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Abstract

The migrating TdT* thymocytes can die in other tissues, promoting the sur-
rounding cells’ renewing likes holocrine secretion does. To clarify the role of
TdT-enzyme for this function of progenitor lymphocytes, their extracellular
media with its components included by living cells analyzed in vitro before
and after in vivo irradiation of donor rats. The nucleoid with DNase-sensitive
(free) DNA and TdT activity discovered in extracellular media conditioned pre-
liminary by spontaneous apoptotic death of a minor part of the thymocyte’s
suspension in vitro. The penetration of labeled products of non-template syn-
thesis with free DNA’ primers from media into cells by pinocytosis confirmed
by exogenous polymeric DNA marked artificially. The DNA penetration into
cells follows an increase of the cell’s viability and acceleration of spontaneous
intracellular DNA-synthesis controlled with labeled thymidine uptake. Both
phenomena are typical for either the lowest initial concentration of intact cells
or their preliminary irradiation in vivo. The data point to possible involvement
of apoptotic decay of TAT" cells in the reutilization of the extracellular DNA
fragments for reparation/regeneration of surrounding living cells.
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1. Introduction

The fundamental property of circulating HSCs is their beneficial effect on cellu-
lar renewal and regeneration of tissues of various histotypes. The components of
the lymphoid line of hematopoiesis, such as prolymphocytes of bone marrow and
cortical thymocytes, may participate in this morphogenic effect of HSC, too.
Only they have a specific marker Terminal deoxynucleotidyl Transferase (TdT).
About 15% of the circulating CD34" and CD133" hematopoietic stem cells are TdT
positive lymphoid progenitors [1]. Thus, they can participate in all processes of
the morphogenesis provided by HSCs in peripheral organs and tissues. The en-
zyme does not require a template for activity. It catalyzes the incorporation of
deoxynucleotides into the 3’-OH termini of single- or double-stranded DNA, us-
ing as a primer even short oligodeoxynucleotide of at least three bases. It is gen-
erally accepted only that the enzyme acts intracellularly, providing a variety of
antigen receptors at the V(D)] junction of gene segment (N-region) by the ran-
dom import of one of the four Deoxyribonucleotides Monophosphates (AINMP)
in it. Therefore, enzyme TdT should belong to the group of intracellular potas-
sium-dependent polymerases as all template-dependent DNA polymerases, los-
ing activity tenfold in extracellular media with a physiological concentration of
sodium (= 0.15 M NaCl) [2]. However, the function of TdT may be more com-
plex because it does not change in the range of NaCl content for plasma and ex-
tracellular media 0.14 M and even increases unexpectedly up to 50% in the me-
dia with 0.22 M of Na* [2]. Besides this extracellular property, TdT incorporates
a ANMP into primer in the presence of divalent metal ions, for example, Zn*,
which basal concentrations level in extracellular media (10 nM) is much higher
than that in intracellular space (100 pM) [3]. Moreover, only TdT-positive lym-
phocytes lose their viability after blocking the 3’-OH primers in their DNA,
though the blockers do not affect the viability of TdT-negative cells [4]. Eventu-
ally/Yet, antigenic stimulation of circulating T-cells can re-activate V(D)J recom-
bination and re-express the gene TdT, re-rejuvenating the mature cells [5]. The
ability of TdT to polymerize both deoxy-deoxyribonucleotides, and ribonucleotides
does not confirm its ultimate specificity for V(D)] recombination [6]. All these
data indicate the possible function of the TdT-enzyme outside the cells is not in
consideration until now [7]. On the other hand, the well-recognized existence of
free DNA in extracellular media (exDNA) generally discusses in the context of
horizontal gene transfer or, as a source of energy and nutrients to other cells af-
ter fragmentation by extracellular DNase, avoiding its possible interaction with
extracellular polymerases, like TdT [8] [9].

