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ABSTRACT A Ca2+,Mg2+-dependent endonuclease activ-
ity was detected in erythroleukemic cells undergoing differen-
tiation in vitro in response to induction by dimethyl sulfoxide
(Me2SO) or hexamethylene-bis-acetamide (HMBA). The endo-
nuclease activity was demonstrated in isolated nuclei within 6
hr after the addition of inducer, reached maximum levels be-
tween 24 and 48 hr, and returned to control levels within 72
hr. The activity caused single strand breaks in high molecular
weight native DNA, which could be labeled at exposed 3'-OH
termini with Escherichia coli DNA polymerase I and radiola-
beled nucleotides. Alkaline elution studies revealed DNA frag-
mentation that appeared coincident with the presence of the
endonuclease activity. The detection and levels of single strand
DNA breakage correlated with induction of terminal differen-
tiation by Me2SO or HMBA. Induction of the endonuclease
activity was reversible: depletion of Me2SO from the growth
medium after treatment for 6 and 18 hr led to a rapid decrease
in the level of activity. Removal of the inducer prevented ter-
minal differentiation, a finding that strongly suggests the en-
donuclease activity is present during the precommitment
phase of differentiation. DNA fragmentation was not observed
in cells incubated with hemin, which has been shown previous-
ly to increase the cytoplasmic level of globin mRNA without
causing commitment to terminal maturation. Me2SO did not
induce the endonuclease activity or DNA fragmentation in an
uninducible Friend cell line.

The differentiation response of Friend cells to a variety of
inducers has proven to be an important system for studying
erythroid maturation (for review, see refs. 1 and 2). In this
regard, the commitment of a cell to terminal erythroid differ-
entiation appears to require transitory metabolic changes.
Specifically, when chemical inducers are used with Friend
cells, the precommitment period is characterized by a pro-
longation of the G1 phase of the cell cycle (3, 4) and an in-
crease in the intracellular level of calcium ions (5). It has
been suggested that the calcium influx proceeds through a
Na+/Ca2+ antiport mechanism, because the treatment of the
cells with inhibitors of Na',K'-ATPase activity led to stim-
ulation of Ca2+ uptake and abolition of the 10-hr lag period
normally associated with commitment of these cells to termi-
nal differentiation (6).

In this communication, we demonstrate that chemical in-
duction of Friend cells leads to the presence of a nuclear
Ca2+,Mg2+-dependent endonuclease activity that is capable
of generating single strand DNA breaks in high molecular
weight chromosomal DNA. Previous studies of Friend cells
reported single strand breaks in the DNA subsequent to in-
duction of differentiation by butyrate, dimethylacetamide,
butyrylcholine, and dimethyl sulfoxide (Me2SO) (7-9). In ad-
dition, DNA fragmentation has been shown to accompany
the differentiation process in several other systems (10-12).

We detect this Ca2+,Mg2+-dependent endonuclease activity
in the nucleus of Friend cells early in the induction process
prior to the commitment of the cells to terminal differentia-
tion.

MATERIALS AND METHODS
Growth of Cells and Tissue Sources. Friend tumor cell lines

C7D and A6, previously cloned from subcutaneous tumors
(13), were grown in Eagle's basal medium supplemented
with 10o fetal calf serum and gentamicin sulfate at 50 ,ug/ml.
Cell line 745-PC-4 (a derivative of cell line 745 from C.
Friend, Mt. Sinai School of Medicine, New York) was ob-
tained from V. Volloch and D. Housman (Massachusetts In-
stitute of Technology, Boston). Logarithmic-phase cells at
105 cells per ml were supplemented with 192 mM Me2SO, 3
mM hexamethylene-bis-acetamide (HMBA) (Sigma), or 100
,AM hemin where indicated. Cell viability was estimated by
trypan blue exclusion and the proportion of hemoglobin-con-
taining cells was estimated by wet staining with benzidine
hydrochloride (14).

