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ABSTRACT Progressive multifocal leukoencephalopathy (PML) is an often-fatal de-
myelinating disease of the central nervous system. PML results when oligodendro-
cytes within immunocompromised individuals are infected with the human JC virus
(JCV). We have identified an oligodendrocyte precursor cell line, termed G144, that
supports robust levels of JCV DNA replication, a central part of the JCV life cycle. In
addition, we have determined that JC virus readily infects G144 cells. Furthermore,
we have determined that JCV DNA replication in G144 cells is stimulated by myris-
toylated (i.e., constitutively active) Akt and reduced by the Akt-specific inhibitor
MK2206. Thus, this oligodendrocyte-based model system will be useful for a number
of purposes, such as studies of JCV infection, establishing key pathways needed for
the regulation of JCV DNA replication, and identifying inhibitors of this process.

IMPORTANCE The disease progressive multifocal leukoencephalopathy (PML) is
caused by the infection of particular brain cells, termed oligodendrocytes, by the JC
virus. Studies of PML, however, have been hampered by the lack of an immortalized
human cell line derived from oligodendrocytes. Here, we report that the G144 oligo-
dendrocyte cell line supports both infection by JC virus and robust levels of JCV
DNA replication. Moreover, we have established that the Akt pathway regulates JCV
DNA replication and that JCV DNA replication can be inhibited by MK2206, a com-
pound that is specific for Akt. These and related findings suggest that we have
established a powerful oligodendrocyte-based model system for studies of JCV-
dependent PML.

KEYWORDS AKT, JC virus, oligodendrocytes

C polyomavirus (JCV) is the causative agent of progressive multifocal leukoenceph-

alopathy (PML), an often fatal demyelinating disease of the central nervous system
(CNS) in immunocompromised individuals (reviewed in references 1-5). In addition,
JCV-dependent PML is a not uncommon side effect of immunomodulatory therapies,
such as treatment of multiple sclerosis patients with natalizumab (Tysabri) (6, 7), and it
is also associated with infections by human immunodeficiency virus (8). Studies have
also suggested a possible link between JCV and human brain and non-central nervous
system tumors (9, 10).

The principal CNS targets for JCV infection are oligodendrocytes (OGs) (11; reviewed
in references 2, 12, and 13). JCV also infects neurons, where it causes the novel
neurological disorders JC virus granule cell neuronopathy and JC virus encephalopathy
(reviewed in references 1 and 14). In vitro cell types that support, to varying extents, the
JCV life cycle include human embryonic stem cell-derived oligodendrocyte progenitor
cells (15), human fetal glial cells (16-19), human embryonic kidney cells (20),
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FIG 1 Characterization of the G144 cell line. (A) Bright-field images of undifferentiated G144 cells (top)
and cells differentiated by 7 days of growth factor withdrawal (bottom). In contrast to the bipolar
morphology of undifferentiated cells, differentiated cells exhibited standard oligodendrocyte morphol-
ogy, including radial processes. (B) Staining of G144 cells for proteins selectively made in oligodendro-
cytes. Shown are representative images of undifferentiated and differentiated G144 cells stained for the
sulfatide surface antigen 04, a marker of late immature OGs (top), sulfatide surface antigen O1, a marker
of immature OLs, and MBP, a marker of mature OLs.

progenitor-derived astrocytes (21-23), astrocytes (24), and glial progenitor cells (24).
Nevertheless, a significant limitation in the JCV field has been the lack of a rapidly
proliferating oligodendrocyte cell line that can be differentiated and that also supports
critical steps in the JCV life cycle, such as viral infection (25) and DNA replication.

Given the need for a tractable oligodendrocyte cell line that supports the JCV life
cycle, it was interesting that a glioma-derived stem cell line, termed G144, has an
oligodendrocyte precursor (OPC)-like phenotype that is stable through passaging (26).
Moreover, it has a doubling time of 3 to 5 days, and upon withdrawal of the growth
factors epidermal growth factor (EGF) and fibroblast growth factor 2 (FGF-2), the G144
cells differentiated into mature OGs (26, 27). In view of these properties, we obtained
the G144 cell line and conducted experiments designed to determine if this oligoden-
drocyte precursor cell line could be used as a model system for studies of the JCV life
cycle, with initial emphasis on JCV DNA replication. The results of these studies are
presented here.

RESULTS

Characterization of the G144 oligodendrocyte precursor cell line. Images of
undifferentiated G144 cells are presented in Fig. 1A (top). Upon growth factor with-
drawal, G144 cells extend the radial processes characteristic of mature oligodendro-
cytes (26) (Fig. 1A, bottom). This finding replicates the in vivo behavior of OPCs, which
undergo maturation after cell cycle exit (28). To continue the characterization of the
G144 cell line, we screened for both surface and stage-specific markers for oligoden-
drocytes.