The circulating cells with this unique enzyme do not yet find a place in the
traditional pathophysiological schemes describing the health of mammals. In-
deed, this fact seems to be an omission, taking into account the appearance of
TdT too far from the bone marrow and thymus, where new vessels arise around
artificial scaffolds [10]. In this article, we present data in vitro to support the ex-

pected trophic function of extracellular TdT.
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2. Methods
2.1. Objects

The source of thymocytes were glands of non-in-bread albino male rats (120 -
130 g) taken from animals before, 0.5 and 6 hours after total body X-irradiation
in dose 8 Gy at a dose rate of 0.91 Gy/min, a 200 kV, a 15 ma, filters of 0.5 mm
Cu and 1.0 mm Al Thymocytes were isolated in iso-osmotic buffered Hanks
Balanced Saline Solution (HBSS) and incubated at 37°C at different cells densi-
ties (from 2.5 to 23 x 10 cells/ml) and rotating two times per minute at angle
450 during 15 - 115 minutes. Cell viability controls by trypan blue exclusion at
dye’s concentration of 0.1%. For conditioning of extra Cellular Media (CM), 23
x 107 cells/ml incubated 60 minutes. After centrifugation (800 xg, 5 min), su-
pernatant adjusts to a NaCl concentration of 0.25 M for an avoiding of tem-
plate-dependent intracellular transcriptional activities (3 - 4 S DNA directed-DNA
polymerase, 6 - 7 polyribosyl adenylic acid-dependent DNA polymerase), and
uses after second centrifugation (1.2 x 10° g, 60 min) as the source of both natu-
ral the extracellular enzyme and the primers (further, conditioned media-CM).

2.2. Analyses of CM with Diethyl-Aminoethyl (DEAE)-Cellulose
Paper Chromatography

DEAE-cellulose paper chromatography permits to divide CM onto six fractions
which correspond to average molecular weight 6 x 10* (1), 2 x 10’ (2), 5 x 10*
(3), 1 x 10° (4), 1 x 10° (5), and 5 x 10° (6) Dalton of pure DNA [11]. The pres-
ence of free extracellular DNA in the fractions CM was evaluated by photometry
in a quartz chamber with optical length 4cm or 10 cm, before and after treatment
of the CM with DNase I (Merck; 25 pg/mL, 10 minutes). The DNase-sensitive extra
cellular substance with optical density (OD) at 260 nm and extinction coeffi-
cients 260/230 and 260/280 = 2 accepted as free endogenous DNA expected to be
the primer for the TdT enzyme. The polymeric substances with abnormal ex-
tinction coefficients 260/230 and 260/280 classify as a nucleoid. The concentra-
tion of free endogenous DNA evaluates as 1 ug = 0.02 OD/cm of the optical length.

Detection of spontaneous extracellular TdT-activity as result of template-in-
dependent monomer’s polymerization with endogenous primers performers af-
ter the addition into CM of 5 x 107 M single substrate (deoxyguanosine tri-
phosphate labeled by tritium [8-’H] dGTP, 1.3 Ci/mmol; Perkin Elmer) for 15 -
60 minutes at 37°C. After DEAE chromatography, the radioactivity of CM frac-
tions collects on MF-Millipore Membrane Filter, 0.22/0.45 um (Merck), washes,
dries, and such samples measured in 10 ml scintillation fluid (Ultima Gold, Per-
kin Elmer, USA) (Hionic Fluor, Packard) by spectrometer Hidex 300SL, Fin-
land) with effectiveness around 17%. Then, a nucleoid’s radioactivity infraction

normalizes to free DNA found in it by parallel DNase I-analyses.

2.3. Preparation of Exogenous Labeled DNA and Its Uptake by
Cells

The exogenous chicken DNA (Reanal, Hungary) were labeled with tritium (*H-
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DNA) by the method of isotopic exchange between hydrogen at C-8 of purine
bases of the polymer and hydrogen of heavy-tritium (T)-water (THO) [12] in
our modification [13] to simulate a possible biological activity of DNA-like by-
products of TdT in CM. Tritium-labeled DNA had a specific radioactivity of
about 410 dpm/pg (Z.e., about 60.4 uCi/mmol of nucleotides).