Nuclei Isolation and Digestion. Approximately 108 cells
were washed with 50 ml of buffer A (50 mM Tris HCl, pH
7.6/25 mM KCI/10 mM MgCl2/5 mM 2-mercaptoetha-
nol/0.2 mM phenylmethylsulfonyl fluoride) containing 10
mM EGTA and 0.34 M sucrose. The cells were lysed with
buffer A containing 0.75% (wt/vol) Triton X-100 in 0.25 M
sucrose and layered over a 0.5 M sucrose buffer A cushion.
Nuclei were sedimented (500 x g, 10 min, 4°C) and resus-
pended in 2.4 M sucrose/buffer A. The nuclei were centri-
fuged (10,000 x g, 20 min, 4°C), and the resultant nuclear
pellet was washed twice with 0.25 M sucrose/buffer A.

Autodigestion of nuclei was for 3-24 hr at 37°C at a con-
centration of 10 A260 units/ml in 0.25 M sucrose/buffer A
supplemented with 1 mM CaCl2. Reactions were terminated
with 15 mM EDTA (pH 7.5) and the nuclei were then sedi-
mented (500 x g, 5 min, 4°C). Nuclei were stored in 40%
(vol/vol) glycerol/buffer A at -70°C until analysis.
Where indicated, nuclei were lysed in 10 mM Tris HCl,

pH 8.0/1 mM EDTA. Insoluble chromatin was removed by
centrifugation (10,000 x g, 10 min, 4°C). Supernatants were
collected and A260-absorbing material, which was rendered
buffer soluble, was measured (15).

Preparation and Analysis of Chromatin Extracts. Chroma-
tin derived from lysed nuclei was extracted in a buffer con-
taining 0.35 M KCl/20 mM Tris HCI, pH 7.6. After centrifu-
gation (2000 x g, 20 minm 4°C), the supernatant was dialyzed
overnight against 10 mM KCI/10 mM Tris-HCl, pH 7.6/5
mM 2-mercaptoethanol. Endonuclease activity in extracts
was assayed by two methods: (i) Up to 50 ,ug of chromatin
extract was incubated at 37°C with 2.5 /Ig of [3H]thymidine-

Abbreviations: Me2SO, dimethyl sulfoxide; HMBA, hexamethyl-
ene-bis-acetamide; kb, kilobase(s).
*Present address: Department of Nutrition and Food Science, Mas-
sachusetts Institute of Technology, Boston, MA 02139.
tTo whom reprint requests should be addressed.

7461

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



7462 Cell Biology: McMahon et al.

labeled Escherichia coli DNA [average length, 0.5 kilobases
(kb)]/20 mM Tris HCl, pH 7.6/10 mM MgCl2/1 mM
CaCl2/5 mM 2-mercaptoethanol. Reactions were stopped by
adding 10% perchloric acid. Activity was expressed as the
amount of starting DNA that was rendered perchloric acid-
soluble after a 90- to 240-min incubation.

(ii) Chromatin extract (10-100 ng) was added to 1 ,ug of
closed circular pBR322 plasmid DNA and incubated for 60
min at 370C in the presence of 10 mM MgCl2/1 mM CaCl2.
Plasmid DNAs were analyzed by electrophoresis in a 1%
agarose gel (16). Endonuclease activity was detected by the
conversion of closed circular plasmid DNA to open circular
and linear forms.

Analysis of Cellular DNA by Alkaline DNA Elution. Cul-
tures were initiated at different cell densities (5-25 x 104
cells per ml) to ensure harvesting them at the same cell den-
sity. DNA was labeled to the same specific activity by grow-
ing cells for the same amount of time (24 or 48 hr depending
on the set of experiments) in the presence of 1.0 ,uCi of [2-
14C]thymidine per ml (56 mCi/mmol;1 Ci = 37 GBq; ICN).
The labeling procedure did not affect the growth rate or the
response to inducer. Cells of each sample (5 x 105) were
slowly sedimented by gravity onto a 25-mm polyvinyl chlo-
ride filter membrane (2.0-,um pore size; Millipore) after dilu-
tion in 20 ml of ice-cold phosphate-buffered saline. The cells
were washed twice with 5 ml of phosphate-buffered saline
and lysed with 5 ml of a solution containing 2 M NaCI/40
mM EDTA, pH 10.0/0.2% N-lauroylsarcosine (Sigma)/0.5
mg of proteinase K per ml (Merck). The filters were washed
once with 3 ml of 20 mM EDTA (pH 10.0) and eluted with 15
ml of a tetrapropylammnonium hydroxide/EDTA solution
(17) containing 0.1% NaDodSO4. Filters were eluted into 10
equal fractions at -0.025 ml/min. Fractions were analyzed
by liquid scintillation counting after the addition of 10 ml of
Hydrofluor (National Diagnostics) supplemented with 0.7%
acetic acid. DNA remaining on the filter was counted after
acid depurination by the treatment of Kohn et al. (17). DNA
fragmentation was measured as an increase in elution rate
relative to the elution rate of cellular DNA from untreated
cells.