(i) G144 cells express oligodendrocyte surface markers. To demonstrate that
undifferentiated and differentiated G144 cells grown under our experimental condi-
tions express well-known oligodendrocyte-specific surface antigens (29), we stained for
the premyelinating stage O4 protein (30). It is apparent from the immunofluorescence
(IF) studies presented in Fig. 1B (top) that both undifferentiated and differentiated G144
cells are O4 positive. In addition, we established that G144 cells express the myelinating
stage O1 protein (Fig. 1B, middle). Moreover, we analyzed whether G144 cells express
myelin basic protein (MBP), a protein selectively expressed in mature oligodendrocytes
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FIG 2 G144 cells express stage-specific oligodendrocyte mRNAs during in vitro differentiation. qRT-PCR
analysis of oligodendrocyte lineage markers following 7 days of growth factor withdrawal revealed
reduced expression of the OPC markers Neu1 and CSPG4 (NG2) compared with undifferentiated controls.
(Neu1 makes a significant contribution to B-series ganglioside degradation in the brain [103], while NG2
is characteristically used to identify OPCs [reference 104 and references therein]). This reduction is
accompanied by an increase in expression of the OG-associated Mal, Foxo4, MBP, and Foxo1 genes. As
described by Goldman and Kuypers (28), the OG mRNAs were subdivided into those associated with
premyelinating oligodendrocytes and myelinating oligodendrocytes. (Mal is predominantly localized in
compact myelin [105], while Foxo4 is a transcription factor that is involved in growth and differentiation
[106].) MBP, which is expressed in the nuclei of G144 cells, maintains the correct structure of myelin (107,
108), while the transcription factor Foxo1 has multiple roles, including the promotion of oligodendrocyte
regeneration (109) and the regulation of apoptosis (reviewed in reference 110). The y axis presents the
log,-fold change between the AC; values for the mRNAs collected from the undifferentiated and
differentiated samples. Means (n = 3) are reported, and the error bars indicate standard deviations from
the mean. The asterisks indicate significant differences between the undifferentiated and differentiated
cells (P < 0.05).

(31). It is clear from Fig. 1B (bottom) that MBP is expressed in both undifferentiated and
differentiated G144 cells. Of interest, colocalization studies with DAPI (4’,6-diamidino-
2-phenylindole) indicated that MBP is concentrated in the nuclei of G144 cells (data not
shown), a finding supported by previous studies of the subcellular localization of MBP
(32). Collectively, the results from these IF experiments support the conclusion that
G144 cells are oligodendrocyte progenitors (26, 27). We note, however, that despite
dramatic differences in morphology, noticeable differences in the levels of these
proteins between undifferentiated and differentiated G144 cells were not detected.
This might simply reflect a more advanced degree of differentiation in our stock of
G144 precursors than previously reported (26) or the inherently nonquantitative nature
of IF experiments.

(ii) gRT-PCR studies of stage-specific oligodendrocyte mRNA levels in G144
cells. In addition to protein markers, a number of stage-specific mRNA markers for
OPCs and OGs have been identified (28). Therefore, to further characterize the differ-
entiation of G144 cells following growth factor withdrawal, quantitative reverse tran-
scription (qRT)-PCR was used to analyze the expression levels of representative markers
in both undifferentiated and differentiated G144 cells. Examination of Fig. 2 establishes
that upon removal of the growth factors EGF and FGF-2, mRNA levels for neuraminidase
1 (Neu1) and chondroitin sulfate proteoglycan 4 (CSPG4) (also termed NG2) declined.
(The legend to Fig. 2 provides brief descriptions of the functions of the proteins
encoded by these mRNAs). In contrast, mRNA levels for myelin and lymphocyte protein
(Mal) and Forkhead box protein 04 (Foxo4) increased. Moreover, the mRNA levels for
MBP and Forkhead box protein O1 (Foxo1) also increased. Collectively, these studies
provide further evidence that G144 cells maintained in the presence of growth factors
are OPCs, which are induced to mature into OGs by growth factor withdrawal.
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FIG 3 Efficient expression of JCV T-ag in the nuclei of G144 cells. (A) Immunofluorescence analysis
revealed localization of T antigen (left) in the nucleus (indicated by DAPI [right]) of undifferentiated G144
cells following nucleofection of pCMV-JCT-ag. (B) In contrast, the results of a representative control
experiment demonstrated that T-ag (left) does not accumulate in the nuclei of the Hs683 glioma cell line
(indicated by DAPI [right]).

The G144 oligodendrocyte precursor cell line supports robust levels of T-ag-
dependent JCV DNA replication. (i) JCV T-ag accumulates in the nuclei of G144
cells. The major gene product encoded by the early region of the JCV genome is large
T antigen (T-ag), a 688-residue modular protein that has an N-terminal J domain, an
origin binding domain, and C-terminal helicase domain (reviewed in references 33-37);
the structures of the JCV T-ag origin binding domain (38, 39) and helicase domains (40)
have been recently solved. JCV T-ag accumulates in the nuclei of glial cells derived from
PML patients (41). Moreover, localization of T-ag to the nuclei of cells is essential for
polyomavirus DNA replication (33, 34, 36). Therefore, following nucleofection of a
plasmid encoding JCV T-ag (i.e., pCMV-JCVT-ag) (38, 42) into undifferentiated G144
cells, we determined the subcellular localization of JCV T-ag. Examination of the
representative immunofluorescence image presented in Fig. 3A establishes that JCV
T-ag readily accumulates in the nuclei of undifferentiated G144 cells (T-ag also accu-
mulates in the nuclei of differentiated G144 cells [data not shownl]). In contrast, JCV
T-ag does not accumulate in the nuclei of Hs683 cells (Fig. 3B), a glial cell line that does
not support JCV DNA replication (42).

