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ABSTRACT When human lymphocytes are cultured
in the presence of phytomitogens, 70-909, of the cells
undergo blast transformation and synthesize DNA. How-
ever, less than 409, of these lymphocytes actually undergo
mitosis while 35-909, of the newly synthesized DNA is
excreted into the media. The release of DNA by the cells
is selective since experiments with [*Cluridine indicate
that RNA is not lost into the culture media. DNA excretion
occurs under many culture conditions. The excreted DNA
has an estimated molecular weight of 3 to 12 X 10¢ as
determined by gel filtration on Sepharose 2B. It forms a
single sharp peak at a density of 1.055 g/cm? when examined
by sucrose density gradient centrifugation, suggesting
that the DNA is complexed to protein or lipid.

Although phytohemagglutinin (PHA) is known to be a mito-
gen, the number of mitoses actually counted after addition of
PHA to lymphocyte cultures is relatively small. For example,
Nowell found only 109, after 18 hr of incubation with col-
chicine at the peak of DNA synthesis despite morphologic
transformation of up to 90% of these cells (1). Such PHA-
transformed lymphocytes are known to be synthesizing DNA,
since they are labeled when pulsed with radioactive thy-
midine and studied by autoradiography. The discrepancy
between many cells making DNA and few caught dividing
has been attributed to asynchrony of the cultured cells (2).
In PHA-stimulated lymphocyte cultures, one might expect
to find a significant increase in cell number resulting from
mitosis, as well as a concomitant increase in the total DNA
content of the culture. The reports dealing with this question
do not consistently support this expectation. Schellekens and
Eijsvoogels noted that total cell number declined 179, the
first day, while DNA content dropped 25%; by day 3, the
cell count was still only 899, of the initial values, and the
DNA content was 969, (3). Hirschhorn et al. reported a de-
cline in DNA content during a 48-hr culture of PHA-stimu-
lated lymphocytes to 75% of the initial value (4). Clearly, if
most PHA-transformed lymphocytes in these experiments
underwent mitosis, a large number of daughter cells must
have died and lysed. In contrast, Loeb and Agarwal measured
a PHA-induced increase in DNA to nearly twice that of un-
stimulated cultures by 72 hr (5). Their results could be ex-
plained if each stimulated lymphocyte underwent a single
mitosis and suggest that lymphocyte cultures reported in the

Abbreviations: PHA, phytohemagglutinin—E-PHA, erythro-
agglutinating and L-PHA, leukoagglutinating phytohemag-
glutinin, respectively.
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former papers were complicated for some reason by excessive
cell lysis. However, this simple explanation is confounded by
the data of Polgar and Kibrick (6). These authors report
experiments in which greater than 90% of lymphocytes
stimulated for 24 hr with PHA ultimately became blasts, as
judged morphologically; when grown continuously in the
presence of [*H]thymidine, a maximum of 639, of the total
number of lymphocytes present were labeled, as revealed by
autoradiography on day 5, while on day 10 only 6%, of the
lymphocytes were labeled, yet the number of viable cells on
day 10 was 579, of the original number. Cumulative in-

TaBLE 1. DNA content of PHA-sttmulated cells related to
[3H Jthymidine uptake and loss
[*H]-
Thymidine
acid-
[3H]Thymidine  precipitable
DNA acid-precipitable cpm in
Day (ug per culture) cpm in cells medium
0 26.9 0 0
3 22.0 (23.5) 23,600 (305) 0
4 23.1(26.6) 15,600 (246) 11,000
5 21.8 (22.7) 11,100 (240) 13,000
6 23.5 (21.3) 5,300 (175) 26,000