Endonuclease Activity Measurement in Isolated Nuclei. Nu-
clei were isolated from cells (labeled with [2-14C]thymidine)
at different times after the addition of inducer. After incuba-
tion for 3 hr with 1 mM CaCl2, these nuclei, containing 3.5
,ug ofDNA (1-6 x 104 cpm/,ug), were then applied to polyvi-
nyl chloride filter membranes in 20 ml of buffer A containing
0.25 M sucrose/1 mM EGTA and were subjected to alkaline
elution procedures as described above. Unincubated nuclei
as well as nuclei incubated for 3 hr in the presence of 0.1 mM
EGTA were examined as controls in a similar manner. Endo-
nuclease activity was expressed as an increase in elution rate
of DNA isolated from nuclei incubated with Ca2' as com-
pared to DNA from control nuclei.

Preparation of DNA. Nuclei were resuspended in a buffer
containing 0.1% (wt/vol) NaDodSO4/50 mM NaCI/10 mM
EDTA/ 50 mM Tris HCI, pH 8.0, and digested with 200 ,ug of
proteinase K per ml and 50 ,ug of RNase A per ml overnight
at 60°C. DNA was extracted twice with a 1:1 mixture of re-
distilled phenol/chloroform and extracted up to three times
with a 24:1 mixture of chloroform/isoamyl alcohol. The
aqueous phase was made 0.3 M with sodium acetate (pH 5.2)
and precipitated overnight at -20°C with 2.5 vol of 95% eth-
anol. DNA was centrifuged (10,000 x g, 10 min, 4°C) and
resuspended in buffer B (10 mM Tris HCl, pH 8.0/1 mM
EDTA).
DNA Polymerase I Assay. Purified cellular DNA (1 ,ug) was

analyzed by a modification of the methods of Hagen (18) and
incubated for 1-2 hr at 15'C in a reaction containing 20 mM
Tris HCI, pH 7.6/10 mM MgCI2/1 mM dithiothreitol/20 /xM
dATP, dGTP, and TTP/1 AM [a-32P]dCTP (600 Ci/mmol;

New England Nuclear)/10 units of E. coli DNA polymerase
I. The reaction was stopped with 15 mM EDTA (pH 7.5).
Labeled DNA was isolated free of unincorporated triphos-
phates by centrifugation through a Sephadex G-50 column
equilibrated with buffer B. Samples were precipitated with
10% perchloric acid, filtered, and radioactivity was deter-
mined by liquid scintillation counting in Ultrafluor (National
Diagnostics).

Alkaline Gel Electrophoresis. Radiolabeled DNA samples
were dissolved in 50 mM NaOH and loaded on a 2% alkaline
agarose gel containing 50 mM NaCl/1 mM EDTA/30 mM
NaOH. Samples were subjected to electrophoresis for 5 hr at
40 V with recirculating buffer. The gel was neutralized with
7% acetic acid, dried, and autoradiographed using a Cronex
intensifier screen at -70'C.