Fragmentation of exogenous DNA, if needs, before use was performed in HBSS
(Gibco) by ultrasonic set URSK-7H (NE Bauman’s Moscow Higher Technical
School, Russia) at resonance frequency 26.5 kHz adjusting the exposure time
under the control of DEAE-chromatography.

During incubation of cells (2.7 x 10’/mL) with prepared *H-DNA (2.5 pg/mL)
in Hanks solution for 120 minutes at 37°C and constant mixing, aliquot samples
of cells, if they were, washes three times with Hanks solution, leases in sodium
dodecyl sulfate buffer [14]. DNA isolates by well-recognized method Schmidt and
Thangauser [15], and its radioactivity counts with beta-spectrometer Liquimat
220, Picker-Nuclear, USA, as described [13].

2.4. Influence of Extra Cellular DNA on Spontaneous (Not
Stimulated) DNA Synthesis in Cells

Spontaneous (non-stimulated) DNA synthesis in intact and irradiated in vivo
cells 6 hours after exposure (2.7 x 107 cells/mL of Hanks solution) controls by the
joint incubation with labeled methyl-’H thymidine ("H-TdR, 26 Ci/mmol, 0.8
pg/mL; MP Biomedicals, Fisher Scientific) during 115 min at 37°C. The cellular
DNA in aliquots was isolated, and its radioactivity was measured, as described
above. In parallel, the experiment repeats with exogenous unlabelled DNA (2.5
pg/mL) added by the 55th minute of incubation.

2.5. Statistical Analyses

Single parameters were evaluated statistically with the calculation of an average,
Standard Deviation (SD) and Standard Error (SE). The average values M were
compared using #-criterion and probability p. We described the trends of the ag-
gregate parameters before and after sonication by mathematical functions gener-
ated automatically using non-linear approximations in the Excel program.

The coefficient determination R used as a statistical measure of the goodness
of fit of the regression line to the data. Satisfactory R’ values were confirmed us-

ing Equation (1) for #parameter:

t= R x(n-2)/(1-R?) (1)

3. Results

Figure 1 shows the extracellular nucleoid in conditioned media (CM) of normal
and injured thymocytes CM of normal cells obtained from intact animals after
shame-irradiation (a) as well as CM since 0.5 (b) and 6 hours after irradiation (c)
have the different fractions of nucleoid with absorption at 260 nm wavelength.

DNase-sensitive parts of nucleoid are free DNA. Application only in lower the
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Figure 1. The extracellular nucleoid in thymocytes’ CM from animals sacrificed before
(a), since 0.5 (b), and 6 hours (c) after single total body X-irradiation of rats at dose 8 Gy.
Abscissa: ascending numbers of DNA-like fractions with average molecular weight (Mw)
5x10%2 % 10%, 5 x 10% 1 x 10°, 1 x 10% and 5 x 10° Daltons, according to a CM’ fractiona-
tion on DEAE-paper. Ordinate: Units of Optical Density (OD Units) at 260 nm received
at 4 cm of optical length. Columns-base data before DNase treatment. Circles with dotted
lines-the data after DNase treatment. Columns’ data satisfy only one or none of two addi-
tional ratios (OD260/0OD230 = 2 and OD260/0OD230 = 2) that are typical for free double
strand DNA (Ze, these fractions include proteins and monomers of DNA like bases, nu-
cleoside, nucleotides, and their deoxynucleic forms). The pure DNase-sensitive DNA in

fractions shown in the boxes like black columns.

average quantities of such DNA were 0.825, 1.55, and 0.665 pg/ml for normal,
and injured cells by 0.5 and 6 hours correspondently. They associate mostly with
fraction 5 (1 x 10° Da) before irradiation and fractions 6 (5 x 10° Da) after it,
presenting potential primers for enzyme before, 0.5, and 6 hours after irradiation
(=83x107,3.1x 107", and 1.3 x 10" pmol DNA/mL).