Quadruplicate cultures of 3.3 X 10° lymphocytes in 2 ml of
medium were stimulated with 24 ug of E-PHA. On day 3, 3 uCi
[*H]thymidine (6.7 Ci/mmol) was added; at the end of a 4-hr
pulse, 8 ml of minimal essential medium was added, the cultures
were centrifuged at 500 X ¢ for 5 min, the cell pellets were sus-
pended in 2 ml of medium, and grown for up to 3 more days.
On the days noted above, duplicate tubes were harvested. Cul-
ture tubes were centrifuged at 500 X g for 10 min. On one set,
DNA content was determined by the diphenylamine reaction
(11). Acid-precipitable [*H]thymidine cpm were determined on
the other set: 0.2 ml of medium was precipitated with 2.8 ml of
ice-cold 5%, ClsCCOOH. The remainder of the medium was re-
moved and the cells were washed with 10 ml of ice-cold 0.9%
NaCl. The cell pellet was precipitated with 3 ml of 59, Cl;-
CCOOH and sonicated for 15 sec with a Biosonix IV sonicator
at low intensity, 309, maximum. Cl;CCOOH precipitates were
centrifuged at 27,000 X g, 4°, for 20 min, washed with 2 ml of
5%, Cl;CCOOH, digested in 0.5 ml of Nuclear Chicago Solubilizer,
and counted in 10 ml of Bray’s solution. Values obtained for iden-
tical cultures not stimulated with PHA are in parentheses.
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Fic. 1. (A) Sepharose 6B gel filtration chromatography.
Three cultures containing 2 X 10¢ lymphocytes per culture were
stimulated with E-PHA, pulsed with [H]thymidine and [C]-
uridine on day 3, and harvested on day 6 as in Table 3; the cells
in these cultures lost 859, of their *H-labeled DNA between day
3 and day 6, 809, of which was recovered in acid-precipitable
form in the culture medium. The 6 ml of medium was made 0.1,
with sodium dodecyl sulfate, applied to a Sepharose 6B column,
2.2 X 55 cm, and eluted at room temperature with Tris—~NaCl-
EDTA buffer [0.2 M NaCl-0.01 M Tris-HCl (pH 7.4)-0.001 M
EDTA]. 3-ml Fractions were collected. All acid-precipitable H
and C that had been applied eluted in the front peak. *H and
14C eluted in fractions 55-62 were not acid-precipitable and
represent traces of the thymidine and uridine pulse that were
not washed out on day 3. Fractions 22-24 were pooled. 3H cpm
(®@——@); 1“C cpm (X X ); Aszso im (O——0). Arrow: V,.

(B) Sepharose 2B gel filtration chromatography. A 0.9 X
60-cm column of Sepharose 2B equilibrated with Tris-NaCl-
EDTA-0.19, sodium dodecyl sulfate was calibrated at 23-24°
with *H-labeled E. coli DN A (gift of Dr. W. Sly) to determine the
void volume and with “C-labeled HeLa cell rRNA, 32S (mol-
ecular weight 2.1 X 108), 288 (1.7 X 108), and 18S (0.7 X 10¢)
(15) (gifts of Dr. A. Kumar) as molecular weight markers. 0.5
ml of the pooled fractions (22-24) made 0.19, with sodium
dodecyl sulfate was chromatographed and collected in 0.9-ml
fractions. Symbols are as in (4). Arrows (left to right) designate
E. coli DN, 32S RNA, 28S RNA, and 18S RNA.

(C) Sucrose density gradient equilibrium centrifugation. 0.5
ml of the pooled fraction (14) made 0.1%, with sodium dodecyl
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corporation of the [*H]thymidine into the cells in acid-
precipitable form also peaked on day 5, but then declined so
that on day 11 the cumulative counts approached those of
unstimulated cells. The authors’ interpretation of this work
was that many PHA-transformed cells do not synthesize
DNA and do not divide, and that most daughter cells pro-
duced by mitosis (those cells labeled with [*H ]Jthymidine) die.
These confusing data motivated the following experiments
in an attempt to clarify the fate of DNA synthesized by
lymphocytes stimulated with phytomitogens and antigens.