RESULTS
We have noted a Ca2+,Mg2+-dependent endonuclease activi-
ty in nuclei of spleens derived from mice infected with
Friend virus (ref. 15; unpublished observations). Since the
erythroleukemic spleen is largely composed of differentiat-
ing erythroid cells, we investigated whether chemical induc-
tion of precursor erythroleukemic tumor cells in tissue cul-
ture elicited a similar endonucleolytic activity.
An inducible Friend cell line, C7D, was grown in the pres-

ence of 192 mM Me2SO or 3 mM HMBA. Staining of the
cells with benzidine and microscopic examination revealed
that >95% of the cells were undergoing terminal differentia-
tion within 5 days of treatment with either inducer. At 48 hr
after addition of Me2SO, the globin mRNA level was in-
creased 3- to 5-fold (G. Brawerman, personal communica-
tion). Nuclei were isolated from cells during induction by
Me2SO and incubated in the presence of Ca2+ and Mg2+
ions. Endonuclease activity was assayed by the release of
DNA into a low ionic strength buffer fraction upon lysis of
incubated nuclei (15). This method would measure enzymat-
ic activity that led to internucleosomal double strand DNA
breaks. However, this kind of activity was not observed in
nuclei from chemically induced or uninduced C7D cells. We
next examined 0.35 M chromatin extracts derived from dif-
ferentiating C7D cultures for the presence of an endonucle-
ase activity similar to that detected in extracts from ery-
throid spleen cell chromatin. No detectable levels of endonu-
cleolytic activity were observed as measured by the release
of 3H-labeled DNA substrate into an acid-soluble fraction or
by the nicking of closed-circular plasmid DNA.

Detection of Increased DNA Fragmentation During Induc-
tion of Friend Cells. As an alternative approach, we used a
more sensitive assay to determine whether an endogenous
enzyme activity leads to single strand breaks in the cellular
DNA. Examination of these DNA lesions was noted by
changes in the rate of DNA elution under denaturing condi-
tions (19). [2-14C]Thymidine was added to logarithmic-phase
C7D cultures 24-48 hr prior to analysis. At different times
after addition of Me2SO, labeled cells were gently lysed onto
polyvinyl chloride filter membranes and the DNA was elut-
ed. By 24 hr after the addition of Me2SO, DNA fragmenta-
tion was noted as an approximate 2-fold increase in the rate
of DNA elution (Fig. 1A). This level of fragmentation was
maintained up to 48 hr, decreased to control rates of DNA
elution by 72 hr, and was maintained at low rates up to 120
hr. No such fragmentation was seen in control cells incubat-
ed and labeled under the same conditions in the absence of
inducer.

In a separate set of experiments, DNA from cells at differ-
ent times after the addition of Me2SO was isolated and la-
beled at available 3'-OH termini by incubation in a DNA
polymerase I assay. An increase of 15% in the specific activ-
ity of the DNA was found in cells induced for 24 or 48 hr as
compared to control cells. Examination of this radiolabeled
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FIG. 1. Analysis of DNA fragmentation during Me2SO induc-
tion. Cell DNA was analyzed by elution of 14C-labeled DNA through
polyvinyl chloride filter membranes under denaturing conditions.
DNA was analyzed at 0 (o), 24 (A), 48 (o), 72 (v), and 96 (m) hr after
the addition of 192 mM Me2SO (A). In a separate experiment, DNAs
were purified from whole cells at different times after addition of
inducer and were radiolabeled by incubation with E. coli DNA poly-
merase I and [a-32P]dCTP. These DNAs were analyzed by electro-
phoresis in a 2% agarose gel under alkaline conditions (B) and were
examined by autoradiography (numbers refer to increasing times of
induction as seen in A). Arrows denote a DNA standard represent-
ing 23.5 (a), 9.7 (b), 6.6 (c), and 4.3 (d) kb.

DNA in agarose gels by electrophoresis under alkaline con-
ditions showed a detectable decrease in DNA strand length
(Fig. 1B). Examination of the same DNAs under native DNA
conditions showed no apparent decrease in DNA size at any
time during induction (data not shown). Uninduced cells
showed no evidence of DNA fragmentation by this assay.
Addition of 3 mM HMBA to an exponentially growing

