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We examined replication of the autonomous parvovirus Aleutian mink disease parvovirus (ADV) in relation
to cell cycle progression of permissive Crandell feline kidney (CRFK) cells. Flow cytometric analysis showed
that ADV caused a composite, binary pattern of cell cycle arrest. ADV-induced cell cycle arrest occurred
exclusively in cells containing de novo-synthesized viral nonstructural (NS) proteins. Production of ADV NS
proteins, indicative of ADV replication, was triggered during S-phase traverse. The NS* cells that were
generated during later parts of S phase did not undergo cytokinesis and formed a distinct population, termed
population A. Formation of population A was not prevented by VM-26, indicating that these cells were arrested
in late S or G, phase. Cells in population A continued to support high-level ADV DNA replication and
production of infectious virus after the normal S phase had ceased. A second, postmitotic, NS* population
(termed population B) arose in G,/G,, downstream of population A. Population B cells were unable to traverse
S phase but did exhibit low-level DNA synthesis. Since the nature of this DNA synthesis was not examined, we
cannot at present differentiate between G, and early S arrest in population B. Cells that became NS™ during
S phase entered population A, whereas population B cells apparently remained NS~ during S phase and
expressed high NS levels postmitosis in G/G,. This suggested that population B resulted from leakage of cells
with subthreshold levels of ADV products through the late S/G, block and, consequently, that the binary
pattern of ADV-induced cell cycle arrest may be governed merely by viral replication levels within a single S
phase. Flow cytometric analysis of propidium iodide fluorescence and bromodeoxyuridine uptake showed that
population A cells sustained significantly higher levels of DNA replication than population B cells during the
ADV-induced cell cycle arrest. Therefore, the type of ADV-induced cell cycle arrest was not trivial and could

have implications for subsequent viral replication in the target cell.

Aleutian mink disease parvovirus (ADV) causes a slow,
chronic infection termed Aleutian disease in adult mink. Aleu-
tian disease is characterized by viral persistence, hypergamma-
globulinemia, plasmacytosis, increased relative levels of circu-
lating CD8" lymphocytes, and immune complex-mediated
tissue injury such as glomerulonephritis and arteriitis (1, 37; for
reviews, see references 2 and 12).

In Aleutian disease, restricted ADV replication occurs in
lymphoid tissue (5). In contrast, in newborn, seronegative mink
kits, ADV causes acute pneumonia due to high-level cyto-
pathic replication in type II pneumocytes (3, 7, 55). This sug-
gests that downregulation of viral replication to semipermis-
sive levels, which fail to reach cytotoxic thresholds, may be
important in chronic ADV infection (2, §, 19, 45, 53). Conse-
quently, factors affecting ADV replication on the cellular level
are of interest in elucidating the pathogenesis of Aleutian
disease.

Generally, replication of autonomous parvoviruses requires
cell proliferation (20, 47). Cellular S-phase-associated factors
are required for initial transformation of the single-stranded
DNA genome to a transcriptionally active double-stranded
template, as well as for further viral DNA replication (for a
recent review, see reference 22). Also, differentiation and
transformation may modify the ability of cells to support par-
vovirus replication (48, 54). In turn, parvoviruses exert cyto-
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static and cytotoxic effects, which are mediated mainly through
the major viral nonstructural (NS) protein NS1 (17, 40, 54).

The proliferative status of the target cell is thus assumed to
be of major importance for replication of ADV in vivo, but the
fundamental relationship between ADV replication and cell
proliferation has not been examined. Therefore, we investi-
gated ADV replication in relation to cell cycle progression of
permissive Crandell feline kidney (CRFK) cells.

MATERIALS AND METHODS

Cell cultures and virus stock. The Gorham-Lund isolate (2, 7) of ADV was
obtained from the Danish Fur Breeders Laboratory (Glostrup, Denmark). An
ADV stock was prepared by freeze-thawing infected CRFK cells (14). A mock
inoculum was similarly prepared from uninfected CRFK cultures.

CRFK cultures were maintained at 31.8°C in Dulbecco’s modified Eagle’s
medium supplemented with 5% fetal calf serum (FCS) (Gibco-BRL, Roskilde,
Denmark), 2 mM L-glutamine (Gibco-BRL), 100 U of penicillin G (Sigma, Bie
& Berntsen, Rodovre, Denmark) per ml, and 100 pg of streptomycin sulfate
(Sigma) per ml. Asynchronous CRFK cultures at 31.8°C were infected with ADV
or the mock inoculum at the multiplicity of infection (MOI) indicated in the
figure legends (14). After 1 h, the cultures were washed once and refed with
fresh, prewarmed medium.

ADV was titrated on CRFK cells at 31.8°C (14). Briefly, CRFK cultures
infected with serial dilutions of freeze-thawed cell lysate or cell supernatant were
harvested at 3 days postinfection. The percentage of ADV-infected cells was
determined by flow cytometric analysis of fixed-cell suspensions that were stained
with anti-NS rabbit serum (see below), and the content of infectious ADV was
calculated as fluorescence-forming units (FFU) per milliliter.

The CRFK cell stocks and ADV virus stocks used for these experiments were
confirmed to be free of mycoplasma contamination by standard microbiological
culturing methods and a PCR-based test Kkit.

Synchronization of CRFK cells. CRFK cultures were synchronized in early S
phase by using a modification of existing protocols (28).