Figure 2 shows the kinetics of spontaneous polymerization of *H-dTTP on
endogenous DNA-primers of CM by (a) time of incubation (minutes), by (b)
concentration of DNase-sensitive DNA in CM (ug/mL) without cells in CM (b),
and in the presence of them (c).

Taking into account the specific activity of *H-dTTP (1.3 Ci/mmol) and effec-
tiveness of counting (17%), the polymerization’s activity of TdT in CM were
1.18, 0.080, 5.66 pmol/mL without cells, and 0.316, 0.036, 0.328 pmole/ml with
them for before and 0.5, 6 hours after radiation exposure. Then, the cells uptake
0.864 and 0.044, 5.33 pmoles were with effectiveness 76%, 53%, and 92% before,
0.5, and 6 hours after irradiation correspondently (dotted line in Figure 2(c)).

The effectiveness of the uptake of labeled enzyme’s product by cells depends
on the numbers of labeled primers-molecules, in pmoles, but opposes to it bulk
quantity of DNA-primers, in ug (Figure 2(c)). None of the relation of uptake’s
effectiveness with the unlabeled primers in pmoles, as well as nucleoid’s concen-
tration in terms of absorption at 260 nm wavelength were found. These data point
mainly to the consumption of the labeled products after their selective separation

from nucleoids, Ze. in the form of free polymers.
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Figure 2. The polymerization of *H-dTTP on extracellular DNA-primer in CM of
thymocytes from animals sacrificed before (circles), since a 0.5 hour (rhombuses) and 6
hours after (triangles) single total body X-irradiation of rats at dose 8 Gy. Abscissa: (a)
time of incubation at 37°C, minutes. (b) and (c) quantity of a DNase-sensitive DNA
(free-DNA) in the fractions of nucleoid found by the spectrophotometry and DNase
analysis in CM, pg/mL. Ordinate: (a), (b) radioactivity of a free DNA-fractions (number 5
and 6) of CM after 15 minutes of incubation, cpm. Dark symbols-CM without cells
(WO), white symbols-CM with them (W); (c, black symbols) radioactivity of a free DNA
captured by cells as a difference between WO and W results; (c, white symbols, dotted
line) effectiveness of a capture as a ratio (WO-W)/W results, %.

Figure 3(a) shows the artificial uptake of pure exogenous DNA (average Mw
=~ 4.5 x 10° and 1.5 x 10° Da) by intact cells from extracellular media (6 pg/mL,
Le. = 1.3 pmol/mL of polymeric molecules and = 40 pmole/mL of fragmented
ones).

According to Figure 3(a), the uptake reaches 0.48 - 0.55 ug by maximums, Ze.
only = 8% - 9% of the extracellular amount, independently of the difference of
Mw. But the number of captured molecules of polymeric DNA (1 x 10™' pmol) is
significantly less than the fragmented one (3.6 pmol). It is remarkable that the
longer the time of conditioning the extracellular media is, the less the quantity of
captured DNA is registered (Figure 3(a)). It is a sign of the wholeness of the
uptake, Ze, an intracellular equilibrium between polymeric (acid-insoluble, reu-
tilized) and degraded (acid-soluble) forms.

According to Figure 3(c), the transfer (A90) of exogenous DNA from media
into cells 6 hours after their irradiation (8.7%, 1.1 X 10™" pmole) is comparable
with that for intact cells (6.1%, 7.9 x 107> pmol) in Figure 3(b). Thus, data 3b
and 3c proof the ability of cells to consume large amounts of free DNA from ex-
tracellular space.

Does the template-free extracellular polymerization of deoxinucleotides, on the
one hand, and consumption of the polymeric forms of DNA by cells, on the other
hand, affect the viability of the cells, being the steps of a common mechanism?