C7D culture was also accompanied by DNA fragmentation,
as revealed by a change in the rate of DNA elution. Frag-
mentation was noted 6-12 hr after the addition of inducer
and rapidly returned to control rates of elution by 24 hr after
initial exposure to HMBA (Fig. 2A). HMBA also elicited an
earlier and more synchronous appearance of benzidine-posi-
tive cells when compared to treatment of cultures with
Me2SO (Fig. 2B). In contrast to these two inducers, hemin
when added at 100 ,uM to this cell line did not cause an in-
crease in single strand DNA breaks under conditions that led
to an approximate 5- to 7-fold increase in globin mRNA lev-
els after 48 hr (G. Brawerman, personal communication).
Under these conditions, however, histologic staining of the
cells showed that none was undergoing morphologic changes
indicative of terminal erythroid differentiation. This finding
has been observed with other hemin-treated Friend cell lines
(20-22). Single strand DNA breaks were also evaluated in an
uninducible Friend cell line, A6, after addition of Me2SO.
No evidence of an increase in single strand DNA fragmenta-
tion by alkaline elution techniques or by the DNA polymer-
ase I assay was found (Fig. 2A).
Ca2+,Mg2+-Dependent Endonuclease Activity During In-

duction. To investigate a possible enzymatic generation of
these DNA breaks, we examined the DNA from nuclei iso-
lated from cells at different times after Me2SO addition. In-
cubation of nuclei in the presence or absence of Ca2+, Mg2+,
and Mn2+ ions revealed an endonuclease activity that re-
quired Ca2+ and either Mg2+ or Mn2+ ions. The activatable
endonuclease activity slightly preceded the detection of

DNA fragmentation. As evidenced by a relative increase in
the rate of DNA elution under denaturing conditions (Fig.
3A), the endonuclease activity reached maximum levels in
nuclei from cells derived between 24 and 48 hr after the addi-
tion of Me2SO and decreased to a control level by 72 hr.
Incubation of these nuclei for 3 hr showed a 3- to 4-fold in-
crease in elution rate compared to nuclei incubated in the
presence of Mg2' alone or in nuclei derived from cell cul-
tures 72 or 96 hr after addition of Me2SO (Fig. 3A). By the
same method, we detected an endonuclease activity in C7D
cells 48 hr after addition of another inducer, 1 mM butyric
acid (data not shown).
Examination of nuclei from another inducible Friend cell

line, 745-PC-4, showed a similar Ca2+,Mg2+-dependent en-
donuclease activity within 48 hr after addition of Me2SO,
which amounted to 80% of the activity observed in nuclei of
the C7D cell line at 48 hr. Analysis of DNA from a Me2SO-
treated yet uninducible cell line (A6) did not reveal any endo-
nuclease activity (Fig. 3D). No such endonuclease activity
was detected in control cells at any time during 5 days of
culture.

In a related set of experiments, the endonucleolytic activi-
ty was detected within 6 hr after the addition of Me2SO and
quantitated as a relative increase in incorporation of deoxyri-
bonucleotides after incubation of the purified cellular DNA
with E. coli DNA polymerase I and [a-32P]dCTP (Fig. 3B).
Analysis of the DNA on native gels did not reveal any double
strand DNA breaks even after extensive digestion of the nu-
clei for 24-48 hr at 37°C (data not shown). Size analysis of
the radiolabeled DNA in alkaline gels substantiated the pres-
ence of the Ca2+,Mg2+-dependent endonuclease activity, be-
cause the DNA fragment size decreased appreciably after
incubation of nuclei in the presence of both Ca2' and Mg2+
ions (Fig. 3 B and C).
Endonuclease Activity in the Precommitment Phase of In-