First, cells were synchronized in G, by maintaining confluent CRFK cultures
at 37°C in medium with 5% FCS for 2 to 4 days and with 0% FCS for the last
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FIG. 1. ADV-induced cell cycle disturbances in asynchronous cultures. CRFK cultures in exponential growth were infected with ADV at 10 FFU/cell or mock
infected. Cultures were harvested at 0, 33, and 50 h postinfection. Cell cycle distributions of ADV- and mock-infected cultures were compared by flow cytometric
analysis of PI-stained cell suspensions. Overlaid DNA histograms of ADV (thick lines)- and mock (thin lines)-infected cultures at the indicated times postinfection are
shown. In each overlaid plot, the two histograms are shown on the same scale and contain the same number of events, so that peak heights can be compared. The
markers indicate the positions of the Gy/G;, S, and G,/M phases, as well as the >G,/M events unique to ADV-infected cultures. The fraction of ADV-infected cells
contained in each marker was divided by the fraction of mock-infected cells contained in each marker, to yield the indicated ratios. Ratios of below 1 indicate
underrepresentation of a cell cycle phase in ADV-infected cultures, whereas ratios of above 1 indicate that ADV-infected cells arrest in the given cell cycle phase.

24 h. The cells were then released from the G, block by trypsinization (0.05%
trypsin in EDTA [both from Gibco-BRL]) and reseeding at subconfluent den-
sities (5 X 10° to 8 X 10° cells in 60-mm-diameter dishes [Costar, Meda, Soborg,
Denmark]) in medium containing 10% FCS and 2 mM hydroxyurea (HU) (Sig-
ma). The dishes were incubated for 1 h at 37°C to allow the cells to adhere. Mock
inoculum or ADV stock was added at the MOI indicated in the figure legends,
and the cultures were incubated for a further 24 h at 37°C. During the incubation
in HU, cultures traversed G;, and they became arrested in very early S phase.
After a total of 25 h at 37°C, cells were released from the HU block by being
washed once with prewarmed medium and were incubated at 31.8°C (a more
permissive temperature for ADV replication [11, 14, 29]) in fresh, prewarmed
medium. Cultures intended for virus titration received an additional wash with
trypsin-EDTA (30 s, room temperature) to remove noninternalized virus. The
time of release from the HU block is always 0 h below.

In some experiments, synchronized cultures were treated with the following
drugs or enzymes. Colcemide (Karyo-Max; Gibco-BRL), which causes meta-
phase arrest due to disruption of microtubule assembly, was used at 50 ng/ml.
VM-26 (Vumon infusion concentrate, a generous gift of J. Stone, Bristol-Myers
Squibb, Lyngby, Denmark), which causes G, arrest due to inhibition of topo-
isomerase II, was used at 0.5 pwg/ml (52). The base in which these drugs were
formulated from the manufacturer did not in itself cause cell cycle arrest of
CREFK cells. Clostridium perfringens neuraminidase (0.025 U/ml) (type X; Sigma)
was used to prevent reinfection (21). When neuraminidase was added to CRFK
cultures before the ADV inoculum, a 7- to 10-fold reduction in the number of
infected cells resulted, showing that neuraminidase was effective in preventing
ADV infection (not shown).

Cell counts, viability, and immunofluorescence analysis. Cultures were har-
vested by trypsinization. Pooled loose and adherent cells were counted in a
Neubauer hemacytometer. Cells in triplicate cultures were counted at each time
point, with counts typically deviating less than 10%. Cell viability was determined
by trypan blue exclusion.

For immunofluorescence analysis of mitotic cells, cells were swollen for 10 min
in distilled water on ice and fixed in 70% ethanol. Cytospins of ethanol-fixed cell
suspensions were stained with the anti-NS serum and fluorescein isothiocyanate
(FITC)-conjugated secondary antibody described below, essentially as described
previously (38). Cytospins were mounted in buffered glycerol containing 25 mg of
1,4-diaza-bicyclo-[2.2.2]octane (DABCO) (Sigma) per ml and 1 pg of 4’,6-di-
amidino-2-phenylindole (DAPI) (Sigma) per ml prior to examination by fluo-
rescence microscopy.

Antibodies. Rabbit immune serum raised against baculovirus-produced ADV
NS1 protein (kindly provided by J. Christensen) was used at a 1:500 dilution. By
flow cytometric analysis (see below), this serum detected CRFK cells transiently
transfected with either NS1 or NS2 expression plasmids (not shown), due to the
common amino terminus in the two NS proteins (4, 18). FITC-conjugated swine
anti-rabbit immunoglobulin (DAKO, Glostrup, Denmark) was used as a second-
ary antibody.

A monoclonal antibody (MAb) against 5-bromo-2’-deoxyuridine (BrdU) (Bu
20; DAKO) was used at a 1:5 dilution. FITC-conjugated rabbit anti-mouse
immunoglobulin (DAKO) was used as a secondary antibody.

Flow cytometric analysis. CRFK cultures were harvested by trypsinization.
Where indicated, cultures were labelled for 2 h immediately prior to harvest with
10 uM BrdU (Sigma). Pooled loose and adherent cells were pelleted, resus-
pended in cold (4°C) phosphate-buffered saline, and fixed by adding 10 volumes
of cold 70% ethanol. Fixed-cell suspensions were stored at —20°C.

Ethanol-fixed cells were double stained for ADV NS proteins and total DNA
content, essentially as described previously (16). Briefly, ethanol-fixed cells were
immunostained for NS proteins with the serum and secondary FITC conjugate
described above and resuspended in a propidium iodide (PT) solution (50 ug of
PI [Sigma] per ml, 2 mg of DNase-free RNasel [Pharmacia, Allerod, Denmark]
per ml, 1.12% trisodium citrate [pH 7.4]) at 1 X 10° to 2 X 10° cells/ml. Samples
were incubated for 20 min in the dark at room temperature before flow cyto-
metric analysis.

