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JCV, a small DNA virus of the polyomavirus family, has been shown to infect glial cells of the central nervous
system, hematopoietic progenitor cells, and immune system lymphocytes. A family of DNA binding proteins
called nuclear factor-1 (NF-1) has been linked with site-coding specific transcription of cellular and viral genes
and replication of some viruses, including JC virus (JCV). It is unclear which NF-1 gene product must be
expressed by cells to promote JCV multiplication. Previously, it was shown that elevated levels of NF-1 class
D mRNA were expressed by human brain cells that are highly susceptible to JCV infection but not by JCV
nonpermissive HeLa cells. Recently, we reported that CD34� precursor cells of the KG-1 line, when treated
with the phorbol ester phorbol 12-myristate 13-acetate (PMA), differentiated to cells with macrophage-like
characteristics and lost susceptibility to JCV infection. These studies have now been extended by asking
whether loss of JCV susceptibility by PMA-treated KG-1 cells is linked with alterations in levels of NF-1 class
D expression. Using reverse transcription-PCR, we have found that PMA-treated KG-1 cells express mRNA
that codes for all four classes of NF-1 proteins, although different levels of RNA expression were observed in
the hematopoietic cells differentiated into macrophages. Northern hybridization confirms that the expression
of NF-1 class D gene is lower in JCV nonpermissive PMA-treated KG-1 cells compared with non-PMA-treated
cells. Further, using gel mobility shift assays, we were able to show the induction of specific NF-1–DNA
complexes in KG-1 cells undergoing PMA treatment. The binding increases in direct relation to the duration
of PMA treatment. These results suggest that the binding pattern of NF-1 class members may change in
hematopoietic precursor cells, such as KG-1, as they undergo differentiation to macrophage-like cells. Trans-
fection of PMA-treated KG-1 cells with an NF-1 class D expression vector restored the susceptibility of these
cells to JCV infection, while the transfection of PMA-treated KG-1 cells with NF-1 class A, B, and C vectors was
not able to restore JCV susceptibility. These data collectively suggest that selective expression of NF-1 class D
has a regulatory role in JCV multiplication.

The nuclear factor-1 (NF-1) family of DNA binding proteins
is encoded by four genes (NF-1 class A, B, C, and X [also
known as NF-1 class D]) that are highly conserved from chick-
ens to humans (17, 25, 26, 32, 41, 42). This protein family has
been implicated in transcription of cellular genes (4, 9, 19, 23,
38, 40) and replication of several viruses (8, 13, 18, 20, 22, 37,
43, 46, 47), including JC virus (JCV) (1). NF-1 proteins were
first isolated from HeLa cells and shown to contribute to ad-
enovirus DNA replication in these cells (35, 36). All NF-1
family members have highly conserved N-terminal binding do-
mains by which they bind to DNA, promote protein dimeriza-
tion, and assist in virus replication (14, 32, 33). The C-terminal
domains of NF-1 members vary considerably and function in
transcriptional activation. A role for NF-1 proteins in cell type-
specific gene expression and cellular differentiation also has
been proposed (27, 48).

NF-1 proteins bind to a consensus sequence, 5�-TGG(A/C)
N5GCCAA-3�, found within the promoter regions of cellular
genes and those of several viruses (10, 15, 16, 28, 31). Different
NF-1 family members bind to this sequence with equal affinity
(26). Several NF-1 binding sites have been found within the

promoter-enhancer region of JCV and are believed to be im-
portant for its replication in glial cells (1, 2, 47).

The screening of two human fetal brain cDNA libraries
demonstrated that all NF-1 family members were expressed.
NF-1 class D, however, was expressed at higher levels than
those members of classes A, B, and C (45). Other studies have
shown levels of NF-1 class D to vary in different cell types, with
diminished expression in kidney and epithelial cells (5).

In a previous report, we provided evidence that JCV, a
human polyomavirus, can infect cell types other than glial cells,
including hematopoietic precursor cells and immune system
lymphocytes (34). Additionally, we showed that the JCV-sus-
ceptible, undifferentiated progenitor cell line KG-1, when
treated with the phorbol ester phorbol 12-myristate 13-acetate
(PMA), differentiated into macrophage-like cells that lost JCV
susceptibility (34). Although JCV binds to the surface of many
cell types (49), it is unknown whether its tropism is due to the
presence or absence of specific transcription factors and/or of
a specific cellular receptor. Given that NF-1 expression has
been implicated in JCV replication and cellular differentiation,
we asked whether expression levels of NF-1 family members in
undifferentiated KG-1 cells or PMA-treated KG-1 cells that
have differentiated to macrophages correlate with the suscep-
tibility of either cell type to JCV infection. Using reverse tran-
scription (RT)-PCR, Northern blot, and gel mobility shift as-
says we have obtained evidence that, in hematopoietic cells,
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NF-1 class D expression is essential for JCV early transcrip-
tion, which initiates viral multiplication.