(ii) The G144 cell line supports the firefly luciferase (Fluc)-based JCV DNA
replication assay. Given that G144 cells are oligodendrocyte precursors (Fig. 1 and 2)
and that JCV T-ag accumulates in the nuclei of these cells (Fig. 3A), we elected to
determine if they support T-ag-dependent JCV DNA replication. Therefore, the JCV DNA
replication plasmids (42, 43) were nucleofected into both undifferentiated and differ-
entiated G144 cells, and the levels of JCV DNA replication were determined. It is
apparent from Fig. 4A that G144 cells support robust levels of T-ag-dependent JCV DNA
replication and that replication is elevated in the differentiated cells. Moreover, the data
presented in the accompanying Western blot (Fig. 4B) establish that in the differenti-
ated cells, increased levels of JCV T-ag do not account for the elevated levels of JCV
DNA replication. Finally, the T-ag gene in plasmid pCMV-JCVT-ag is based on the cDNA
sequence of large T-ag; thus, levels of JCV DNA replication do not depend on the
expression of small T antigen.

(iii) Using a T-ag mutant to validate JCV DNA replication in the G144 cell line.
To confirm that the Fluc signal is dependent upon JCV DNA replication, we measured
the amount of viral DNA replication catalyzed by the JCV T-ag H514A mutant. T-ag
residue H514 is at the tip of the beta-hairpin (Fig. 5A). In simian virus 40 (SV40), the
corresponding residue (i.e., H513) is known to play critical roles during both the melting
of the viral origin (44-47) and the subsequent pumping of single-stranded DNA (ssDNA)
through the center of the helicase domain (48, 49). Examination of Fig. 5B establishes
that in differentiated G144 cells, the JCV T-ag H514A mutant does not support JCV DNA
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FIG 4 G144 cells support robust levels of JCV DNA replication, particularly when differentiated. (A) Levels
of replication in both undifferentiated and differentiated G144 cells were determined by luciferase assay
after 72 h (bars 2 and 6) and 96 h (bars 4 and 8). Reactions conducted in the absence of T-ag at the
indicated times are represented by the odd-numbered bars. Means (n = 3) are reported, and the error
bars indicate standard deviations from the mean. The asterisks indicate significant increases in replication
(P < 0.05) compared with T-ag-minus (=) controls. (B) Results of a Western blot used to determine the
amounts of JCV T-ag in G144 cells after 72 h (lanes 2 and 6) and 96 h (lanes 4 and 8) following
nucleofection of the replication plasmids. As a loading control, an additional Western blot was performed
to determine vinculin levels.

replication. Furthermore, the Western blot presented in Fig. 5C demonstrates that the
failure of the H514A T-ag mutant to support JCV DNA replication is not due to increased
protein lability caused by this surface mutation. Of interest, SV40 T-ag containing
mutations at the tip of the beta-hairpin is not impaired in terms of its ability to bind
site specifically to DNA (45). Thus, the JCV H514A T-ag mutant is likely to be
defective for replication at a stage subsequent to origin binding (reviewed in
references 35-37 and 50).

(iv) Confirming JCV DNA replication in G144 cells by qPCR. To provide further
evidence that the increase in luciferase activity results from an increase in the copy
number of origin-containing plasmid DNA, quantitative PCR (qPCR) experiments were
used to measure the amounts of Fluc-containing plasmid DNA present in undifferen-
tiated G144 cells as a function of time. Examination of Fig. 6 demonstrates that in the
absence of the plasmid encoding JCV T-ag, the firefly luciferase-specific primers am-
plified relatively low levels of plasmid DNA (gray line). In contrast, during a 4-day time
course in the presence JCV T-ag, there was a marked increase in the amount of
amplified Fluc DNA derived from the pFL-JCV ori plasmid (green line).

JCV DNA replication in the G144 cell line is enhancer dependent. Tissue-
dependent gene expression of JCV is directed by the enhancer-containing noncoding
control region (NCCR) (51, 52). Studies conducted in the cervical carcinoma cell line
C33A also established that JCV enhancers play a direct role in the replication of viral
DNA (42). Therefore, to test the hypothesis that enhancers are also directly required for
JCV DNA replication in the G144 cell line, the following experiments were conducted.

(i) In G144 cells, JCV DNA replication is inactivated by mutations in the
enhancer at the consensus binding sites for NFI family members. Members of the
Nuclear Factor | (NFI) transcription family (reviewed in reference 53) were previously
reported to have multiple roles in JCV transcription and replication (42, 54-58). Extend-
ing these studies, we elected to determine if the two most origin-proximal nfi binding
sites in the tandemly duplicated Mad-1 enhancer (i.e., nfi a and b) are required for JCV
DNA replication in G144 cells. The locations of the nfi a and b sites within the Mad-1
enhancer are depicted in Fig. 7A (magenta). When JCV replication assays were con-
ducted with plasmids containing mutations at the nfi a and b binding sites, viral DNA
replication in both undifferentiated and differentiated G144 cells was significantly
reduced (Fig. 7B and D, respectively). (For the sequence of the nfi mutations, see

October 2017 Volume 91 Issue 20 e00735-17

Journal of Virology

jviasm.org 5


http://jvi.asm.org

Peterson et al.

2

Al
(i
;““‘» S

H514 AL

SR

c 2004
o
85 1504
1 *
Q O
© 3 1004
L
4
[=] 504
1 2 3 4 5 6
Tag - w H514A - wt H514A
time post-
nucleofection 72h 9eh
C. o[ e -

|

FIG 5 JCV T-ag containing a point mutation at the tip of the beta-hairpin does not support JCV DNA
replication. (A) Residue H514, situated at the tip of the beta-hairpin within the helicase domain of JCV
T-ag and critical for viral DNA replication (45, 46, 48), is shown in blue. (B) Following nucleofection of both
wt JCV T-ag and the H514A mutant into undifferentiated G144 cells, levels of JCV DNA replication were
measured after incubation for 72 and 96 h. Cells containing an H514 mutation did not exhibit significant
replication compared with T-ag-minus (=) controls. Means (n = 3) are reported, and the error bars
indicate standard deviations from the mean. *, P < 0.05. (C) Results of a Western blot used to determine
the amounts of JCV T-ag in G144 cells 72 h and 96 h following nucleofection of the replication plasmids,
including wt T-ag (lanes 2 and 5) or the H514A mutant (lanes 3 and 6). As a loading control, a Western
blot was performed to determine vinculin levels.