Double staining for BrdU and total DNA content was done as described
previously (27). Briefly, ethanol-fixed cells were digested in 0.16 mg of pepsin per
ml-1.6 M HCl for 30 min at 37°C. The digestion yields a suspension of cell nuclei,
in which the BrdU epitope is accessible to MADb staining. Nuclei were immuno-
stained for BrdU with the MAb and secondary FITC conjugate described above
and resuspended in PI solution prior to flow cytometric analysis.

Samples were analyzed on a FACSCALIBUR flow cytometer (Becton-Dick-
inson, Brondby, Denmark). Statistical analysis was done with Cell-Quest soft-
ware (Becton-Dickinson).

[methyl->H] thymidine labelling. Synchronized cultures were labelled with 10
wCi of [methyl-*H]thymidine (1 mCi/ml, 82 Ci/mmol; Amersham, Birkerod,
Denmark) per ml for 2 h immediately prior to harvest by trypsinization. Pooled
loose and adherent cells were washed once in phosphate-buffered saline and
resuspended in TE (10 mM Tris, 1 mM EDTA, pH 7.5). Crude sodium dodecyl
sulfate (SDS) lysates were made by adding SDS (Gibco-BRL) to 0.1% and
proteinase K (Gibco-BRL) to 400 wg/ml and incubating samples for 2 h at 60°C.

To quantify total [*H]Jthymidine incorporation, the crude SDS lysate was
mixed with 20 volumes of salmon sperm DNA (250 pg/ml) in distilled water and
deposited on Whatman GF/C glass fiber filters. The filters were washed twice
with ice-cold HCl-pyrophosphate solution and once with 96% ethanol and placed
in Opti-Phase Hi-Safe II scintillant (Wallac, Allerod, Denmark) prior to liquid
scintillation spectrometry.

To examine [*H]thymidine incorporation in viral and cellular DNAs sepa-
rately, SDS lysates were electrophoresed in 1% agarose gels. Prior to submerging
of gels in running buffer, the wells were plugged with 65°C warm agarose. The
gels were fixed in isopropanol-H,O-acetic acid (25:65:10), soaked for 2 h in
Amplify fluorographic reagent (Amersham), dried, and exposed to Kodak X-AR
film for 0.5 to 9 days at —80°C.

Southern blot analysis. Synchronized CRFK cultures were harvested at vari-
ous times postrelease, and crude SDS lysates were prepared as described above.
Lysates were electrophoresed in 1% agarose gels. Southern blotting and probing
of blots with a 3?P-labelled ADV plus-sense riboprobe (which detects all ADV
DNA species) were done as previously described (3, 15).

RESULTS

ADYV causes cell cycle disturbances in permissive cells. We
initially examined the effect of ADV infection on cell cycle
progression in asynchronous cultures. We found that the main
effect of ADV infection was a reduction in G,/G,-phase cells
and a simultaneous increase in cells with more than G,/M
(>G,/M) DNA contents (Fig. 1c). At 50 h postinfection, ADV-
infected cultures contained 2 times fewer G,/G;-phase cells
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and 67 times more >G,/M-phase cells than did mock-infected
cultures (Fig. 1c). ADV did not induce formation of multinu-
cleate cells, and the >G,/M events in ADV-infected cultures
were also observed when isolated nuclei were analyzed (see
Fig. 5b). Therefore, ADV infection caused cells to accumulate
abnormally high nuclear DNA contents.

ADV-induced cell cycle disturbances were associated with
inhibition of cell proliferation (as estimated by cell counts),
and we did not observe any mitogenic effect of ADV infection
in cultures made quiescent by confluency or serum deprivation
(not shown). This suggested that the reduction in G,/G,-phase
cells (Fig. 1c) was a result of the accumulation of noncycling
>G,/M-phase cells, as opposed to the accumulation of >G,/
M-phase cells being an effect of mitogenic stimulation of G/
G,-phase cells. We then examined the relationship between
viral replication and cell cycle arrest in greater detail in syn-
chronized cultures.

ADV-induced cell cycle disturbances are S-phase dependent
and composite and require the presence of NS proteins. A
double-block protocol utilizing combined topoinhibition and
serum deprivation, followed by HU exposure, was used to
generate CRFK cultures synchronized in early S phase. At 0 h,
more than 90% of the cells had G,/G; DNA contents. Follow-
ing release from the HU block, mock-infected cells traversed a
synchronous S phase of 12 to 14 h, underwent mitosis from 16
to 21 h, and had returned to G, by 25 h (Fig. 2a). In contrast,
a significant proportion of cells in ADV-infected cultures were
seen to continue DNA synthesis from 12 to 25 h, leading to
accumulation of >G,/M DNA (Fig. 2b). At 25 h, 89% of
mock-infected cells were in G,/G, (Fig. 2d). In contrast, only
56% of cells in ADV-infected cultures were in G,/G; (Fig. 2e).
Thus, the cell cycle disturbances observed in asynchronous
cultures were recapitulated in synchronized cultures. When
viewed in a cause-effect perspective, S-phase transit triggered
accumulation of >G,/M-phase cells, and the >G,/M-phase
cells failed to undergo cytokinesis, causing a reduced percent-
age of G,/G,-phase cells at 25 h. Importantly, viabilities judged
by trypan blue exclusion were similar (>90%) in ADV- and
mock-infected cultures at 25 h, making it unlikely that ADV-
induced cell lysis contributed to the reduction in G,/G,-phase
cells.

We related the ADV-induced cell cycle disturbances to viral
replication by bivariate flow cytometric analysis of ADV NS
protein content versus total DNA content (Fig. 2f to m). An-
ti-NS staining was used because NS proteins are required for
parvovirus replication and are expressed early in the viral life
cycle (22, 43).

In ADV-infected cultures, the percentage of NS* cells in-
creased as cultures progressed through S phase, and it reached
40% at 12 h, corresponding to very late S phase (Fig. 2f to j).
Similar results were obtained with cultures parasynchronized
by serum deprivation only, indicating that ADV gene expres-
sion depended on S-phase entry per se and not on release from
the HU block (not shown).