duction. To associate the presence of the endonuclease ac-
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FIG. 2. Association of DNA fragmentation with terminal differ-
entiation. The rate of alkaline elution of prelabeled DNA was moni-
tored during induction of Friend cell line C7D with 192 mM Me2SO
(o), 3 mM HMBA (o), or 100 AzM hemin (A). DNA from an uninduci-
ble Friend cell line A6 treated with Me2SO was also examined (v)
(A). The appearance of intracellular hemoglobin was estimated by
staining with benzidine and is expressed as percentage of total cells
in culture (B).
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FIG. 3. Appearance of a Ca2+,Mg2+-dependent endonuclease activity during Me2SO induction. Nuclei containing labeled DNA were isolat-
ed at various times from control C7D cells (o, e) and cells treated with Me2SO (v, A). Nuclei were incubated for 3 hr (open symbols) or not
incubated (closed symbols) in the presence of 1 mM CaCl2/10 mM MgC12. Endonuclease activity was observed as a relative increase in the rate
of elution of DNA from incubated as compared to unincubated nuclei (A). In a similar experiment, nuclei were isolated from unlabeled C7D
cells at 0, 6, 12, 24, 48, 72, 96, and 120 hr after the addition of Me2SO (lanes 1-8) and incubated for 24 hr at 370C in 1 mM CaCI2/10 mM MgCl2.
The DNAs were purified, incubated with [a-32P]dCTP in a polymerase assay, and subjected to analysis on a 2% alkaline agarose gel (B). DNA
was similarly examined from nuclei derived from a C7D culture 48 hr after the addition of Me2SO and incubated in the presence of 0.1 mM
EGTA/10 mM MgCI2 (C). DNAs were also examined from Ca2+,Mg2+-incubated nuclei derived from uninducible Friend cells 0, 6, 12, and 24
hr after treatment with Me2SO (lanes 1-4) (D).

tivity with a particular phase of the induced differentiation
process (23), Me2SO was removed from the growth medium
at 6 and 18 hr after initial exposure. The presence of Me2SO
for only 6 hr activated a low level of endonuclease activity
that was detectable by DNA fragmentation (Fig. 3B, lane 2)
but was not, however, easily seen in the DNA polymerase I
assay. At 18 hr after addition of Me2SO, endonuclease levels
characteristic of maximal activity at 24-48 hr were noted.
Upon removal of inducer from the medium, the activity rap-
idly returned to control levels (Fig. 4). The depletion of in-
ducer from the media at either 6 or 18 hr resulted in only 0-
5% of the cells staining benzidine-positive 4 days after the
initial exposure of cells to Me2SO. These results strongly
suggested that the activation of the endonuclease occurred
during a precommitment phase of the induced differentiation
process in the vast majority of these cells.

DISCUSSION
We have detected an activatable Ca2+,Mg2+-dependent
DNA nicking activity in nuclei of chemically induced differ-
entiating murine erythroleukemia cells. The activity resulted
in single strand DNA breaks, a finding previously reported

48 72 96 120
Time in culture, hr

FIG. 4. Endonuclease activity after depletion of inducer. Me2SO
was depleted from a C7D Friend cell culture 6 (v) and 18 (o) hr after
an initial exposure to Me2SO. Endonuclease activity was monitored
as a Ca2+,Mg2+-dependent increase in pmol of [a-32P]dCTP incor-
porated per ,ug of DNA. Background incorporation derived from in-
cubation of nuclei in the presence of Mg2+ ions alone was subtract-
ed. A culture continuously exposed to Me2SO is shown (o).

as a consequence of chemical induction (7-9). In this study,
we have presented evidence to suggest that the breaks are
generated enzymatically, because the presence of the endo-
nuclease activity coincides with an increase in the steady-
state level ofDNA fragmentation. In addition, endonuclease
activity and DNA strand breakage are transient and occur
during the same time period (6-48 hr) after the addition of
inducer (Figs. 2 and 3). In a prior study, Scher et al. (24)
showed a 2-fold increase in endonuclease activity in cell-free
extracts derived from Friend cells induced for 3-4 days in
the presence of Me2SO. In contrast to our nuclear activity,
this endonuclease activity was released by cell lysis, re-
quired only Mg2+ ions for activity, and was stimulated later
in the induction process. Our results contrast with those of
Pantazis et al. (25), who were unable to detect DNA breaks
during Friend cell differentiation using alkaline elution pro-
cedures. The 2-fold increase in DNA fragmentation we have
observed may have been missed, however, by the use of a
fluorimetric rather than a radiolabeled DNA assay.
Our evidence suggests that the fragmentation of DNA is