MATERIALS AND METHODS

Hematopoietic progenitor cell lines. The KG-1 and KG-1a cells lines, origi-
nating from the bone marrow of a patient with acute myelogenous leukemia,
were purchased from the American Type Culture Collection (Manassas, Va.).
When KG-1 cells were cultured in RPMI 1640 medium with 20% fetal bovine
serum and PMA (2.5 �g/ml) added, they differentiated to cells with macrophage-
like characteristics (24). However, KG-1a cells treated identically fail to differ-
entiate.

Human primary stromal cells. Human tonsillar stromal cells (HTSC) were
obtained and processed by methods described previously (29).

Primary human astrocytes and SVG cell line. All procedures involving human
fetal tissue followed National Institutes of Health guidelines. Tissues from hu-
man fetal brain (gestational age, 7 to 10 weeks) were dissected, trypsinized, and
resuspended in minimum essential medium and 10% fetal bovine serum
(EMEM-10). The cell suspension was seeded into 162-cm2 flasks coated with
collagen (100 �g/ml; Calbiochem, La Jolla, Calif.) and incubated at 37°C in a
humidified air atmosphere containing 5% CO2. Ten to fifteen days after the cells
were plated, microglial cells were detached from cultures by rotary shaking at 350
rpm for 90 min and removed from cultures. The remaining adherent cells were
released by trypsinization, resuspended in EMEM-10, seeded into culture flasks,
and passaged two to four times to obtain purified astrocytes (21).

Cells of the SVG line, established by immortalization of human fetal brain
cells with an origin-defective mutant of simian virus 40 T protein (30), were
cultured in EMEM-10 as described previously (30).

Isolation of cellular RNA. Total cellular RNA was extracted from all cell types
studied with an RNeasy Mini kit (Qiagen, Valencia, Calif.) by the procedure
specified by the manufacturer. Briefly, samples were lysed and homogenized in
the presence of denaturing guanidine isothiocyanate buffer. Ethanol was then
added to the samples, and they were applied to a Qiagen RNeasy mini spin
column. Sample RNA that bound to the column membrane was eluted in 30 �l
of diethyl pyrocarbonate-treated distilled water.

RT-PCR and Southern blot analysis. The RT of cellular template RNA to
cDNA was done at 42°C in 20 �l of reaction mixture prepared according to the
manufacturer’s instruction (Perkin-Elmer, Foster City, Calif.). Reverse tran-
scriptase enzyme was then denatured by incubating samples at 95°C for 5 min,

and cDNA was amplified by PCR in 100 �l of reaction mixture containing 2.5 U
of Taq polymerase and 25 pmol of each primer. Reaction products were ampli-
fied for 30 cycles, by use of the following program: 1 min at 94°C, 2 min at 50°C,
and 3 min at 72°C. Amplification was completed with a 7-min extension period
at 72°C.

The PCR primers used for NF-1 class A were derived from the NF-1 class L
cDNA clone (39), primers for NF-1 class B were derived from the NF-1/
Red-1 cDNA clone (12), primers for NF-1 class C were derived from the
NF-1/CTF1 cDNA clone (42), and those for NF-1 class D were derived from the
NF-1/AT1 cDNA (45). After blotting samples to membranes, each membrane
was probed with 32P-labeled oligonucleotide fragments specific for the different
NF-1 classes.

RT-PCR analysis was also used in KG-1 and KG-1 PMA-treated cells trans-
fected with the plasmid containing NF-1 class D and subsequently incubated with
JCV. The primer sets used were specific for the conserved region of the JCV
genome coding for T protein and were previously described (34). PCR products
were analyzed by use of a specific JCV 32P-labeled pM1Tc DNA probe (11).

Hybridization was carried out at 42°C for 20 h. The filters were washed twice
in 6� SSPE (1� SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA [pH
7.7])–0.1% sodium dodecyl sulfate (SDS), 1� SSPE–0.5% SDS, and 0.1� SSPE–
0.5% SDS at room temperature for 20 min each. After washing, filters were
exposed to Kodak BioMAX-MS film for several days at �80°C.