We observed that the background NS staining of NS~ cells
in ADV-infected cultures increased over time and became 2.4
times higher than that in mock-infected cultures at 25 h (Fig. 21
and m). When ADV-infected and mock-infected cells were
mixed prior to ethanol fixation and staining, the mock-infected
cells exhibited a strongly increased background staining (not
shown). This suggested that the increase in background stain-
ing of NS~ cells in ADV-infected cultures was due to passive
transfer of NS proteins from NS™ to NS~ cells during ethanol
fixation or staining and was not caused by low-level NS protein
synthesis in NS cells.

Bivariate analysis showed that >G,/M DNA synthesis from
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12 to 25 h was restricted to NS* cells. The NS* population
which accumulated >G,/M DNA formed during S phase and
was termed population A (Fig. 2f to j). Population A was
recruited mainly from mid- and late-S-phase cells (Fig. 2h toj),
whereas only few NS™ cells appeared in early S phase (Fig. 2g
and h). Assuming that all of the NS™ cells generated during S
phase (40%) (Fig. 2j, population A) did not undergo cytoki-
nesis and accumulated >G,/M DNA, while NS~ cells (60%)
(Fig. 2j) underwent cytokinesis, the expected percentage of
>G,/M-phase cells postmitosis would be 40/(40 + 2 X 60) =
25%. This value corresponded well to the observed 28% >G,/
M-phase cells (Fig. 2e). Thus, comparison of the sizes of pop-
ulation A before and after mitosis strongly suggested that the
majority, if not all, of the NS* cells generated during S phase
(Fig. 2j, population A) went on to synthesize >G,/M DNA and
did not undergo cytokinesis. The average PI fluorescence of
population A continued to increase from 12 to 25 h (Fig. 2j to
1). Thus, although population A cells did not undergo cytoki-
nesis and were rendered noncycling, they remained metaboli-
cally active and exhibited high levels of cumulative DNA syn-
thesis from 12 to 25 h. In contrast, NS~ cells in infected
cultures ceased DNA synthesis at 12 to 14 h and exhibited
unhindered progress through G, and M into G,/G,, indistin-
guishable from the case for mock-infected cells (compare Fig.
2a and c).

Interestingly, a second population of NS™ cells (termed pop-
ulation B) (Fig. 2k) was revealed by the bivariate analysis. At
steady-state conditions, population B contained a minority (30
to 45%) of the NS™ cells. In contrast to population A, popu-
lation B did not form during S phase (Fig. 2j). Instead, popu-
lation B arose in G,/G;, in exact synchrony with mitosis of NS~
cells from 16 to 21 h (Fig. 2k). Therefore, formation of popu-
lation B required S-, G,-, and M-phase traverse by infected
cells.

A trypsin-EDTA wash followed by neuraminidase treatment
immediately after release from the HU block had no effect on
the appearance of population B (not shown). This indicated
that the difference between population A and B cells was not
one of virus internalization and also that reinfection did not
play a role. Populations A and B were also observed with
MAbs and polyclonal antibodies against capsid proteins (not
shown).

As mentioned above, our results showed that the NS™ cells
generated during S phase (Fig. 2j, population A) did not un-
dergo cytokinesis. Thus, the appearance of population B in
turn suggested that some infected cells remained NS~ during
S-phase traverse and started significant NS protein production
postmitosis, in Gy/G, (Fig. 2k). To examine this possibility,
mitotic cells were examined for NS protein content. In ADV-
infected cultures, cells with undisturbed mitotic morphology
contained either no NS proteins, or, rarely, low NS protein
levels (Fig. 3a, arrowhead [compare to neighboring nucleus
without NS protein, indicated by arrow in Fig. 3b]). High NS
levels were found in interphase nuclei (Fig. 3a, arrows), in cells
with disintegrating nuclei (Fig. 3b, arrowhead), and, rarely, in
cells with apparently severely perturbed mitotic chromatin (not
shown). We described the intracellular localization of ADV
products in more detail in a recent study (33). The absence, or
low-level presence, of NS proteins in cells with undisturbed
mitotic chromatin (Fig. 3a, arrowhead) was in agreement with
the flow cytometric findings described above, i.e., that popula-
tion B resulted from mitosis of infected cells that had remained
NS~ during S-phase traverse. Taken together, our results in-
dicated that the level of ADV replication reached through S
phase might influence whether cells underwent mitosis and
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FIG. 2. Passage of ADV-infected cells through the first S, G,, and M phases. Synchronized cultures were infected with ADV at 10 FFU/cell or mock infected. Cell
suspensions double stained for ADV NS proteins and total DNA content were analyzed by flow cytometry. (a to ¢) DNA distributions (PI fluorescence) of cultures
harvested at the indicated time postrelease. Histograms are scaled individually, so peak positions but not peak heights can be compared. Results for mock-infected
cultures (ungated) (a), ADV-infected cultures (ungated) (b), and gated NS~ cells in ADV-infected cultures (c) are shown (the NS~ gate is shown in panels f to m).
(d and e) DNA distributions of mock (d)- and ADV (e)-infected cultures at 25 h postrelease, after passage through S, G,, and M. Histograms are shown on same scale
and contain same number of events. The percentages of cells in Gy/G, (left markers) and >G,/M (right markers) are indicated. (f to m) Bivariate analysis of ADV
NS protein content (FITC fluorescence, logarithmic y axis) versus total DNA content (PI fluorescence, linear x axis). Contours show 65% differences in event number
(logarithmic spacing) after a 1.5% background subtraction. The regions indicating positions of G;-phase, G,/M-phase, NS* and NS~ cells have same positions in all
plots. Note that whereas the cell cycle position of NS~ cells is reflected by DNA content, the cell cycle position of NS* cells is open to interpretation (see text). Positions
of populations A and B of NS™ cells are indicated by oval regions in j and k. In each plot the time after release and the percentage of NS™ cells are indicated.

thus might determine the distribution of infected cells into
populations A and B.