MATERIALS AND METHODS

All experiments described were performed on human periph-
eral-blood lymphocytes that were isolated as described (7)
and cultured in Eagle’s minimal essential medium (pH 7.4)
supplemented with 209, autologous serum, 4 mM glutamine,
50 units/ml of penicillin, and 50 ug/ml of streptomycin. The
cultures were maintained at 37° in a 5% CO, atmosphere.
Erythroagglutinating (E-) and leukoagglutinating hemag-
glutinin (L-PHA) from Phaseolus vulgaris were prepared from
Difco PHA-P according to the method of Weber et al. (8).
Pokeweed mitogen was obtained from Grand Island Biological
Co. and reconstituted according to the supplier’s instructions.
Concanavalin-A was purchased from Calbiochem. RNase was
obtained from Sigma Chemical Co. and DNase (RNase free)
from Worthington Biochemicals. {methyl-*H]Thymidine and
[*#Cluridine were purchased from New England Nuclear Co.
*H-labeled Escherichia coli DNA was a gift of Dr. W. Sly.
The mitotic index was obtained by exposure of the cultures
for 4 hr to 0.02 ug/ml colcemid at 37°. Metaphase chromo-
somes were prepared by the method of Mendelsohn et al. (9).
To obtain accurate cell counts of lymphocytes cultured in the
presence of E-PHA, the aggregated cells were dispersed by
the addition of fetuin (5 mg/ml), a potent haptene inhibitor
of the binding of E-PHA to lymphocytes (10).

RESULTS AND DISCUSSION
Loss of labeled DNA

When lymphocytes were incubated with E-PHA over a 6-day
culture period, the number of viable cells remained within
+20% of the initial count. At least 95%, of the cells counted
on any day were viable as judged by trypan blue exclusion;
by day 3, about 80% of the lymphocytes were transformed
into blasts. The amount of DNA per culture, as measured by
the diphenylamine reaction (11), also remained constant.
However, cells pulse labeled with [*H]thymidine on day 3
(the peak time of thymidine incorporation), washed, and
cultured again for 3 more days lost 35-909, of the acid-
precipitable [*H]thymidine incorporated on day 3 (Table 1).
The acid-precipitable [*H]thymidine lost from the cells can
be accounted for in the culture medium. The mitotic index
was determined at daily intervals on these cultures; an in-
crease in the number of mitoses occurred with the maximum
being 3%, after 4 hr of exposure to colcemid on day 3.
Lymphocytes stimulated with Concanavalin-A, Phaseolus
vulgaris L-PHA, and mumps antigen (data in Table 2) as
well as with pokeweed mitogen, Lens culinaris phytohemag-

sulfate was layered on 17 ml of a 5-209%, linear gradient of sucrose
in Tris-NaCl-EDTA-sodium dodecyl sulfate and centrifuged
at 4° in a SW27.1 rotor at 27,000 rpm for 16 hr. 0.5-ml Fractions
were collected from the bottom of the tube. Density, g/cm?
(m M); other symbols are asin (4).
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glutinin (12), and PPD (purified protein derivative) antigen
(data not presented) similarly excreted DNA into the culture
medium.f When lymphocyte cultures are maintained for 3
days or more in the absence of phytomitogens or antigens, a
small percentage of the cells spontaneously begin to syn-
thesize DNA. Much of the [*H]thymidine incorporated into
DNA by these lymphocytes is also excreted into the medium
(Table 2).

Selective DNA excretion

To confirm that intracellular, acid-precipitable [*H ]Jthymidine
was in DNA, the DNA from cells pulsed and harvested on
day 3 was extracted by a slight modification of the method
outlined by Gottlieb et al. (13). Nucleic acid precipitated by
cold ethanol after one phenol extraction was treated with
alkali (1 N NaOH, 22°  and 18 hr) and then precipitated with
CL,CCOOH. More than 90% of the radioactivity initially
present was recovered in the precipitate, suggesting that the
[*H]thymidine was in DNA. The selective nature of DNA
excretion was determined by experiments in which stimulated
cells were pulsed on day 3 with both [*H]thymidine and
[Cluridine. The results of five consecutive experiments per-
formed on lymphocytes from different individuals are out-
lined in Table 3. In each instance the cultures were pulsed on
day 3 and then followed for 3 more days to compare the fate
of the two isotopes. About 10-15%, of the acid-precipitable
*H was lost from the cells during the first 24 hr after the pulse
label (experiments 3-5). In contrast, during this same 24-hr
period, the amount of intracellular acid-precipitable *C in-
creased in each instance. The explanation for this finding is
that there is a large intracellular pool of “C-labeled acid-
soluble nucleotides present after the 4-hr pulse on day 3
(data not presented); by day 4 the radioactive nucleotides
in this pool have been used by the cells and converted to an
acid-precipitable form. No such pool of *H is found. The
acid-precipitable 14C counts shown in Table 3 are expressed
as being either alkali labile (presumably RNA) or alkali
stable (presumably DNA). While most of the acid-precipit-
able “C on day 3 was in RNA, and while the number
of counts in RNA increased by day 4, much of the “C in-
corporated into acid-precipitable form during the 24 hr after
the pulse was alkali stable, and presumably DNA. The ap-
parent conversion by lymphocytes of [4Cluridine to [!C]-
thymidine and its incorporation into DNA has been noted
(14).