only associated with Friend cells that terminally differentiate
in response to chemical induction. In support of this, no frag-
mentation or endonuclease activity was found in hemin-
treated cells that contained increased levels of globin tran-
scripts and did not show morphologic evidence of terminal
differentiation. While our results have not ruled out that
Me2SO or HMBA are not directly acting on the DNA, it is
noted that hemin, which is known to cause DNA strand
breaks in vitro (26), did not lead to appreciable strand break-
age or activation of endonuclease activity. Moreover, nei-
ther Me2SO nor HMBA elicited DNA breaks in the uninduc-
ible cell line. Our data would suggest that the increased syn-
thesis of globin mRNA in response to hemin occurs
independently of the other early events that commit cells to
terminally differentiate. Recently, it has been reported that
hemin-induced iron transport and heme biosynthesis are ef-
fects of hemin that are independent of commitment to termi-
nal maturation (27).
The kinetics of appearance of hemoglobin-containing cells

is not identical for all inducing agents (28, 29). In agreement
with these reports, we note the appearance of benzidine-re-
active cells treated with HMBA 12 hr earlier than cultures
treated similarly with Me2SO. If the rate of appearance of
benzidine-reactive cells is a reflection of the rate of commit-
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ment, it is of interest that the appearance ofDNA fragmenta-
tion in HMBA-treated cultures is also earlier than that seen
with Me2SO (Fig. 2). While both HMBA and Me2SO com-
mitted >95% of the cells to differentiate, the magnitude of
HMBA-induced DNA strand breakage observed was less
than that seen with Me2SO. Since the steady-state level of
DNA breakage is related to the relative endonucleolytic and
repair capacity of the cell, the apparent reduced level of
HMBA-induced breaks may be related to increased DNA re-
pair. This is especially intriguing, since it has been recently
shown that differentiating Friend cells are more radiosensi-
tive in the first 2 days of the induction process (30). The
increased sensitivity of these cells to x-ray damage may be
related to the level of DNA breakage and/or endonucleolytic
repair capacity of the cell. In addition, the transient appear-
ance of endonuclease activity in the cultured Friend cell may
reflect a tightly regulated activity of the endonuclease in re-
lation to a particular aspect of the cell cycle, because the
time of appearance of endonuclease activity correlates with
a period of G1 arrest (23, 31). This is important, because cells
have been shown to accumulate DNA strand breaks during
G1 arrest (32).
As our own study indicates, an activated endonuclease ac-

tivity appears during an early phase of induced erythroid
maturation. Of interest, we have noted an enrichment of
Ca2+,Mg2+-dependent endonuclease activity in a proeryth-
roid cell subpopulation of low buoyant density cells derived
from differentiating erythroleukemic spleen cells and subcu-
taneous precursor erythroid tumor cells (unpublished obser-
vations). However, this endonuclease activity led to double
strand DNA breaks and release of chromatin fragments,
whereas only single strand DNA breaks were noted in in-
duced Friend cells. Whether this difference is a reflection of
the cell type, a different enzyme, actual enzyme levels, or
the stage of differentiation is unknown.

Recently, it has been shown that the commitment of
Friend cells to differentiate may be associated with changes
in Ca2+ ion influx (3) and Na',K+-ATPase activity (5). As in
these studies, we find endonuclease activity to be present at
a defined time early in the differentiation process. It appears
to precede the commitment of these cells to differentiate.
Whether the magnitude of change in intracellular Ca2+ ions
is sufficient to affect the endonuclease activity we have ob-
served remains to be determined. While estimates of free
cytoplasmic Ca2+ ions have been made in Friend cells (0.14
,uM) (6) and other tissues (0.11-0.97 ,uM) (33), the level of
free intranuclear Ca2+ is not known. Purified Ca2+,Mg2+-
dependent endonucleases from calf thymus (34) and bull se-
men (35) require 0.5-1 mM for optimal activity, but this find-
ing is difficult to assess in terms of what concentration might
be required for activity in the cell. Still, the finding that Ca2+
ion influx and endonuclease activity occur during a similar
early period of erythroid differentiation suggests that the two
events may be related. Moreover, the presence of an activa-
table endonuclease activity and transiently formed single
strand DNA breaks early in the induction process may signi-
fy a role of the enzyme in steps leading to terminal differenti-
ation.
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