Population B cells do not traverse S phase. Since population
A cells were rendered noncycling as a consequence of ADV
infection, the proliferative capacity of population B cells was of
interest. We examined the ability of population B cells to cycle

in stathmokinetic-type experiments (23) (Fig. 4). An MOI five-
fold lower than that for the experiment shown in Fig. 2 was
used, in order to improve culture viability during the extended
experimental period. Colcemide was added to synchronized
cultures at 26 h. At this time, the first synchronous mitosis had
just occurred (Fig. 2a). Consequently, the majority of NS™
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FIG. 3. ADV infection in mitotic cells. ADV-infected, synchronized cells
were harvested at 18 h postrelease. Cells were immunostained for ADV NS
proteins and counterstained with DAPI. Magnification, X400. (a) FITC fluores-
cence (NS protein). A mitotic cell containing NS protein (arrowhead) and in-
terphase nuclei containing NS protein (arrows) are indicated. (b) DAPI fluores-
cence of the cells shown in panel a. A nucleus without NS protein (arrow) and
a disintegrating nucleus in a cell containing NS protein (arrowhead) are indi-
cated.

(Fig. 4e, thin line) and mock-infected (Fig. 4h) cells were in
G,/G,, and population B had formed (Fig. 4e, thick line, M2).
No new Gy/G,-phase cells formed in colcemide-blocked cul-
tures, because colcemide prevented mitosis in CRFK cells (Fig.
4j). No new population B cells formed in colcemide-blocked
cultures, because formation of population B required M-phase
traverse (discussed above), and colcemide treatment abolished
the formation of population B (see Fig. 7b). Consequently, we
could compare the abilities of the following cell populations to
traverse S phase: (i) population B cells (Fig. 4e to g, thick lines,
markers M2), (ii) NS~ G,-phase cells from the same infected
cultures (Fig. 4e to g, thin lines, markers M2), and (iii) mock-
infected G,-phase cells from parallel cultures (Fig. 4h to j).
Mock-infected cultures entered the second S phase in a
parasynchronous fashion from 26 to 50 h after release from the
HU block. At 74 h, the majority of mock-infected cells had
traversed S phase and encountered the colcemide block (Fig.
4h to j). NS~ cells in infected cultures exhibited unhindered
S-phase traverse identical to that of mock-infected cells (Fig.
4e to g, thin lines). A four- to sevenfold reduction in Gy/G;-
phase cells had occurred at 74 h for both NS~ and mock-
infected cells (Fig. 4k and 1, solid symbols). In contrast, no
reduction in the size of population B was observed (Fig. 4k, 1,
and m, solid symbols). Therefore, cells in population B were
inhibited from traversing S phase and were in effect noncycling.
Population A increased in size during the colcemide block
(Fig. 4m, open symbols), which required an explanation. The
increase in population A did not derive from S-phase traverse
of existing population B cells, as discussed above, but instead
resulted from the appearance of new NS™ cells, because the
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increase in population A (34% — 14% = 21%) (Fig. 4m) corre-
sponded to the increase in NS™ cells (53% — 33% = 20%) (Fig.
4n). The numbers in these and subsequent calculations are
derived by comparing the 26- and 75-h values in Fig. 4k to n.

The new NS™ cells in population A were recruited from NS~
cells as NS~ cells traversed S phase, by the following argument.
For NS~ cells (Fig. 41), the reduction in G,-phase cells (58% —
8% = 50%) was larger than the increase in G,/M-phase cells
(28% — 5% = 23%). Therefore, 27% (50% — 23%) of the
cells were lost from the NS~ population during S-phase tra-
verse. This loss from the NS~ population during the 48-h
colcemide block corresponded well to the gain of 20 to 21%
new NS™ cells in population A during the same period. There-
fore, cells moved from the NS population into population A
during the second S phase, in effect recapitulating the events in
the first S phase (Fig. 2f to j).

In estimating the loss or gain from a given cell population
based on the percentage of total cells present that the popu-
lation constitutes (as was done in the calculations described
above), the presence of a constant total cell number through-
out the experiment was assumed. A modest reduction in cell
numbers (15 to 20%) was in fact observed during the 48-h
colcemide block (Fig. 40). The reduction was similar in mock-
and ADV-infected cultures, indicating that it might be caused
chiefly by colcemide cytotoxicity. Although this physical loss of
cells introduced an unknown error in the estimates of cell
movements, this error was apparently small enough for the
calculations described above to show good concordance.

Cell cycle arrest in populations A and B is associated with
different amounts of cumulative DNA synthesis. Although
population B cells did not traverse S phase, they nevertheless
exhibited a gradual increase in PI fluorescence over time, to 25
to 30% above G,/G, levels. In contrast, population A cells
exhibited PI fluorescence of 40 to 50% above G,/M levels (not
shown in detail, but this difference between populations A and
B is apparent in Fig. 2k, 4g, and 7a). This suggested that
population A cells sustained approximately threefold (2 X
40/25)-higher levels of cumulative DNA synthesis than popu-
lation B cells during the ADV-induced cell cycle arrest.