Between days 4 and 6, the C counts in cellular DNA de-
clined, while the total 14C counts in DNA (cells + media) in-
creased, indicating the continued conversion of RNA deg-
radation products into DNA. During this time a significant
amount of C-labeled DNA appears in the culture media
while essentially no [1*C]JRNA is released. These data suggest
that the loss of isotope from RNA is due to normal turnover
by cells, which must be viable in order to convert the RNA
degradation products into DNA. Further, if loss of DNA were

} While we did not determine the percent blast transformation
in the cultures stimulated with PPD and mumps antigen, others
have found that in such cultures about 2%, of the lymphocytes
are blast-like at 48 hr, while up to 509, of the cells present at day
6 are transformed (16). This increase was thought to represent
multiple-cell divisions by a small number of antigen-responsive
cells, although recruitment of other populations of lymphocytes
could not be excluded (16).

DNA Excretion by Stimulated Lymphocytes 1687

TasLE 2. Effect of different mitogens on DN A excretion

Acid-precipitable cpm

Day experiment

Day of pulse completed
Mitogen 3 5 6 8

E-PHA (36 ug):

Cells 52,600 — 24,300 —

Medium 0 — 16,200 —
L-PHA (30 ug):

Cells 34,200 — 16,700 —

Medium 0 — 9,570 —
Con-A (20 ug):

Cells 115,000 — 39,100 —

Medium 215 — 52,700 —
Mumps antigen

(0.005 ml):

Cells — 45,900 — 14,000

Medium — 0 — 22,700
None:

Cells 3,040 — 713 —

Medium 0 — 302 —
None:

Cells — 6,950 — 1,770

Medium — 0 — 7,630

8.5 X 10° lymphocytes in 2 ml of medium were cultured as
described in Table 1. The cells were pulsed with 3 uCi of [3H]-
thymidine (6.7 Ci/mmol) for 4 hr on the days indicated. After
the cells were washed and resuspended in fresh medium containing
the appropriate mitogen, the cultures were incubated for 3 more
days. Acid-precipitable counts in cells and medium were deter-
mined as in Table 1.

due to cell lysis an equal amount of RNA should be released
into the medium. As shown in Table 3, essentially no acid-
precipitable RNA was released by the cells. These obser-
vations are confirmed by the data in Table 4. Treatment for
2 hr with DNase solubilized 709, of both 3H and 4C radio-
activity from the medium, while RNase and alkaline hydroly-
sis were without effect.

In an attempt to exclude the possibility that DNA ex-
cretion occurred because the culture medium was deficient
in some factor necessary for complete DNA synthesis, other
experiments were performed in medium TC-199, TC-199
buffered with 0.01 M HEPES (N-2-hydroxyethylpiperazine-

'-2-ethane sulfonic acid; pH 7.6), or TC-199 supplemented
with thymine (5 ug/ml); all gave results similar to those ex-
periments with minimal essential medium. Use of [*H ]deoxy-
cytidine rather than [*H]thymidine does not alter the pattern
of DNA excretion. When mouse L-cells growing in log phase in
minimal essential medium under conditions similar to those of
lymphocyte cultures were pulsed for 2 hr with [*H ]Jthymidine,
washed, and resuspended in fresh medium, none of the radio-
activity incorporated during the pulse was lost from the cells
during the following 72 hr.