Materials and Methods.) This finding confirms the hypothesis that in G144 cells, intact
enhancers are essential for JCV DNA replication and further indicates that interactions
between the NCCR and an NFI family member(s) are critically important for viral
replication.

(ii) G144 cells express NFI family members NFI-B and NFI-C. The NFI family
contains four members termed NFI-A, NFI-B, NFI-C, and NFI-X (59-61). In light of the
finding that the nfi a and b binding sites are needed for JCV DNA replication in G144
cells, we determined which NFI family member(s) was present in G144 cells by Western
blotting. Examination of Fig. 7C and E establishes that the 47-kDa NFI-B and 56-kDa
NFI-C proteins were detected in both undifferentiated and differentiated G144 cells but
the 56-kDa NFI-A and the 55-kDa NFI-X were not. This finding suggests that NFI-B and
NFI-C, perhaps acting together, are necessary to promote JCV DNA replication in G144
cells.

The PI3K-Akt pathway promotes JCV DNA replication in the G144 oligoden-
drocyte cell line. Little is known about the processes that regulate the JCV life cycle in
oligodendrocytes. One candidate mechanism for controlling JCV replication is the
phosphatidylinositol 3-kinase (PI3K)-Akt pathway. It is regulated by both EGF (reviewed
in reference 62) and FGF (63), the two factors required to maintain G144 cells in the
undifferentiated state. Furthermore, the PI3K-Akt pathway is known to play critical roles
in the survival of many viruses (reviewed in reference 64). In addition, SV40 T-ag
activates Akt by inducing the phosphorylation of Akt at both T308 and S473 (65, 66),
and infection with BK polyomavirus (BKPyV) causes an increase in Akt phosphorylation
(67). In view of these studies and the structural and functional similarities between SV40
and JCV T-ags (38, 40), we elected to determine if Akt plays a role in the replication of
JCV DNA in the G144 cell line.
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FIG 6 qPCR-based demonstration of the T-antigen-dependent amplification of JCV DNA in G144 cells.
The results of a qPCR-based time course, showing levels of JCV DNA replication obtained in assays
conducted with the full complement of replication plasmids, is presented in green. Shown in gray is a
similar replication time course conducted with the replication plasmids, but in the absence of the
plasmid encoding JCV T-ag. The y axis presents the fold change in the FLuc (replicating)/RLuc (nonrep-

licating) plasmid DNA ratios. Means (n = 3) are reported, and the error bars indicate standard deviations
from the mean.

(i) In G144 cells, JCV DNA replication is stimulated by the myristoylated Akt-1
isoform. The JCV replication assay was modified by conucleofection of the pcDNA
Myr-HA-Akt1 plasmid, which encodes a myristoylated (myr), and thus constitutively
activated, Akt-1 isoform (68). In undifferentiated G144 cells, the inclusion of 100 ng of
plasmid pcDNA Myr-HA-Akt1 activated JCV DNA replication (Fig. 8A). Corresponding
Western blots demonstrated the expression of myr-Akt1 in undifferentiated G144 cells
as a function of time (Fig. 8B). From these data, it is apparent that increased levels of
JCV DNA replication correlate with increased levels of myr-Akt1. Finally, it is also
apparent from Fig. 8B (middle row) that expression of myr-Akt1 has little or no effect
on levels of T-ag expression.

(ii) JCV DNA replication in G144 cells is inhibited by the Akt-specific inhibitor
MK2206. Given the stimulation of JCV DNA replication by constitutive activation of Akt,
we also tested the inverse prediction that JCV DNA replication in G144 cells is inhibited
by the Akt-specific inhibitor MK2206 (69). In undifferentiated G144 cells, MK2206
significantly inhibits JCV DNA replication (Fig. 9A) without altering expression of JCV
T-ag, even at the highest levels of MK2206 (Fig. 9B). Collectively, these studies provide
further support for the conclusion that in G144 cells, JCV DNA replication is dependent
upon the PI3K-Akt pathway.

In view of the above-mentioned results linking Akt to JCV DNA replication, we
determined the status of Akt in both undifferentiated and differentiated G144 cells
(grown in the presence and absence of EGF and FGF2, respectively). A Western blot
probed with a phospho-Akt (Ser473) monoclonal antibody (MAb) demonstrated that
Akt is activated in both undifferentiated and differentiated G144 cells (Fig. 9C, top). This
result is consistent with previous studies of Akt activation in transformed cells (70). As
a control, an additional Western blot was performed with a pan-Akt MAb (Fig. 9C,
bottom). Thus, in the transformed G144 cell line, Akt activation is not appreciably
altered by growth factor removal and subsequent differentiation.