We confirmed the presence of DNA synthesis in populations
A and B by BrdU labelling (Fig. 5). Fifty-nine percent of cells
in ADV-infected cultures (Fig. 5b) but only 12% of cells in
mock-infected cultures (Fig. 5¢) were BrdU™ at 20 h (i.e., after
completion of the first synchronous S phase [Fig. 2a]). No
BrdU™ cells were seen in cultures not labelled with BrdU (Fig.
Sc and f). Also, BrdU incorporation was inhibited by HU and
aphidicolin (not shown), indicating that BrdU™" cells had in-
corporated BrdU as a result of DNA synthesis. The surplus of
47% (59% — 12%) for BrdU™ cells in ADV-infected cultures
corresponded to the percentage of NS™ cells (44% [Fig. 5a)).
This indicated that in ADV-infected cultures, all NS™ cells
were BrdU™ at this time.

The BrdU™ cells in ADV-infected cultures were distributed
in two populations (Fig. 5b, R6 and R5) that were similar to
populations A and B of NS™ cells (Fig. 5a, R2 and R1, respec-
tively). In ADV-infected cultures, regions R6 and R5 con-
tained four- to fivefold more BrdU™ cells than the expected
levels of NS™ S-phase cells (Fig. 5b and e, compare RS and
R6). Taken together, these findings suggested that BrdU up-
take, indicative of DNA synthesis, occurred in population A as
well as population B of NS™ cells. Similar results were ob-
tained in other experiments when colcemide was added to
cultures immediately prior to BrdU labelling from 23 to 25 h,
confirming that BrdU™ cells in region R5 in ADV-infected
cultures (Fig. 5b) had incorporated BrdU after mitosis, that is,
after arrival in population B (not shown).
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FIG. 4. Movement of ADV-infected cells through the second S phase. Synchronized cultures were infected with ADV at 2 FFU/cell or mock infected. Colcemide
(50 ng/ml) was added to all cultures at 26 h postrelease from HU. Cell suspensions double stained for ADV NS proteins and total DNA content were analyzed by flow
cytometry. Duplicate cultures were harvested at each time point. In panels a to j, plots from flow cytometric analysis of a single representative culture at the indicated
time after release from the HU block are shown. Plots are not shown for the 65-h time point, data from which appears in some of the graphs. Ninety percent confidence
intervals were calculated by using Student’s ¢ distribution. (a to d) Contour plots showing forward light scatter (cell size) on the x axis and FITC fluorescence (ADV
NS content) on the y axis for ADV (a to c)- and mock (d)-infected cultures. The NS* and NS~ regions shown were identical for all samples. Less than 0.1% of
mock-infected cells were in the NS™ region. (e to g) Overlaid DNA histograms of NS™ (thick lines) and NS~ (thin lines) cells from the contour plots in panels a to
¢, respectively. Populations A and B of NS* cells are indicated by markers M1 and M2, respectively. The positions of markers M1 and M2 were identical in these and
all subsequent plots. Overlaid histograms were scaled individually (scale not shown). (h to j) DNA histograms of cells from mock-infected cultures. Marker M1 contains
G,/M-phase cells; marker M2 contains G, and S (G;+S)-phase cells. (k to m) Quantification of histogram data for mock-infected cells (k), NS~ cells from
ADV-infected cultures (1), and NS™ cells from the same ADV-infected cultures (m). Cells contained by markers M1 and M2 (shown in panels e to j) are expressed
as the percentage of all (ungated) cells in the culture. Each point (except the 74-h point for mock-infected cells) represents the mean of duplicate determinations. Bars
indicate 90% confidence intervals. (n) Cells in the NS™ region (shown in panels a to c) in ADV-infected cultures expressed as the percentage of all (ungated) cells in
the culture. Each point represents the mean of duplicate determinations. Bars indicate 90% confidence intervals. (0) Cell counts in ADV- and mock-infected cultures.
Each point represents the mean of triplicate determinations. Bars indicate 90% confidence intervals. Cell viabilities, judged by trypan blue exclusion, were similar in
ADV- and mock-infected cultures (>90% at 0 h and 80 to 90% at 74 h). The lower cell count in ADV-infected cultures at 26 h was due to ADV-induced inhibition
of cytokinesis (see text for discussion).
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Following conversion to linear values, FITC fluorescence
levels were used to compare BrdU incorporation in population
A (Fig. 5b, R6) and population B (Fig. 5b, R5) cells. BrdU
incorporation in populations A and B was estimated by divid-
ing the average FITC fluorescence of all cells in R6 or RS,
respectively, by the average FITC fluorescence of all cells in R8
or R7, respectively (Fig. 5b) (24). Using this method, we re-
producibly found that population A cells incorporated 70 to
100% more BrdU than population B cells (the value was 70%
in the experiment with the results shown in Fig. 5), in agree-
ment with the augmented cumulative DNA synthesis observed
in population A (see above).

It should be mentioned that when same method was used to
compare NS protein levels, we found that population A cells
contained slightly more NS proteins than population B cells
(20% more [Fig. 5a]). However, the significance of this obser-
vation is unclear, as some loss of NS proteins likely occurred
during ethanol fixation (see above), and the anti-NS serum
reacted with both NS1 and NS2 proteins.

Population A cells support ADV DNA replication and pro-
duction of infectious virus. ADV DNA replication in synchro-
nized cultures was examined by Southern blotting and [*H]thy-
midine labelling. Only input single-stranded ADV DNA was
detected from 0 to 4.5 h postrelease (Fig. 6a). Monomer rep-
licative-form (RF) ADV DNA (13) was first detected at 6.5 h,
or at approximately mid-S phase. From 6.5 to 23 h, the amount
of ADV DNA:s increased strongly, with single-stranded DNA,
monomer RF DNA, and dimer RF DNA all being produced.