Characterization of excreted DNA

As demonstrated in Fig. 14, all acid-precipitable 3H and 14C
radioactivity present in the culture medium eluted in a peak
at the void volume on Sepharose 6B gel filtration chroma-
tography. The medium applied to this column was taken
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TaBLE 3. Preferential loss of DN A from lymphocytes pulsed with [3H Jthymidine and [MC luridine
Day 3 Day 4 Day 6
llC l{C llC

Alkali Alkali Alkali Alkali Alkali Alkali

Exp. *H stable labile *H stable labile ‘H stable labile

1. Cells 23,200 782 5,090 _ —_— 13,800 7080 7190
Medium 0 0 0 — — 8,320 1310 161

2. Cells 28,800 791 7,200 — — 6,340 3380 4830
Medium 0 0 0 —_ — 20,600 3050 160

3. Cells 23,700 2230 8,760 20,400 6560 12,200 9,910 7340 9600
Medium 0 0 0 1,380 325 0 11,200 3400 21

4. Cells 55,400 2750 10,400 46,500 7340 14,000 24,100 7410 7570
Medium 0 0 0 3,650 285 249 20,800 2780 484

5. Cells 104,000 3700 17,800 84,500 9660 21,600 17,500 7130 7650
Medium 0 0 0 12,500 950 558 67,000 7000 514

2 to 8 X 10¢ lymphocytes in 2 ml of medium were cultured with 36 ug of E-PHA (Exp. 1, 3, and 4) or 20 ug of concanavalin A (Exp.
2 and 5), pulsed for 4 hr on day 3 with 3 uCi of [3H]thymidine (6.7 Ci/mmol) and 1 uCi of [*C]uridine (59.8 mCi/mmol), and washed and
resuspended as in Table 1. On appropriate days duplicate tubes were harvested. Cl;CCOOH precipitates were dissolved in 1 ml of 1 N
NaOH and incubated at room temperature (23°). At the end of 18 hr, the tubes were neutralized with HC, precipitated with Cl;CCOOH,
and centrifuged at 37,000 X g for 20 min. 1 ml of the supernatant (alkali labile radioactivity) was counted in 15 ml of Bray’s solution.
The pellet (alkali-stable radioactivity) was dissolved and counted as in Table 1; cpm are corrected for quenching and channel crossover.

from 3 cultures containing a total of 6 X 108 cells. These
cells lost 85% of their *H-labeled DNA between days 3 and 6
(data not shown). Since 1 X 10° lymphocytes contain roughly
8 ug of DNA (4), lysis of 859, of the cells in these cultures
would have released about 40 ug of DNA. A DNA concen-
tration of 3 ug/ml present in the 12 ml encompassing the
front peak in Fig. 14 would have been detected by measure-
ment of the absorption at 260 nm; no significant Az or Ass

TaBLE 4. Treatment of acid-preciptitable *H and “4C
radioactivity in the culture medium with DNase, RNase, and
alkaline hydrolysis

Acid-
Acid-soluble precipitable

cpm cpm
sH 1C sH uC
3H/1C alone 7 7 1670 528
3H/14C 4+ RNase 5 5 1560 516
3H/1C 4 DNase 7 5 1680 580
sH/1C 4+ Mg*+* + DNase 1260 357 551 187
3H /14C alkaline hydrolysis 21 15 1560 526
E. coli DNA alone 32 — 3140 —
E. coli DNA + RNase 22 — 3070 —

E. coli DNA + Mg++ +

DNase 1950 — 1130 —

For enzyme incubations, 1 ml of acid-precipitable 3H/1C
radioactivity from the Sepharose 6B front peak (Fig. 14), or 5
ul of 3H-labeled E. coli DNA (7.5 ug/ml) in 1 ml of Tris—NaCl-
EDTA buffer, were incubated at 37° for 2 hr alone, with 5
ug of RNase, or with 5 ug of DNase in 5 mM MgCls. For alkaline
hydrolysis, 1 ml of *H/14C plus 0.2 ml of 5 N NaOH were incu-
bated at 22° for 18 hr, then the solution was neutralized with 5 N
HCI. At the end of the incubation period, 0.1 ml of bovine serum
albumin, 50 mg/ml, and 0.9 ml of 129, CI;,CCOOH were added.
Acid precipitate and supernatant were prepared and counted
asin Table 3.

accompanied this peak, even though it contained 80% of the
labeled DNA lost from the cells. This observation is added
evidence that cell lysis alone cannot explain the loss of DNA
into the culture medium. The amount of DNA actually lost
must be fairly small compared to the total amount of DNA
in the cells, which would explain the apparent paradox noted
in Table 1; namely, much of the acid-precipitable [*H]-
thymidine left the cells, but the total DNA in the cells
measured colorimetrically remained constant.