Do G144 cells support infection by JC virus? Previous studies established the
plasmid-based JCV replication assay as a powerful tool for addressing a wide range of
issues pertaining to JCV DNA replication in an oligodendrocyte cell line. They also
raised a question, namely, do G144 cells also support infection by JC virus? To address
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FIG 7 JCV DNA replication in G144 cells is reduced by a derivative of pFL-JCVori containing
mutations at the nfi a and b binding sites. (A) Depiction of the Mad-1 enhancer showing the relative
locations of the nfi a and b binding sites (magenta). (B) Luciferase-based replication assays
conducted in undifferentiated G144 cells for 72 and 96 h comparing levels of JCV DNA replication
obtained with the wt Mad-1 enhancer and a Mad-1 derivative containing mutant nfi a and b binding
sites. Means (n = 3) are reported, and the error bars indicate standard deviations from the mean. The
asterisks indicate significant increases in JC replication (P < 0.05) compared with reactions per-
formed in the absence of T-ag (—). (C) Western blots establishing the relative levels of the NFI family
members in undifferentiated G144 cells. Vinculin levels were determined as loading controls. (D)
Results of JCV DNA replication assays conducted in differentiated G144 cells for 72 and 96 h. As in
panel B, levels of JCV DNA replication obtained with the Mad-1 enhancer containing mutant nfi a
and b binding sites were greatly reduced relative to the wt Mad-1 enhancer. (E) Western blots
establishing the relative levels of the NFI family members in differentiated G144 cells; vinculin levels
were determined as loading controls.
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FIG 8 JCV DNA replication in G144 cells is stimulated by a plasmid encoding myristolated Akt1. (A) Time
course showing levels of JCV DNA replication in undifferentiated G144 cells, used as a control (red). The
levels of JCV DNA replication obtained in identical reactions but in the presence of 100 ng of plasmid
pcDNA Myr-HA-Akt1 are shown in blue. Additional control reactions, conducted in the absence of JCV
T-ag, are shown in black. Means (n = 3) are reported, and the error bars indicate standard deviations from
the mean. The asterisks indicate increased JCV replication in myr-Akt samples compared with wt controls
(*, P < 0.05). (B) Western blot used to detect the expression of HA-tagged myr-Akt1 in undifferentiated
G144 cells during the replication time course presented in panel A. The anti-HA MAb used in these
studies (Santa Cruz; SC-7392) was raised against the canonical HA sequence YPYDVPDYA. However, the
HA sequence in pcDNA Myr-HA-Akt1 has an Ala in place of the N-terminal Pro (underlined); this may help
to explain the relatively weak binding to the Myr-HA-Akt1 substrates. The additional Western blots
demonstrate that expression of Myr-Akt1 does not alter expression levels of JCV T-ag. Finally, as loading
controls, vinculin levels were also determined.

this issue, differentiated G144 cells were infected with the Mad-4 strain of JC virus (see
Materials and Methods). The infected cells were then analyzed for the expression of
proteins encoded by the viral early and late genes. Examination of the representative
IF image presented in Fig. 10A establishes that 48 h postinfection, JCV T-ag is readily
detected within G144 cells. Similarly, it is apparent from Fig. 10B that following
infection with the Mad-4 strain for 48 h, the “late” viral protein VP1 is also produced.

In polyomaviruses, the switch from early- to late-mRNA synthesis is dependent upon
viral DNA replication (reviewed in reference 71). Since late mRNA encodes VP1, the
detection of VP1 (Fig. 10B) implies that G144 cells also support the amplification of the
JCV genome. To test this theory, differentiated G144 cells were infected with the Mad-4
JCV strain (see Materials and Methods). Following incubation for the indicated periods,
the medium was removed and the infected cells were washed with phosphate-buffered
saline (PBS). The JCV genomic DNA present in the G144 cells was then purified via
modified Hirt extractions (72). The relative amount of JCV DNA present in the G144 cells
was determined by additional gPCR studies (Fig. 10C). Examination of Fig. 10C confirms
that amplification of the JCV genome occurs within G144 cells. In summary, the studies
presented in Fig. 10A to C establish that G144 cells support infection by the Mad-4
strain of JC virus.

DISCUSSION

The JCV life cycle takes place predominantly in oligodendrocytes (reviewed in
references 2, 5, and 13). The data presented in this study extend previous observations
(26) indicating that G144 cells are an oligodendrocyte precursor cell line and demon-
strate that upon growth factor withdrawal they exhibit features characteristic of
differentiating oligodendrocytes. Accordingly, we elected to determine whether G144
cells support JCV DNA replication, a central stage of the viral life cycle. Here, we
demonstrate that JCV T-ag accumulates in the nuclei of these cells and that the G144
oligodendrocyte cell line supports robust levels of JCV DNA replication. We also
demonstrate that JC virus readily infects differentiated G144 cells. Therefore, G144 cells
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FIG 9 Inhibition of JCV DNA replication in nondifferentiated G144 cells by the Akt inhibitor MK2206. (A)
Following nucleofection of the replication plasmids, the cells were allowed to adhere to a 96-well plate
for 12 h. The indicated amounts of MK2206 were then added, and levels of DNA replication were
subsequently determined (after either 72 or 96 h). Means (n = 3) are reported, and the error bars indicate
standard deviations from the mean. The asterisks indicate differences from wt T-ag controls at equivalent
time points (*, P < 0.05). DMSO, dimethyl sulfoxide. (B) Western blot-based evidence that addition of
MK2206 to G144 cells at the indicated concentrations does not alter T-ag levels. (Note that in an
additional series of IF experiments, we also determined that the subcellular distribution of JCV T-ag
within G144 cells does not change upon the addition of 5 uM MK2206 [data not shown].) (C) An
additional Western blot was used to confirm that the transformed G144 cell line contains activated Akt.
(Top) G144 cell extracts, either undifferentiated (left) or differentiated (right), were probed using the
phospho-Akt (Ser 473) MAb. (Bottom) The same G144 extracts were probed with a pan-Akt MAb.

can serve as an integral part of the first oligodendrocyte-based model system for
studies of major events during the JCV life cycle.