[*H]thymidine uptake was similar in ADV- and mock-in-
fected cultures from 0 to 12 h (Fig. 6b). From 16 to 25 h,
ADV-infected cultures incorporated two to eight times more
[*H]thymidine than did mock-infected cultures (Fig. 6b), in
agreement with the >G,/M DNA synthesis observed by flow

cytometry (Fig. 2j to 1). Densitometric scanning showed that
the majority of [*’H]thymidine uptake from 18 to 25 h occurred
in viral DNA (Fig. 6¢). (Of the total [*H]thymidine uptake in
genomic and viral DNAs, that in viral DNA accounted for 60%
at 18.5 h, 85% at 21 h, and close to 100% at 25 h.) Thus, ADV
DNA (Fig. 6¢) and the >G,/M DNA observed by flow cytom-
etry (Fig. 2j to 1) exhibited coinciding replication kinetics.

Since ADV DNA replication occurred at 12 to 14 h (Fig. 6a
and c), when only population A was present (Fig. 2j), we
conclude that population A cells supported ADV DNA repli-
cation. In addition, we found that elimination of population B
by colcemide treatment (discussed below) did not affect
[’H]thymidine uptake into viral DNA from 18 to 25 h (not
shown). This indicated that the great majority of ADV DNA
replication (Fig. 6a and c) occurred in population A, but it did
not rule out the presence of ADV DNA replication in popu-
lation B.

Taken together, the findings described above suggested that
the >G,/M DNA observed by flow cytometry in population A
(Fig. 21) could be ADV DNA. ADV DNA was in fact produced
in quantities (Fig. 6d) that might be expected to influence the
PI fluorescence of cells supporting ADV DNA replication.
Levels of genomic DNA replication were consistently not in-
creased in ADV-infected cultures from 14 to 25 h (Fig. 6¢),
arguing against overreplication of genomic DNA in >G,/M-
phase cells.

To confirm permissive ADV replication in population A, we
assayed production of infectious ADV in cultures in which
formation of population B was inhibited. Since infected cells
traversed S, G,, and M phases to join population B, but tra-
versed only S to join population A (Fig. 2f to k), we used
colcemide and VM-26 treatment to inhibit formation of pop-
ulation B. When added immediately after release from the HU
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FIG. 6. ADV DNA replication in synchronized cultures. Synchronized cultures were infected with ADV at 10 FFU/cell or mock infected. (a) A Southern blot of
total DNA was probed with a 3?P-labelled plus-sense ADV riboprobe, which hybridizes to all viral DNA species. ss, single stranded virion DNA; m, monomer RF DNA;
d, dimer RF DNA. (b) In a separate experiment, cultures were labelled with 10 p.Ci of [*H]thymidine per ml for 2 h immediately prior to harvest at the indicated times.
HCl-pyrophosphate-precipitable radioactivity incorporated in ADV-infected and mock-infected cultures is shown. (c) Autoradiographic exposure of DNAs from the
experiment with the results shown in panel b. Viral DNAs are indicated as in panel a. g, genomic CRFK DNA. (d) Samples from the 25-h time point from the
experiment with the results shown in panel b were electrophoresed in 1% agarose and stained with ethidium bromide. The marker was lambda DNA. Densitometric
scanning showed that the amount of ADV RF DNA was 10% of the amount of genomic DNA.

block, neither drug prevented S-phase traverse and formation
of population A (Fig. 7), although VM-26 did cause a slightly
delayed S-phase traverse and delayed >G,/M DNA synthesis
in population A (not shown). As expected, both drugs inhibited
formation of population B (Fig. 7). Infectious ADV was pro-
duced to similar levels in blocked and unblocked cultures (Fig.
8). Since infectious virus was generated in cultures blocked
with two differently acting drugs, production occurred in in-
herently permissive cells and not in drug-induced, nonpermis-
sive cells. More than 90% of infectious virus remained cell
associated (Fig. 8), which is characteristic for ADV (14, 36)
and makes reinfection unlikely to have contributed to the re-
sults. Thus, we conclude that permissive ADV replication,
leading to production of infectious ADV, occurred in popula-
tion A.

DISCUSSION

We report that ADV infection causes a characteristic binary
pattern of cell cycle arrest in permissive CRFK cells. ADV-
induced cell cycle arrest was S-phase dependent, because nor-

mal S-phase traverse was required to trigger production of NS
proteins, and the presence of NS proteins was required for cell
cycle arrest to occur.

Generally, NS* cells exhibited cumulative DNA synthesis,
which was apparent by increased PI fluorescence levels over
time, as well as uptake of BrdU. This suggests that the ADV-
induced cell cycle arrest was not a result of unspecific cellular
damage. Instead, ADV apparently interrupted only some cel-
lular functions, while leaving the cellular DNA synthesis ma-
chinery, which the virus requires for replication of its own
genome, intact.

The majority (55 to 70%) of NS cells were present in a
population termed population A. Population A was recruited
mostly from cells in later parts of S phase, and formation of
population A was not inhibited by VM-26. Thus, population A
cells were arrested in late S or G, phase.

