cell types and may account for
additional phenotypic features of FA. Although transgenic
mice expressing high levels of the human MxA protein have
been described and shown to be resistant to viral infections
(45), the effect of MxA overexpression on blood cell formation
was not analyzed, possibly because of inadequate expression

Figure 7. Induction of apoptosis by 
MxA. (A) In situ detection of apop-
totic cells by fluorescence micros-
copy using the TUNEL assay. Pa-
rental Hep3B cells and a Hep3B 
transfected clone overexpressing 
MxA (clone No. 8) were grown on 
coverslips under identical condi-
tions, fixed, and stained with fluo-
rescein-dUTP for the detection of 
apoptotic cells. Phase contrast and 
fluorescent photomicrographs were 
obtained at a magnification of 100. 
(B) Increased DNA ladder forma-
tion in Hep3B cells overexpressing 
MxA with or without pretreatment 
with 100 nM MMC for 24 h, as indi-
cated. Lanes 1 and 4, parental 
Hep3B cells; lanes 2 and 5, MxA-
expressing Hep3B clone No. 8; lanes 
3 and 6, MxA-expressing Hep3B 
clone No. 11. Molecular size mark-
ers are shown on the left lane.

Figure 8. Hypothetical model of MxA dysregulation and its conse-
quences. Constitutive overexpression of MxA by either exogenous 
stimuli (IFNs or viral infection) or an intrinsic deficiency (FAC and 
perhaps other FA gene mutations) could result in progressive loss of 
cells by apoptosis. In the case of the bone marrow, the loss of hemato-
poietic stem cells may eventually lead to bone marrow failure.
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of the transgene in these cells or to embryonic lethality. Hence,
an evaluation of the in vivo effects of MxA on hematopoiesis
may have to await the generation of more appropriate animal
models.

A number of critical questions remain about the relevance
of this novel pathway to the pathogenesis of FA. The observa-
tion that MxA is a GTPase raises the issue of in vivo targets for
this enzyme, particularly those that are associated with known
pathways of apoptosis. In addition, it is reasonable to suspect
that an as yet unknown GTPase-associated protein could
dampen or reverse the GTPase activity of MxA. The expres-
sion of the latter putative molecule may be particularly impor-
tant for the modulation of disease severity in FA.

Finally, although controversial, resistance to infection by
microorganisms has been invoked as a selective force in the
maintenance of otherwise deleterious, mutant alleles in het-
erozygotes (46). For example, certain forms of thalassemia,
heterozygosity for the sickle cell mutation, and G6PD defi-
ciency are all thought to confer protection against malaria (46,
47). It has also been postulated that heterozygotes for cystic fi-
brosis may have a selective advantage for resistance to cholera
(48) as well as to noninfectious or to other potentially-infec-
tious disorders, such as bronchial asthma (49). Similarly, it may
be worth speculating that in asymptomatic carriers (or possibly
in affected homozygotes or compound heterozygotes) FA mu-
tations could confer protection against respiratory infections
caused by influenza or related viruses. 
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