Northern blot and RNA probes. Total cellular RNA, extracted as described
above, was analyzed by Northern hybridization with a NorthernMax kit (Ambion
Inc., Austin, Tex.) by the procedure specified by the manufacturer. Briefly, 20 �g
of RNA was electrophoresed on a 1% agarose-formaldehyde gel and RNA was
transferred to a positively charged nylon membrane. The membrane containing
transferred RNA was prehybridized for 30 min at 68°C and then hybridized
overnight at 68°C with an NF-1 class D RNA probe (107 cpm) (Lofstrand, Inc.
Gaithersburg, Md.). After hybridization, the membrane was washed twice for 5
min at room temperature with low-stringency 2� SSC (1� SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) wash solution and twice for 15 min at 68°C with
high-stringency 0.1� SSC wash solution.

After autoradiography, the membrane was rehybridized with a human
GAPDH probe to serve as an RNA control. Densitometric data analysis was
performed to quantify NF-1 class D and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) mRNA signals using ImageQuant software. Relative NF-1
class D mRNA in the different cell types was determined as the ratio of NF-1
class D to GAPDH.

FIG. 1. RT-PCR amplification and Southern blot analysis of human fetal brain cells (lanes 2), SVG cell line (lanes 3), and HTSC (lanes 4) using
primers specific for NF-1 classes A, B, C, and D (panels A to D, respectively). All cell types examined expressed all four NF-1 classes at comparable
levels. The cell types examined are those most highly susceptible to JCV infection. In each panel, lane 1 contains the negative control that
corresponds to RT-PCR amplification without template. Results included are representative of three independent experiments.
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RNA probe was generated by RT-PCR from the 3� region of the human NF-1
class D gene. To accomplish this, the PCR primers, previously described for
RT-PCR analysis, were used to amplify specific sequences in total RNA from
human fetal brain cells. After PCR amplification, the specific sequences were TA
cloned into the pCR2.1 vector (Invitrogen, Carlsbad, Calif.) and then sequenced.
The plasmid was linearized with HindIII before synthesis of the sense strand of
the 32P-labeled RNA probe with the T7 promoter.

Northern analysis was also used in KG-1 PMA-treated cells transfected with
the plasmids containing NF-1 class A, B, C, and D, respectively, and subse-
quently incubated with JCV. mRNA was analyzed by use of a specific JCV
32P-labeled DNA probe (11).

Preparation of nuclear extracts. Untreated and PMA-treated KG-1 cells were
washed three times with phosphate-buffered saline (PBS) (4°C), and whole-cell
extracts were prepared by a modification of the procedure of Andrews and Faller
(3). Briefly, cell pellets were rapidly frozen in dry ice and thawed at 27°C three
times. Two volumes of cold buffer C (20 mM Tris-HCl, pH 7.9; 1.5 mM MgCl2;
420 mM NaCl; 0.2 M EDTA; 25% glycerol) containing protease inhibitors
(dithiothreitol, 0.5 mM; phenylmethylsulfonyl fluoride, 0.5 mM; antipain, 5 mg/
ml; leupeptin, 5 mg/ml; aprotinin, 5 mg/ml; pepstatin A, 5 mg/ml; chymostatin,
5 mg/ml) were added to each sample of disrupted cells. Samples were then
centrifuged at 9,000 � g for 5 min, and supernatant fractions containing DNA
binding proteins were harvested and stored in small aliquots at �80°C. Protein
concentrations were determined by the method of Bradford (6).

Electrophoretic mobility shift assays. Oligonucleotides with the nucleotide
sequence of the intact NF-1 binding site (5�-ATGGCTGCCAGCCAAG-3) or a
mutated version (5�-ATTACTGCCAGCTGAG-3; mutated NF-1 residues are
shown in boldface type) were synthesized by Life Technologies, Inc. (Invitrogen).
Oligonucleotides with sequences complementary to those given above were also
synthesized. The oligonucleotides for both DNA strands of the authentic or
mutated binding sites were annealed to form double-stranded structures, labeled
with [�-32P]ATP for 30 min at 37°C, and centrifuged through a Bio-Rad Biospin
column at 3,000 rpm for 5 min. The labeled probe (200,000 cpm; 0.5 ng/ml) was
then incubated with 10 �g of nuclear extract from either human fetal brain cells
(HFBC), untreated KG-1 cells, or PMA-treated KG-1 cells in the presence or
absence of a 250-fold excess of either unlabeled authentic oligonucleotide or
unlabeled mutant oligonucleotide. The reaction was incubated at room temper-
ature for 30 min and electrophoresed on a 6% polyacrylamide–Tris-glycine gel.
The gel was dried, and samples were visualized by autoradiography with Kodak
BioMAX-MS film.