The selective targeting of JCV to oligodendrocytes is due primarily to interactions
between the viral NCCR and oligodendrocyte-specific transcription factors (reviewed in
references 2 and 13). It was noted that a novel feature of the plasmid-based JCV
replication assay is that T-ag is expressed from a separate plasmid than the origin-
containing Fluc plasmid; as a result, the regulation of T-ag transcription and viral
replication are uncoupled (42, 43). Therefore, it is of interest that in G144 cells a
derivative of the Mad-1 enhancer, containing mutations at the nfi a and b sites within
the NCCR, supported levels of JCV DNA replication that were much lower than wild type
(wt). Thus, the diminished ability of the nfi a and b mutants to support JCV DNA
replication indicates that within G144 cells, NFI family members are directly required for
JCV DNA replication, rather than the more indirect stimulation of T-ag expression.
Related experiments indicated that the NFI family member(s) that is likely to bind to the
nfi sites within G144 cells is NFI-B or NFI-C (or perhaps both). However, T-ag is a
transcriptional activator (73); thus, it is possible that the levels of the NFI family
members will change following viral infection and T-ag expression. Therefore, estab-
lishing the role(s) of the NFI family members during JCV DNA replication will require
additional biochemical and structural studies. Nevertheless, continued studies of the
NFI family member(s) bound to the JCV enhancer will be broadly informative, since the
regulatory regions of many other DNA viruses contain binding sites for NFI family
members (i.e., polyomavirus [74], BKPyV [75], human papillomavirus 16 [HPV16] [76],
cytomegalovirus [77, 78], hepatitis B virus [79], and adenovirus [reviewed in reference
80]). Furthermore, NFI family members regulate the transcription of a large number of
neuronal genes (81, 82), including oligodendrocyte-specific expression of MBP (83, 84),
and they are essential for multiple steps in development (reviewed in reference 53). In
the long term, similar detailed investigations of the other G144-specific factors that
bind to the NCCR are warranted.
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FIG 10 Evidence that differentiated G144 cells support infection by JC virus. (A) (Right) Results of
immunofluorescence-based experiments demonstrating that differentiated G144 cells infected with JC
virus for 48 h express JCV T-ag. (Left) As a control, additional immunofluorescence studies of T-ag
expression were conducted in uninfected G144 cells. (B) (Right) Additional immunofluorescence-based
experiments establishing that after infection with the Mad-4 strain of JC virus for 48 h, differentiated
G144 cells express the late viral protein VP1 (probed with the anti-VP1 MAb Pab 597). (Left) Results of
identical immunofluorescence-based studies of uninfected G144 cells. (C) Results of a qPCR-based study
demonstrating that the JCV genome is amplified following infection of differentiated G144 cells with the
Mad-4 strain of JC virus for 6 days. The y axis presents the log,-fold change between the AC; values of
the input and JCV DNA samples collected at the indicated times. Means (n = 3) are reported, and the
error bars indicate standard deviations from the mean. *, P < 0.05.

The experiments presented here indicate that Akt plays a role in the regulation of
JCV DNA replication in G144 cells. For instance, JCV DNA replication was promoted by
myr-Akt1, a molecule that is known to be associated with the plasma membrane. These
data raise the possibility that the elevated levels of JCV DNA replication observed in the
differentiated G144 cells relative to the undifferentiated cells may reflect, in part,
differences in the subcellular distribution of Akt isoforms. However, there are many
other potential links between Akt and JCV replication. Akt and T-ag have regulators in
common; for example, Akt is activated by Cdk2/cyclin A (85), a known regulator of T-ag
(reviewed in reference 86). In addition, cellular proteins bound to the NCCR (reviewed
in reference 2), such as NFI family members, may also be regulated by Akt. However, it
is unlikely that Akt directly phosphorylates JCV T-ag, since consensus recognition sites
for Akt (87) are not present in JCV T-ag (data not shown). Conversely, previous
SV40-based studies (65, 66) suggested that JCV T-ag might also regulate Akt. Complex
modes of Akt-dependent regulation of JCV DNA replication are also suggested by
Akt-specific modulation of proteins in many additional replication-relevant pathways,
including cell cycle progression (e.g., p21 and p27) (reviewed in reference 88), main-
tenance of translation (reviewed in reference 89), and apoptosis (reviewed in reference
90). However, G144 cells contain a mutant p53 protein (Pro152Leu) (S. Pollard, personal
communication). This may abrogate or alter the usual interconnections between the
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p53 and Akt pathways (reviewed in reference 91). Finally, in addition to the Akt
pathway, other key cellular signaling pathways are likely to be involved in the regula-
tion of JCV DNA replication and other central stages during the JCV life cycle. Among
the candidate pathways are those that were shown to change expression levels when
G144 and other glioblastoma-derived neural stem cells were compared to normal
neural stem cells (92). These pathways include factors having roles in adhesion and/or
migration, differentiation, and apoptosis.

Future experiments with G144 cells will also address more practical issues. For example,
since G144 cells support JCV DNA replication in 96-well plates (Fig. 4A), the cells may be
suitable for high-throughput screening and may be able to substitute for the cervical
carcinoma cell line C33A that was previously used to study JCV DNA replication (42).
Finding an inhibitor that is selective for T-ag-dependent JCV DNA replication will be a
significant step toward developing a treatment for PML and related diseases (40, 93-95).