Gel filtration chromatography on Sepharose 2B was used
to estimate the molecular weight of DNA found in the culture
medium (Fig. 1B). The column was calibrated with “4C-
labeled HeLa cell rRNA ; elution volume was determined with
#H-labeled E. coli DNA. DNA from lymphocyte-culture
media eluted in a broad heterogeneous peak with a molecular
weight ranging between 3 and 12 X 108. This heterogeneity may
result from partial hydrolysis of the excreted DNA by DNase
activity in the culture media.§ When this excreted DNA was
examined by sucrose density gradient centrifugation (Fig. 1C)
it formed a single sharp peak at a density of 1.055 g/cm?.
A single peak formed at this density even when centrifugation
conditions were varied as follows: (A) 18 hr in the same system
as in Fig. 1C except at 20° rather than 4°; (B) 3.5 hr in the
SW50.1 rotor, 49,000 rpm, at 4° on a 5-20%, linear gradient
of sucrose in 0.1IM NaCl-0.01 M Tris (pH 7.4)-0.001 M
EDTA-0.1% sodium dodecyl sulfate; (C) 3.5 hr in the same
system as in (B), except on a linear 5-109%, sucrose gradient.
We therefore conclude that this position represents density
equilibrium. This type of behavior by such a large particle
would be consistent only if DNA were complexed to protein
or lipid. Further characterization of this particle is in progress.

§ Evidence that the medium contains DNase activity was pro-
vided by demonstrating that when E. coli DN A was added to the
cultures it was rapidly degraded to an acid-soluble form. The
reason why the excreted DNA was not degraded to an acid-
soluble form in the medium may be that it is complexed to protein
or lipid.
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These data can most logically be interpreted as follows:
Some lymphocytes in a culture stimulated with PHA syn-
thesize DNA and undergo mitosis; if up to 3% of the cells
divide every 4 hr during a 60-hr period, the number may
reach 30-409%, of the total cells present. However, since some
cells may undergo more than one division during this time
(16), the percentage of the original cells actually undergoing
mitosis is probably less than 40%,. Some cells die, although
not necessarily those synthesizing DNA. Since these two
variables are not in balance one would expect measurement of
cell number and DNA content to give inconstant results, as
has been true in the literature. Up to 709, of the cells become
blast-like in appearance and synthesize DNA, but these cells
excrete the DNA without necessarily undergoing mitosis.
The quantity of DNA they make must be small in relation to
total DNA in the culture.

While the explanation for the excretion of DNA by these
cells is obscure, a number of possibilities can be considered:
These could be cells prevented from successfully completing
the steps necessary for mitosis by some deficiency in the
culture medium. Thus, frustrated in their mitotic attempts,
they might excrete the unnecessary DNA and return to a
resting state. Alternatively, these cells could have a purpose
for DNA synthesis other than mitosis (17). The DNA might
be used within the cell to amplify a yet undefined function
and then excreted when no longer useful. The observation
that lymphoblasts in PHA-stimulated cultures revert to
small, resting lymphocytes after 6-9 days (6) is consistent
with such an explanation. Gene amplification has been demon-
strated to occur during oocyte development in amphibia
(18), and it may occur in antibody-synthesizing plasma cells
(19). Recently, Lerner et al. have found that about 0.5%, of
the DNA in a long-term lymphocyte cell line is associated
with the cytoplasmic membrane (20). Whether this species
of DNA is related to the DNA excreted by the PHA-stimu-
lated lymphocytes is unknown. Finally, it is possible that the
DNA is excreted as a message directed to an unknown recip-
ient. Since lymphocytes that undergo spontaneous trans-
formation excrete DNA in a manner similar to lymphocytes
stimulated with PHA and antigen, it is likely that this
phenomenon is an intrinsic, property of the lymphocyte rather
than a special function induced by phytohemagglutinin or
antigens.

While this manuscript was in preparation, an abstract
appeared by Sarma and Rutman describing findings similar
to ours (21). These investigators found that PHA-stimulated
lymphocytes incorporated labeled thymidine into small
fragments that were then converted to high molecular weight
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material. Subsequently, the labeled thymidine reappeared in
light fragments that were then released into the medium in an
acid-precipitable form.
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