Transfection and infection with JCV. KG-1 and KG-1 PMA-treated cells were
transfected in triplicate with pAT1 (44) (plasmid containing NF-1 class D) or calf
thymus DNA (each 7 �g/0.5 � 106 cells), using N-[1-(2,3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium methylsulfate (DOTAP) cationic liposome-medi-
ated transfection reagent (Roche Molecular Biochemicals, Indianapolis, Ind.)
and 1,2-dimyristyloxypropyl-3-dimethyl-hydroxy ethyl ammonium bromide and
cholesterol (DMRIE-C) cationic liposome-mediated transfection reagent (In-
vitrogen). KG-1 PMA-treated cells were also transfected with the NF-1 plasmids
pCHAmNF1-A1.1, pCHAmNF1-B2, pCHAmNF1-C2, and pCHAmNF1-X2
(this NF1-X2 plasmid expresses what will be referred to NF-1 class D protein),
which were a generous gift from R. Gronostajski. Each plasmid contains the
cDNA coding region of one of the four classes of murine NF-1 (A, B, C, or D).
Each NF-1 cDNA was subcloned into the pCHA vector to form a fusion protein
with an N-terminal hemagglutinin tag. This tag has shown no effect on NF-1
DNA-binding or transactivation functions. The pCHA vector was derived from
pCMV�, which contains the cytomegalovirus immediate-early promoter minus
the LacZ gene excised from flanking NotI restriction enzyme sites (7).

Following transfection, the cells were grown and selected in medium contain-
ing G418 (500 �g/ml) for 1 to 3 weeks. PMA was added to the medium each time
it was changed.

After the selection, 106 cells were incubated with 4,000 hemagglutination units
of JCV (MAD-4 strain). On various days (5, 16, 23, and 44 days) postinfection
the cells were harvested, seeded onto glass coverslips, and fixed for immuno-
fluorescence analysis. RNA was extracted from aliquots of these cells and used
for RT-PCR amplification and Northern analysis of JCV T-antigen expression.

Immunofluorescence analysis of T and V antigens. Mock (negative control)-
and pAT-1-transfected KG-1 or PMA-treated KG-1 cells were incubated with
JCV, placed on coverslips, treated with antibody to simian virus 40 T-antigen
(PAB 416; Oncogene Science Inc., Boston, Mass.), diluted 1:10 in PBS, and
incubated secondarily in the dark for 30 min at 4°C with fluorescein isothiocya-
nate-conjugated goat anti-mouse antibody (Jackson Immunoresearch, West
Grove, Pa.), diluted 1:50 in PBS.

Cells were also tested for JCV virion (V) antigen by incubation overnight at
4°C with a mouse monoclonal antibody specific for its capsid protein (Novo
Castra-Vector Laboratories, Burlingame, Calif.), diluted 1:20 in PBS. The sec-
ondary antibody and its usage were described above. The coverslips were washed
twice in PBS and mounted on glass slides with 2% antifade (1,4-diazabicyclo-
[2.2.2] octane; Sigma, St. Louis, Mo.) in 90% glycerol. Sample fluorescence was
analyzed with a Zeiss ICM 405 epifluorescence microscope.

FIG. 2. RT-PCR amplification and Southern blot analysis of KG-1a (lanes 1), KG-1 (lanes 2), and PMA-treated KG-1 (30 days of treatment)
(lanes 3) cells using primers for different NF-1 classes A, B, C, and D (panels A to D, respectively). Class-specific probes showed that the RT-PCR
products were specific for their respective NF-1 class. All cell types examined expressed the four classes of NF-1, but at different levels.
PMA-treated KG-1 cells (lanes 3) showed a downregulation of class A, C, and D and an increase in the expression of NF-1 class B relative to
untreated KG-1 control cells. Results included are representative of three independent experiments.
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RESULTS

Expression of different NF-1 classes of mRNA in hemato-
poietic cells. Several studies provided evidence that NF-1 bind-
ing sites in the promoter-enhancer region of the JCV genome
are linked with JCV multiplication in glial cells (1, 2, 47). The
NF-1 class D protein was implicated specifically in JCV
expression in human brain-derived cells (44). Previously, we
showed that the human hematopoietic precursor cell line,
KG-1, when treated with PMA, lost its susceptibility to JCV
infection (34). Furthermore, this loss of susceptibility to JCV in
PMA-treated KG-1 cells correlated with the cell phenotype of
increased adherence of cells to culture flask surfaces and in-
creased expression of the monocyte surface marker, CD11b
(data not shown), indicating differentiation of PMA-treated
KG-1 cells to cells with macrophage-like characteristics.