In summary, we have identified an oligodendrocyte cell line that supports both JCV
DNA replication and infection by JC virus. We also demonstrated that the G144 cell line
can be used for studies of signaling pathways within oligodendrocytes that promote
JCV DNA replication. In addition, JCV DNA replication in the G144 cell line is inhibited
by MK2206, a selective inhibitor of Akt. Therefore, it is likely that the G144 cell line will
be used to identify additional inhibitors of JCV DNA replication and viral infection.
Finally, glioblastoma-derived neural stem cells, such as G144 cells, retain a diploid
karyotype and can be genetically modified (96). Thus, in addition to studies of the JCV
life cycle, there will be many additional applications for the G144 cell line, such as
continued investigations of the molecular underpinnings of glioblastomas (92).

MATERIALS AND METHODS

Plasmids. Several of the plasmids used in these studies were previously described (38, 42, 43). They
include (i) a plasmid that expresses JCV T-ag (pCMV-JCT-ag), (i) a plasmid that contains both the firefly
luciferase (FL) gene and the noncoding control region (which includes the tandemly duplicated enhancer
[enh]) from the Mad-1 JCV strain (97) (pFL-JCVori-Mad1enh), (iii) a plasmid that expresses Renilla
luciferase (Rluc) (pRL), and (iv) a plasmid that is used as a carrier (pCl). For newly generated plasmids, the
QuikChange Il kit (Agilent Technologies) was used to introduce DNA mutations into the Mad-1 enhancer
at identical nfi a and b sites in pFL-JCVori-Mad1enh. The oligonucleotide used to mutate the nfi-a and
b sites (98) was 5'-CCCTAGGTATGAGCTCATGCTCAGCTGGCAGTAATCCCTTCCC-3" (the complementary
oligonucleotide is not listed); the mutated bases in the nfi-a and b sites are underlined (54). Finally, upon
purification using a Qiagen maxiprep kit, plasmid DNA sequences were confirmed by DNA sequencing.

Cell culture. G144 cells were maintained in Corning T75 flasks at 37°C and 5% CO,. Serum-free
Dulbecco’s modified Eagle’s medium (DMEM), which was previously described (26), contained laminin
(1.5 ng/ml) and EGF and FGF2 (PeproTech; both used at a final concentration of 20 pg/ul). When
passaging the cells, accutase (Gibco; StemPro) was used at 1.5 ml/flask. To differentiate the G144 cells,
EGF and FGF-2 were withheld from the growth medium for 7 days (26). Differentiated and undifferen-
tiated G144 cells were also grown in chamber slides coated with laminin (Corning; 354688), using the
same medium and growth conditions. The human glioma cell line Hs683 (99) was grown in DMEM in the
presence of 10% fetal bovine serum (FBS).

Infection of G144 cells with JC virus. Differentiated G144 cells were grown on chamber slides until
~75% confluent. The cells were then infected with the Mad-4 strain of JCV (ATCC VR-1583) using the
protocol provided by the ATCC. In brief, the medium was removed and replaced for 2 h with 125 ul of
infection medium (i.e., growth factor- and laminin-free medium) containing JC virus (~0.1 X 10° tissue
culture infectious doses). In the control reactions, the medium was replaced with infection medium
lacking JC virus. During the incubation period, the cells were kept at 37°C in a 5% CO, atmosphere and
rocked every 20 min to redistribute the inoculum. The incubation was ended upon the addition of 250
wul of differentiation medium.

Characterization of stage-specific mRNA molecules via qRT-PCR. RNA was isolated from G144
cells using a Zymo Quick-RNA Microprep kit, following the manufacturer’'s protocol, and reverse
transcribed using Clontech PrimeScript RT master mix. Real-time PCRs were performed using the RT?
SYBR green gPCR kit from Qiagen and the following primer pairs: Neu1, Fwd (GGACCGCTGAGCTATTGGG)
and Rev (CGGGATGCGGAAAGTGTCTA); CSPG4, Fwd (GGGCTGTGCTGTCTGTTGA) and Rev (TGATTCCCTT
CAGGTAAGGCA); Mal, Fwd (TTTGTGAGTTTGTCTTTGGAGGC) and Rev (CCGCCATGAGTACCAATTATGT);
Foxo4, Fwd (CTTCCTCGACCAGACCTCG) and Rev (ACAGGATCGGTTCGGAGTGT); MBP, Fwd (GGCGGTGAC
AGACTCCAAG) and Rev (GAAGCTCGTCGGACTCTGAG); and finally, Foxo1, Fwd (CCCAGGCCGGAGTTTA
ACC) and Rev (GTTGCTCATAAAGTCGGTGCT).

Fluc-based DNA replication assays. The Fluc-based JCV DNA replication assays were conducted
largely as described previously (42, 43). However, with G144 cells, the plasmids needed for DNA
replication were introduced by nucleofection (using the Lonza mouse neural stem cell nucleofector kit
and an Amaxa Nucleofector Il [set at X005]). Firefly and Renilla luciferase activities were measured at the
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indicated times using the Dual-Glo luciferase assay system and a Glomax Multi microplate reader
(Promega). After normalizing to the 72-h wt-T-ag-containing sample, levels of JCV DNA replication were
measured by determining the ratio of Fluc to Rluc.

qPCR-based measurements of DNA amplification. (i) Plasmid-based DNA replication. Following
nucleofection of the replication plasmids into G144 cells, levels of JCV DNA replication were also
measured by SYBR green-based qPCR. To conduct these experiments, plasmid DNA was isolated at the
indicated time points using a Zymo Zyppy Plasmid MiniPrep kit. Input plasmid DNA was removed by
Dpnl and exonuclease Ill treatment, as previously described (43). The gPCRs were performed using the
RT2 SYBR green gPCR kit from Qiagen. The primer pairs used in the assay were as follows: Fluc, Fwd
(TCAAAGAGGCGAACTGTGTG) and Rev (GGTGTTGGAGCAAGATGGAT), and Rluc, Fwd (GATAACTGGTCCG
CAGTGGT) and Rev (ACCAGATTTGCCTGATTTGC).