Figure 4(a) shows that the low viability of cells at low concentration can be
improved by conditioned media up to the level typical for cells suspension concen-

trated more than a hundredfold.
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Figure 3. The uptake of exogenous 3H-DNA (6 pg/ml) by thymocytes (2.5 x 107/mL)
from conditioned media (a) and spontaneous fragmentation of 3H-DNA outside the sells
by 90th minute of incubation. Abscissa: (a) time of incubation of exogenous DNA with
intact cells, minutes; (b) and (c) DEAE-fractions of *H-DNA in conditioned media for
intact cells (b) and cells 6 hours after their irradiation in vivo (c). White and black col-
umns-fractions 5 and 6 correspondently, other fractions are not shown; B-original
*H-DNA before incubation (Mw = 4.5 x 10° Da), WO and W-*H-DNA by 90th minute of
incubation in media without cells (WO) or with them (W); A-total *H-DNA captured by
cells by 90th minute of the incubation. Ordinate: (a) radioactivity of acid-insoluble frac-
tion of cells’ DNA, cpm. In the box: solid line-fractions of original (before incubation)
*H-DNA (Mw = 4.5 x 10° Da), dotted line-original *H-DNA after preliminary fragmenta-
tion (M.w. = 1.5 x 10° Da), % in the media. (b) and (c) radioactivity of DEAE-fractions of
labeled exogenous DNA in CM by 90th minute of incubation, cpm in white boxes. Pat-
terned columns—the part of the total labeled DNA captured by cells: Ayy = cpmyyo —

cpmy,.
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Figure 4. Phenomenon of thymocyte’s CM (a) and its simulation with exogenous unla-
beled DNA (b) and (c). Abscissa: ((a), (b), (c)) time of incubation, minutes. Ordinate: (a)
cells viability, %; circles-unconditioned media (control), rhombuses-preliminary Condi-
tioned Media (CM) by 2 x 107 irradiated cells/mL; white symbols-1 x 10° cells/mL, black
symbols-2 x 107 cells/mL; (b) and (c)) radioactivity of *H-TdR incorporated into cellular
DNA (acid-insoluble fraction). (b)-intact cells, (c)-irradiated in vivo cells; thick solid
lines-without exogenous DNA, thin solid lines-fragmented DNA, added by 45th minute
of incubation; dotted lines-additional *H-TdR’ uptake in the presence of exogenous DNA.
The approximating equations are in the boxes with corresponding line’s characters.
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A low level of ’H-TdR incorporation is typical for irradiated cells (Figure 4(c)).
Only for them, the small amounts of exogenous DNA added to media can in-
crease the *H-TdR uptake by cells significantly. The reproducing similar phe-
nomenon with intact cells is impossible, though the same cell concentration
(Figure 4(b)).

4. Discussion

Intracellular synthesis of ANTP is not autonomy, because missing metabolites or
precursors can be imported into cells from neighboring cells or hemolymph. The
mechanisms of such a rescue are uncovered [16].

The deficit of the intracellular pool of ANTP in the normal, embryonic and
malignant tissues limits strongly cells proliferation via arrest the cycle in S-phase
[17] [18]. The six hours after irradiation covers the phenomenon of reversible
arrest in cell cycle progression, which is lasting about an hour for every 1 Gy de-
livered and resulting in a reduced mitotic index [19]. This time corresponds in
situ to linear increasing of apoptotic cells number in irradiated gland from 0.8%
- 1.8% to 3% - 11% [20], which accompanies by increasing of single-strand
breaks (SSB) of cellular DNA [21].

Quick SSB repair by intracellular DNA-polymerase is completed as early as 1 -
0.75 hours after irradiation [22]. The chromatin of rat thymocytes selected 6
hours after total body irradiation, is already cleaved but has still not been elimi-
nated, as one supposed [23]. Therefore, the maximal level of the high polymeric,
acid-insoluble nucleoid in the media (Figure 1) appears in vitro due to the cell’s
decay at the time of conditioning of CM.