Total cellular RNA was extracted from HFBC, primary
HTSC, and SVG cells, all of which are highly susceptible to
JCV infection and therefore were used as positive controls for
this study (Fig. 1). Total cellular RNA was also isolated from
untreated KG-1 cells, PMA-treated KG-1 cells, and parental
KG-1a cells to determine whether these cell types synthesized
mRNA coding for the various classes of NF-1 protein (Fig. 2).
Specific primers were used to identify sequences from each of
the four NF-1 class proteins. The RT-PCR products obtained
were Southern blotted and hybridized with probes to detect
nucleotide sequences specific to each of the four NF-1 class
members. Results of this work showed that the respective NF-1
class probes were specific for RT-PCR products generated by
the various NF-1 specific primers (Fig. 1 and 2).

In Fig. 2, all of the cell types examined expressed mRNA
coding for the four classes of NF-1 protein, but class-specific
levels varied in some cell types. Interestingly, compared to
expression levels in untreated KG-1 cells, PMA-treated KG-1
cells expressed lower levels of NF-1 class A, C, and D proteins
(Fig. 2A, C, and D, lanes 3) and an elevated level of NF-1 class
B protein (Fig. 2B, lane 3). In untreated KG-1 cells, mRNA for
NF-1 class C protein was expressed at a higher level than any
of the other three NF-1 class members (Fig. 2C, lane 2).

Differential expression of NF-1 class D protein in PMA-
treated KG-1 cells. To further examine NF-1 class D expres-
sion in the hematopoietic cell and astrocytes derived from
HFBC, Northern hybridization analysis was performed. Total
RNA was extracted from the different cell types, and Northern
blot analysis was accomplished with a 32P-labeled RNA probe
for NF-1 class D. Figure 3 shows a difference in the amount of
RNA from KG-1 PMA-treated cells and the other cell types
(untreated KG-1, KG-1a and astrocytes derived from HFBC;
all these cell types are susceptible to JCV infection) hybridiz-
ing to the NF-1 class D labeled probe. At least two related
species (7.8 and 6.6 kb) of NF-1 class D RNA can be seen in
the astrocytes derived from HFBC, KG-1 cells, and PMA-
treated KG-1 cells, as previously described (7, 45).

The results of the Northern hybridization analysis suggest
that the gene for NF-1 class D was more highly expressed in
JCV susceptible cells than in PMA-treated KG-1 cells that had
lost JCV susceptibility.

Induction of NF-1 binding in PMA-treated KG-1 cells. Elec-
trophoretic mobility shift assays were performed to determine
if there are differences in the NF-1 binding proteins of KG-1

cells and HFBC. Nuclear proteins were extracted at different
times following KG-1 cell treatment with PMA, as described in
Materials and Methods, from HFBC, untreated KG-1 cells,
and PMA-treated KG-1 cells, and competitive gel shift exper-
iments were performed. A gel-shifted band was detected when
extracts from either HFBC or PMA-treated KG-1 cells were

FIG. 3. Northern analysis of NF-1 class D mRNA expression in
hematopoietic cell lines. Total RNA was extracted from primary as-
trocytes and KG-1a, untreated KG-1, and PMA-treated KG-1 (30 days
of treatment) cells. A labeled specific NF-1 class D RNA probe was
hybridized to each RNA sample. The marker on the left of the panel
indicates the mRNA species. Hybridization signals were quantitated
using ImageQuant as described in Materials and Methods and nor-
malized for the intensity of the GAPDH signal. The relative RNA
levels were then calculated and plotted.
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incubated with a probe containing the binding sequences spe-
cific for NF-1 proteins (Fig. 4, lanes 2 and 8). This shifted band
depicts NF-1 protein bound specifically to its consensus bind-
ing site sequence. When subjected to competition with excess
unlabeled NF-1 competitor, this band disappeared (Fig. 4,
lanes 3, 6, and 9), but it remained when subjected to compe-
tition with excess mutant NF-1 competitor (Fig. 4, lanes 4, 7,
and 10). A detectable gel-shifted band was present when ex-
tracts from untreated KG-1 cells were incubated with site-
specific probes (Fig. 4, lanes 5 to 7).