(ii) Amplification of the JCV genome following infection with JC virus. Following infection with
the JCV Mad-4 strain (see above) for the indicated lengths of time, the JCV genome was purified using
a modified Hirt extraction protocol (72) and the Zymo Zyppy Plasmid MiniPrep kit. Amplification of the
JCV genome was subsequently detected by additional SYBR green-based gPCRs. The JCV-specific
primers, designed using the NCBI Primer-BLAST program, target the region of the viral genome encoding
VP1. The sequences of the VP1-specific primer pair are Fwd, CAGAGCACAAGGCGTACCTA, and Rev,
TTTGCAAAGTGGCCCAACAC.

Cell lysis and Western blotting. G144 cells were washed with PBS and then lysed in Triton X-100
lysis buffer (1X PBS, 1% Triton X-100, 2 mM EDTA, T mM phenylmethylsulfonyl fluoride [PMSF]
supplemented with a protease inhibitor cocktail [Sigma]). Cellular extracts (15 ng/lane) were separated
by SDS-PAGE, employing 10% acrylamide gels. The separated proteins were then transferred to polyvi-
nylidene difluoride (PVDF) membranes (Millipore). After overnight blocking with 5% dry milk in TBST (20
mM Tris [pH 7.5], 137 mM NaCl, and 0.1% Tween 20), the membranes were incubated with the
appropriate primary antibodies. JCV T-ag was detected using the Pab 416 monoclonal antibody (1:1,000;
Santa Cruz Biotechnology); the blot was developed using a horseradish peroxidase (HRP)-conjugated rat
anti-mouse secondary antibody (BD Pharmingen) and an enhanced chemiluminescence detection kit
(Millipore). Members of the NFI family (reviewed in reference 53) of transcription factors (i.e., NFI-A, -B,
-C, and -X) were detected using rabbit polyclonal antibodies from Abcam (ab104967, ab11989, ab86570,
and ab126899, respectively), an HRP-conjugated goat anti-rabbit secondary Ab (Santa Cruz), and the
enhanced chemiluminescence detection kit. As a loading control, vinculin levels were determined using
the HVIN-1 MAb (Sigma) and an HRP-conjugated anti-mouse secondary antibody. Activated Akt was
detected using a phospho-Akt (Ser473) rabbit MAb from Cell Signaling Technology (CST) (no. 4060).
When using this MAb, 5% bovine serum albumin (BSA) was used as the blocking agent and the PhosStop
phosphatase inhibitor cocktail (Roche) was added to the G144 lysates. The pan-Akt MAb was also
obtained from CST (no. 4691). Finally, the construct used to express the myristoylated-Akt (68) had an
N-terminal hemagglutinin (HA) tag; therefore, it was detected using an anti-HA antibody from Santa Cruz
Biotechnology (sc-7392).

Immunofluorescence. The protocols used to detect cell surface markers were based on the
manufacturers’ instructions (R&D). In summary, G144 cells grown on chamber slides were fixed with 4%
paraformaldehyde, washed with PBS, permeabilized with ice-cold methanol, washed again, and blocked
with normal donkey block (NDB) (100) for 1 h before overnight incubation in primary antibody (anti-O1
[1:100; R&D Systems; MAb 1327], anti-O4 [1:250; R&D Systems; MAb 1326], and anti-MBP [1:250; Novus;
MADb 42282]) at 4°C. After removal of the primary Ab and washing with PBS, the cells were incubated with
an anti-mouse secondary Ab conjugated to either Cy3 or Alexa 488 for 1 h at room temperature. After
counterstaining with DAPI and coverslipping with n-propyl gallate, the samples were visualized with a
Nikon E800 epifluorescence microscope or a Zeiss LSM800 confocal microscope.

The subcellular localization within G144 cells of JCV-encoded T-ag and VP1 were determined by
standard immunofluorescence techniques (references 42 and 101 and references therein). JCV T-ag was
detected using the Pab 416 MAb (1:1,000; Santa Cruz Biotechnology; SC-53448) and an anti-mouse
secondary Ab conjugated with Cy3 or Alexa 488. The JCV coat protein VP1 was detected using the Pab
597 anti-VP1 MAD (a gift from W. Atwood) and an anti-mouse secondary Ab conjugated to Cy3. The cells
were visualized using a Nikon E800 epifluorescence microscope.

Molecular modeling. An image of the JCV T-ag helicase domain based on a threaded model of the
SV40 helicase domain (Protein Data Bank [PDB] code 4GDF) was generated using the program PyMOL
(102) (note that the recently solved structure of the JCV helicase domain [40] was not used because it
did not include electron density for residue H514).

Statistical analyses. Data were analyzed and graphed using GraphPad Prism software with appropriate
statistical tests applied as described in the figure legends. Statistical significance was determined by two-way
analysis of variance (ANOVA), followed by Tukey’s multiple-comparison test or Student’s t test.
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