Population A cells accumulated >G,/M levels of DNA dur-
ing the ADV-induced late S/G, atrest. [°’H]thymidine labelling
and Southern blot analysis showed that ADV DNA replication
occurred in population A and that ADV DNA replication
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became dominant in infected cultures at the times when
>G,/M DNA synthesis was apparent in population A. This
suggests that the >G,/M DNA observed by flow cytometry is
ADV DNA. If the >G,/M DNA is viral and PI is assumed to
stain predominantly double-stranded viral DNA, flow cytomet-
ric measurement of absolute DNA contents (with chicken
erythrocyte nuclei as a reference particle [51]) indicates that
population A cells contained, on average, the equivalent of 10°
copies of monomeric (4.8-kb) ADV RF DNA (not shown).
Previous studies utilizing radioactive in situ hybridization have
shown that cells supporting permissive ADV replication may
contain approximately 10° copies of ADV RF DNA and 10°
copies of single-stranded virion DNA (2, 5, 6, 9, 12). Given the
great difference in methodologies, as well as the uncertainity
about the ability of PI to stain viral single-stranded DNA, the
assumption that the >G,/M DNA is exclusively viral is in
reasonable agreement with previous estimates of ADV DNA
copy numbers. However, whereas we have consistently failed
to detect overreplication of genomic DNA in ADV-infected
cultures, this possibility cannot completely be ruled out by the
[*H]thymidine technique utilized in this study.
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FIG. 8. Production of infectious ADV in synchronized cultures. Synchro-
nized cultures were infected with ADV at 10 FFU/cell. At release from the HU
block (0 h), cultures were treated with colcemide or VM-26 or left untreated.
Cultures were harvested by scraping at 0 and 25 h, and the content of infectious
ADYV was determined. The amount of cell-associated virus is shown as the mean
of triplicate determinations. Error bars indicate 90% confidence intervals (cal-
culated by using Student’s ¢ distribution). Free virus in the supernatant was
determined for single cultures.

Infection with the autonomous parvovirus minute virus of
mice (MVM) inhibits genomic DNA replication (25), and
MVM NS1 inhibits heterologous DNA replication (49). By
virtue of the relatively late appearance of ADV NS proteins in
many S-phase cells, as well as the low percentage of NS™ cells,
putative inhibition of genomic DNA replication by ADV
would be expected to cause only minimal reduction in overall
genomic DNA replication in ADV-infected cultures. In fact,
we did not observe reproducible reductions in genomic DNA
replication in ADV-infected cultures, beyond what could be
attributed to variability in [*H]thymidine labelling (Fig. 6c).
Therefore, methods more accurate than the crude [*H]thymi-
dine labelling technique used in this study are required to
define the precise extent of genomic DNA replication in ADV-
infected cells.

A minority (30 to 45%) of NS™ cells were present in a
postmitotic population termed population B. Population B
cells exhibited low-level DNA synthesis but were unable to
traverse S phase. The nature of the DNA synthesis in popula-
tion B is not known; it might be viral, cellular, or both. Con-
sequently, we cannot at present discriminate between G, and
early S arrest in population B.

Our results indicated that whereas NS* S-phase cells en-
tered population A, population B cells remained NS~ during S
phase and expressed high NS levels immediately postmitosis.
This suggested a possible explanation for the segregation of
NS™ cells in two distinct populations, namely, that population
B resulted from leakage of cells with subthreshold levels of
ADV products through the late S/G,-phase block. We show
that new NS* cells continuously appeared throughout later
parts of S phase, indicating that viral replication initiated in a
stochastic manner in S-phase cells (Fig. 2h to j). Thus, failure
to reach critical levels of ADV products, and consequent leak-
age through the late S/G, block and into population B, might
result merely from the timing of initiation of ADV replication
in S-phase cells.

Flow cytometric measurement of BrdU uptake and PI fluo-
rescence indicated that population A cells accumulated ap-
proximately threefold-higher burdens of DNA than population
B cells during the ADV-induced cell cycle arrest. Clearly, the
type of cell cycle arrest was not trivial but influenced the
intracellular milieu. Since parvovirus replication depends
heavily on cellular factors, induction of late S/G, arrest might
offer better conditions for subsequent ADV replication than
induction of G,/early S arrest. Interestingly, major replication
of the autonomous parvoviruses H-1 (39), Lulll (44), and
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MVM (20) also occurs during late S phase. The possibility that
viral replication might differ in the two NS populations, quan-
titatively or qualitatively, is intriguing. However, precise com-
parison of viral replication at the cellular level in the two NS™
populations will require cell sorting.

The antiproliferative effects of parvovirus infection are well
known (reviewed in references 40, 42, and 54). Different au-
tonomous parvoviruses cause inhibition of mitosis (44, 50),
extended DNA synthesis in infected cultures (20, 35), and
increases in the number of DNA-synthesizing cells in infected
cultures (25), all of which could result from an S/G,-phase
arrest similar to the one we describe for ADV. The molecular
mechanisms by which ADV interrupts the cell cycle remain
unknown. However, ADV-induced cell cycle arrest is likely to
be at least partly mediated by NS1, because preliminary exper-
iments indicate that CRFK cells transiently transfected with
ADV NS1 expression plasmids arrest in late S or G, phase
(46). Similarly, MVM NSI1 causes G, arrest (34).

In Aleutian disease, ADV replication occurs in immune
system compartments associated with cell proliferation, such as
bone marrow and stimulated germinal centers in lymph nodes
(5, 6). This suggests that the reciprocal regulatory interactions
between ADV replication and cell proliferation described in
this study may also occur in vivo. The severe dysregulation of
the immune system during Aleutian disease may be due to
deranged cytokine release from immune system regulatory
cells, notably macrophages (reviewed in reference 12). It has
been suggested that ADV may infect macrophages by an an-
tibody-dependent mechanism (30, 31). The formation of pop-
ulation B illustrates a general mechanism by which ADV could
target other postmitotic, differentiated effector cells in the im-
mune system without the need for extracellular spread,
namely, by leakage of ADV-infected cells from proliferative
precursor cell compartments. Regardless of the nature of the
target cell, ADV-induced cell cycle arrest might modify the
host cell fate following viral infection. Cytotoxic T lymphocytes
have been shown to be more efficient in killing cycling targets
than in killing noncycling targets (32). Thus, ADV-induced cell
cycle arrest could conceivably render infected cells poor targets
for cytotoxic T lymphocytes and promote intracellular persis-
tence of ADV. Induction of cell cycle arrest has been linked to
viral persistence for other viruses (10, 26, 41). However, fur-
ther studies are necessary to decide whether ADV-induced cell
cycle disturbances have pathogenic significance.
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