As the time interval of continuous PMA stimulation was
increased, specific binding of NF-1 proteins also increased
(Fig. 5, lanes 1, 4, 7, and 10). These results show that PMA
treatment of KG-1 cells induces increased binding of NF-1
proteins to their specific DNA binding sequence. However,
without specific antibodies for each of the four NF-1 classes, it
is not possible to determine the precise composition of these
NF-1–DNA complexes.

Restoration of JCV susceptibility in PMA-treated KG-1 cells
transfected with a plasmid containing NF-1 class D. To deter-
mine whether expression of NF-1 class D protein has func-
tional significance for JCV infectibility of cells, JCV-nonsus-
ceptible PMA-treated KG-1 cells were transfected with an
expression vector containing the NF-1 class D cDNA AT-1
sequence (44). After transfection and selection of cells express-

ing NF-1 class D using G418, PMA-treated KG-1 cells were
adsorbed with JC virions. The presence of JC virus-positive
cells was detected by immunofluorescence techniques at 5, 16,
23, and 44 days postincubation. In the PMA-treated cultures
not transfected with pAT-1 class D expression vector, no im-
munofluorescence-positive cells were detected at any time
point (Table 1). However, cells positive for both JCV T and V
antigens were detected in cultures transfected with the pAT-1
expression vector for NF-1 class D at 23 and 44 days postin-
cubation (Table 1).

To further verify that susceptibility to JCV infection can be
restored by transfection of NF-1 class D protein into nonsus-
ceptible, PMA-treated KG-1 cells, these cells were transfected
with the plasmid AT-1, which contains NF-1 class D cDNA,
and then were adsorbed with JCV. RNA was extracted from
both the NF-1 class D- or calf thymus DNA-transfected cul-
tures, and mRNA sequences specific for NF-1 class D were
amplified by RT-PCR with primer pairs specific for a con-
served 301-bp sequence and subjected to Southern blot anal-
ysis. Figure 6A shows that the calf thymus control DNA-trans-
fected cultures (lanes 1 and 2) demonstrated only endogenous
levels of NF-1 class D, but the cells transfected with pAT-1
class D expression vector (lane 3) showed elevated levels of the
301-bp NF-1 class D sequence. The same cellular RNA sam-
ples were also amplified by RT-PCR with primer pairs coding

FIG. 4. Competitive gel shift analysis of the binding of nuclear proteins from HFBC (lanes 2 to 4), untreated KG-1 (lanes 5 to 7), and
PMA-treated KG-1 (lanes 8 to 10) cells to a radiolabeled oligonucleotide containing an NF-1 binding site. Competitors were either unlabeled cold
homologous oligonucleotide (c) or unlabeled mutant oligonucleotide (m). Lane 1 contains the probe without any added nuclear extract and shows
migration off the gel. The arrow indicates the position of a specific gel-shifted band present in HFBC and induced in KG-1 cell extracts by PMA
treatment, compared to the band from extracts from untreated KG-1 cells.
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for a 768-bp conserved region of the JCV genome coding for
its T protein (Fig. 6B). When tested with a probe specific for
this JCV T-antigen sequence, results showed that the JCV-
infected, NF-1 class D-transfected, PMA-treated KG-1 cells
were highly positive for the specific JCV T sequence (Fig. 6B,
lane 3), while the JCV-infected, calf thymus DNA-transfected
PMA-treated KG-1 cells showed only a barely detectable JCV
T-protein mRNA band (Fig. 6B, lane 2). In these cells, how-
ever, there were no evidence of either JCV T- or V-antigen
expression.

Furthermore, to verify that the observed effect is specific to
the NF-1 class D factor, PMA-treated KG-1 cells were trans-
fected with specific plasmids coding for the four NF-1 different
classes (pCHAmNF1-A1.1, pCHAmNF1-B2, pCHAmNF1-
C2, and pCHAmNF1-D2) and then adsorbed with JCV. RNA
was extracted from all four transfected cultures, and Northern
hybridization analysis, using a specific JCV DNA probe, was
performed. The result confirmed the expression of JCV T-
antigen proteins only in those cells that were transfected with
NF-1 class D. Moreover, the experiment of control transfec-
tion using vectors that express NF-1 class A, NF-1 class B, and
NF-1 class C confirmed that only the PMA-treated KG-1 cells
that overexpress NF-1 class D protein were expressing specific
JCV T-antigen proteins (Fig. 7).