Simultaneously, the maximal concentration of bulk optically active acid-soluble
short fractions of nucleoid number 1 increase plainly from control level to 0.5
and 6 hours after irradiation, reflecting the destruction of dead cells during con-
ditioning, which may deliver into CM around 100 - 120 pmol of ANTP per one
million lysing cells [24] [25]. Accordingly, at real 6% - 8% apoptotic death of 2.3
x 10° thymocytes/ml, a maximal amount of endogenous dNTP can reach around
2 nmol/mL (2 x 107° M) in CM [19]. This amount of substrates is quite compati-
ble with the average natural concentration of precursors of DNA synthesis in
plasma and other extracellular fluids (the range of 0.4 - 6 uM) [18].

However, phosphorylating precursors, being negatively charged, are disable
penetrate negatively charged cells membrane. One of the possible transporters of
needed phosphorylated metabolites inside the cells is pinocytosis, can be thought
of as an equal-opportunity importer. It contains surrounding extracellular fluid
along with biopolymers and any negatively charged deoxinucleotides into mem-
brane vesicles and imports them easily [26]. The TdT enzyme may be a link in
this pathway, leading to restore the intracellular pools of deoxinucleotides and
rescue the spontaneous death of young lymphocytes [27]. They migrated into
target organs and tissues as lymphoid progenitors with morphogenic (trophic)

function [28]. If to consider their apoptosis as physiological suicide (Ze. holocrine
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type of secretion), then cell-free DNA-primers [29] and TdT enzyme delivered in
extracellular media can convert single extracellular deoxynucleotides into oligo-
mers which are captured by neighboring cells, especially if they injured and need-
ed in quick replenishment of exhausted pool of the phosphorylated precursors.
Such transfer pinocytosis of blocking precursors is more effective than separat-
ed/single ones.

Apart from this general mechanism, the more specific function of TdT might
be expected too. Among four deoxynucleosides triphosphate (ANTP), the con-
centrations of dGTP in dividing cells are 5 - 8 fold lower than in tree others dATP,
dCTP, and dTTP [18] [25] [30]. Surprisingly, the preferred order of incorpora-
tion by TdT is dGTP > dCTP > dTTP > dATP [31], seeming as a process for com-
pensation of intracellular deficit of dGTP. Tight control of the ANTP pool is es-
sential for cellular homeostasis, especially for deoxyguanosine nucleotides during
radiation [32] or chemical damages, for example, the therapeutic toxicant gem-
citabine [33]. The deficit dGMP in lymphoid cells follows oxidative stress of dif-
ferent origins when the excess of reactive oxygen species (ROS) modifies normal
precourses into mutagen 8-Oxo-7,8-dihydro-2-deoxyguanosine (8-oxo-dG). 8-oxo-
dG is removed from the polymer by base excision repair and is excreted into the
extracellular environment [34] [35].

Generally recognized the only intracellular function, as noted in the introduc-
tion, does not explain several biological features of TdT* cells. Another forgotten
but mysterious property of TdT* lymphocytes is their mass and speed emigra-
tion from the gland in response to the somatic injury remoted distantly.

In parallel with artificial lymphocytopenia performed by extracorporeal irra-
diation of circulating blood, 55% of the TdT-positive cortical thymocytes leaves
intact gland during 6 hours remotely. The speed of such devastation is highest:
fifth-fold faster than the white pulp cells of intact spleen along with yet unchange-
able pools of lymph nodes. Thus, by 6 hours after irradiation thymus cells popu-
lation contains the excess of resistible and slowly mobilizable lymphocytes in
medullae though the 45% of rest cortical cells and, probably, the resident progeni-
tors coming from bone marrow, start already the repopulation of the devastated
cortex [36].

5. Conclusions

Though the functional outcome of the TdT" cells emigration looks nonsense in
the view of intrathymic providing a variety of antigen receptors at the V(D)] junc-
tion of gene segment, the feeding/morphogenic function of these circulating cells
for renewing the other tissues and organs seems logical. It follows from the prop-
erty of TdT-positive young emigrating lymphocytes to achieve the other tissues
and organs, dies via apoptosis/suicide/holocrine secretion, and take part in the
renewing tissues of different histological types [37].

Future studies will undoubtedly shed more insight into the biological role and

molecular mechanisms of young lymphocytes transient in different tissues of a body.
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