DISCUSSION

It has been known for over 30 years that glial cells derived
from human fetal brain are susceptible to the neurotropic

polyomavirus JCV. Recently, we also showed that JCV can
infect hematopoietic progenitor cells and cells of the immune
system (34). We further showed that cells of the progenitor cell
line KG-1 were susceptible to JCV infection but, when treated
with the phorbol ester PMA, lost susceptibility and differenti-
ated to cells with macrophage-like characteristics. The NF-1
class D protein has been associated with JCV’s ability to infect
certain cell types (45). Human fetal glial cells, the cells in which
JCV replicates most efficiently, have been reported to express
higher levels of NF-1 class D protein than NF-1 class C pro-
tein, while HeLa cells, nonsusceptible to JCV, were found to
express higher levels of class C than class D proteins (45).
Moreover, transfection of an expression clone of NF-1 class D,
AT-1, in HeLa cells was able to activate the JCV early pro-
moter in those cells that are normally nonpermissive to infec-
tion (44). Our findings that PMA-treated KG-1 cells lost sus-
ceptibility to infection by JCV prompted us to initiate work to
determine whether this loss of JCV susceptibility might also be
associated with reduced levels of NF-1 class D expression.

We have shown, by RT-PCR, that transcription levels of
mRNA in the untreated KG-1 cells or PMA-treated KG-1 cells
differed for all four classes of NF-1. In the untreated KG-1
controls, NF-1 class B transcripts were expressed at the lowest
level, NF-1 class D and A transcripts were expressed at an
intermediate level, and NF-1 class C transcripts were expressed
at the highest level.

In PMA-treated KG-1 cells, mRNA levels of NF-1 classes A,
C, and D decreased, while those of class B increased. More-

FIG. 5. Competitive gel shift analysis at different time points (lanes 1 to 12) of the binding of nuclear proteins from PMA-treated cells to a
radiolabeled oligonucleotide containing an NF-1 binding site. The arrow indicates the position of a specific gel-shifted band in KG-1 cells treated
with PMA. The intensity of the band increased in nuclear extracts from cells exposed to PMA for a longer time.
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over, Northern analysis showed a lower expression of NF-1
class D in these cells. Together, these findings suggest that
levels of NF-1 class D mRNA differ in specific cell types and
that these differences may correlate with their susceptibility to
JCV infection. The lower expression level of NF-1 class D
protein is also observed in other cell types that are not per-
missive to JCV infection, such as primary human T lympho-
cytes and microglial cells (M. C. G. Monaco and E. O. Major,
unpublished data). Other authors observed a low expression of
NF-1 class D in human kidney, a site thought to be commonly
infected by JCV since virus can be excreted in the urine (5).
However, the exact cell types in the kidney that are susceptible
to JCV infection have not been clearly identified. Also, the
viral regulatory sequences of virion particles from the urine
universally display the archetype arrangement of single, not
repeat, nucleotides, which is the arrangement found most fre-
quently in pathological tissues such as the brain (34, 44). Viri-
ons with the archetype arrangement of the regulatory region
do not produce the early mRNA without the T protein pro-
vided in trans, nor are they infectious in kidney or glial cells in
culture. It remains unknown what governs JCV excretion in the
urine, as the virion found isolated in the urine cannot propa-
gate in cell culture.

To determine whether JCV susceptibility could be restored
in the nonsusceptible PMA-treated KG-1 cells, we transfected
them with a plasmid containing the NF-1 class D cDNA se-
quence. Elevated expression of the transfected NF-1 class D
gene was detected in the PMA-treated KG-1 cells (Fig. 6A,

TABLE 1. Summary of the correlation between NF-1 class D
expression and JCV susceptibility

Cell type NF-1
class Da,b

JCV T- and
V-Ag proteina,c Reference(s)

HFBC ��� ��� 34; this study
HTSC ��� �� 34; this study
SVG ��� ��� 30; this study
KG-1a � � 34
KG-1 � � This study
KG-1 � PMA � � This study
KG-1 � PMA � NF-1 class D

expression vector
�� � This study

a ���, 	50% of cells expressing; �, 
20% of cells expressing; �, barely
detectable.

b Indicates expression of mRNA as determined by RT-PCR and Northern
blotting.

c Indicates degree of immunocytochemical positivity of JCV antigen expres-
sion.

FIG. 6. Comparative expression of nucleotide sequences specific to NF-1 class D or JCV T antigen in KG-1 or PMA-treated KG-1 cells.
Cultures of KG-1 or PMA-treated KG-1 cells were transfected with either calf thymus DNA or a plasmid containing the NF-1 class D gene and
subsequently adsorbed with JCV. RNA was extracted from these cells, and specific nucleotide sequences for NF-1 class D or JCV T antigen were
reverse transcribed and amplified by PCR. (A) Results of expression of the NF-1 class D-specific sequence. Lanes 1 and 2 show the respective
results from KG-1 or PMA-treated KG-1 cells transfected with calf thymus DNA and adsorbed with JCV; lane 3 shows the results from
PMA-treated KG-1 cells transfected with the NF-1 class D containing plasmid and adsorbed with JCV. (B) Results of expression of the JCV
T-antigen (TAg)-specific sequence. The order of the samples is the same as that in panel A.
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lane 3), and their susceptibility to JCV infection was restored
as shown by immunostaining of JCV T antigen or capsid pro-
tein by specific antibodies (Table 1). Further evidence for
restoration of JCV susceptibility in PMA-treated KG-1 cells
was obtained by RT-PCR. A 768-bp sequence specific to
mRNA of the JCV T antigen was found in extracts from
NF-1-transfected, PMA-treated KG-1 cells (Fig. 6B, lane 3). In
KG-1 control cells transfected with only calf thymus DNA as a
control and treated with PMA and JCV, the expression of JCV
T antigen was virtually undetectable by RT-PCR (Fig. 6B, lane
2). T antigen was never detected by immunofluorescence assay
in non-NF-1 class D-transfected cells (data not shown). North-
ern analysis of the control experiments, using PMA-treated
KG-1 cells transfected independently with NF-1 class A, B, C,
or D, clearly demonstrated the detection of mRNA expression
for JCV T antigen only in those cells that were transfected with
NF-1 class D (Fig. 7).

By use of competitive gel shift experiments, we have shown
that nuclear protein extracts from PMA-treated KG-1 cells
contain a binding protein(s) that complexes specifically with an
oligonucleotide NF-1 protein recognition site probe. However,

nuclear protein extracts from untreated KG-1 cells complexed
at lower levels to the DNA probe. Although we do not know
the precise composition of the protein-probe complexes, this is
the first evidence that binding patterns of the NF-1 family of
proteins may change in hematopoietic progenitor cells as they
differentiate to macrophage-like cells as a result of PMA treat-
ment. The duration of PMA treatment may also modulate
KG-1 cell differentiation and their NF-1 class protein binding
patterns.

Our results also are consistent with those of other authors
who detected altered expression of the NF-1 gene family mem-
bers after phorbol ester-induced differentiation in cell lines
from several leukemia patients (27). These authors also de-
scribed the presence in nuclear extracts from these leukemic
cell lines of a faster-migrating band consisting of NF-1–DNA
complex, a result that is suggestive of hematopoietic differen-
tiation and implies a possible role for NF-1 family members in
mammalian development (27).

We cannot state unequivocally why PMA-treated KG-1 cells
lose susceptibility to JCV infection. However, their loss of
susceptibility may be linked to the quantity and/or quality of
NF-1 class D protein they produce. Interestingly, JCV cell
binding experiments demonstrated that KG-1 cells treated
with PMA bind significantly more JCV than untreated KG-1
cells (W. J. Atwood, personal communication), indicating that
virion-cell attachment is not a factor.

Our results have shown that untreated KG-1 cells have low
susceptibility to JCV infection (34) and express a lower level of
NF-1 class D protein than highly JCV-susceptible human fetal
brain-derived glial cells. This already-low level of NF-1 class D
protein in KG-1 cells was further reduced by PMA treatment
that caused these cells to differentiate to cells with macro-
phage-like characteristics and lose JCV susceptibility. Perhaps
PMA treatment of KG-1 cells reduced NF-1 class D protein
expression below the threshold level required for JCV infec-
tion.

As shown by our electrophoretic mobility experiments, nu-
clear extracts from PMA-treated KG-1 cells bound specifically
to an NF-1 nucleotide binding sequence probe and formed a
complex with retarded electrophoretic mobility. Nuclear ex-
tracts from JCV-susceptible, non-PMA-treated KG-1 cells sub-
jected to the same procedure, however, showed reduced levels
of binding to the probe.

Coupled with previous data (34), our results showing resto-
ration of JCV susceptibility to nonsusceptible PMA-treated
KG-1 cells following their transfection with an NF-1 class D
plasmid suggest that NF-1 class D protein levels strongly in-
fluence JCV infectibility of specific cell types.
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