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INHIBITION OF DEOXYNUCLEOSIDE KINASES IN HUMAN
THYMOCYTES PREVENTS dATP ACCUMULATION
AND INDUCTION OF APOPTOSIS

Michelle L. Joachims,' Patrick Marble,! Christopher Knott-Craig,?
Peter Pastuszko,? Michael R. Blackburn,® and Linda F Thompson'

lDepmtmem of Immunobiology and Cancer, Oklahoma Medical Research Foundation,
Oklahoma City, Oklahoma, USA

ZDej)artmem‘ of Surgery, University of Oklahoma Health Sciences Center; Oklahoma City,
Oklahoma, USA

’Department of Biochemistry and Molecular Biology, University of Texas Houston Medical
School, Houston, Texas, USA

o Thymocyles lacking adenosine deaminase (ADA) activity, a purine metabolism enzyme, accu-
mulate intracellular AATP and consequently undergo apoptosis during development. We have an-
alyzed the effect of ADA enzyme inhibition in human thymocyte suspension cultures with regard to
accumulation of intracellular dATP and induction of apoptosis. We demonstrate that while inhi-
bition of deoxycytidine kinase will prevent the accumulation of dAATP and induction of apoptosis
to a large degree, inhibition of both deoxycytidine kinase and adenosine kinase completely abro-
gates the accumulation of dATP and significantly reduces the induction of apoptosis. Thus, both
deoxynucleoside kinases are involved in this model of ADA deficiency.

Keywords ADA deficiency; human thymocyte development; deoxynucleoside kinases;
apoptosis

INTRODUCTION

Mutations disrupting the enzyme activity of adenosine deaminase
(ADA), a purine metabolism enzyme that catalyzes the deamination of both
adenosine (Ado) and deoxyadenosine (dAdo), cause severe combined im-
munodeficiency (SCID) in humans. Patients lacking ADA have a profound
T cell deficiency with varying degrees of B/NK lymphopenia, and die at
an early age unless treated with enzyme replacement therapy, bone marrow
transplantation, or gene therapy (reviewed in references!-?1).
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Early studies of ADA deficiency addressed the biochemical mechanisms
causing toxicity in cell culture models under conditions where ADA was
inhibited, and an ADA substrate was supplied exogenously (either Ado or
dAdo). In the absence of ADA enzyme activity, dAdo is phosphorylated by
cellular deoxynucleoside kinases, leading to the formation of accumulated
dATP. A number of studies concluded this was likely to be the most rel-
evant biochemical process leading to toxicity in ADA-deficient developing
lymphocytes.[3’4] However, some contention was held about the relative role
of the two major deoxynucleoside kinases believed to be responsible for the
initial phosphorylation of dAdo, deoxycytidine kinase (dCK) and adenosine
kinase (AK). While dCK appears to be the major enzymatic activity to phos-
phorylate deoxynucleosides in cell extracts, AK activity was also important,
especially in whole cell studies. 5%

A more recent approach has utilized the technique of murine fetal
thymic organ culture (FTOC) to dissect the mechanism of inhibition of thy-
mocyte development caused by ADA deficiency in a more physiological set-
ting relevant to lymphocyte development. These studies showed that ADA
deficiency induces an accumulation of intracellular dATP in developing
murine thymocytes through the action of the AK, followed by the induction
of mitochondrial-dependent apoptosis.[”#! In murine FTOC, inhibition of
AK enzyme activity alone was sufficient to ameliorate the toxicity associated
with lack of ADA. Here, we assess the pathways leading to dATP formation
in developing human thymocytes and show that inhibition of multiple de-
oxynucleoside kinases during in vitro cultures of total and immature CD34"
thymocytes under ADA-deficient conditions is required for efficient preven-
tion of both dATP accumulation and induction of apoptosis.

METHODS

Human thymus tissue was obtained from infants undergoing corrective
cardiac surgery (University of Oklahoma Children’s Hospital; Oklahoma
City, Oklahoma, USA). Thymocyte suspensions were prepared by forcing
the tissue through a 70 uM mesh. Thymocytes were resuspended in Yssel’s
medium supplemented with 5% human serum and 7% FCS. CD34" thy-
mocytes were prepared using anti-CD34 beads (Dynal, CA, USA). CD34"
thymocyte purity as assessed by staining with PE anti-CD34 (Caltag, CA,
USA) and flow cytometry on a FACSCalibur cytometer (BD Biosciences,
CA, USA) was >95%.

The specific ADA inhibitor, 2'-deoxycoformycin,!”) dCF, was obtained
from SuperGen (Dublin, CA). The adenosine kinase inhibitor, 5-amino-5'-
deoxyadenosine (5’A5'dAdo), and the nucleosides, 2'-deoxycytidine (dCyd)
and dAdo were obtained from Sigma-Aldrich (St. Louis, MO, USA).

Thymocyte suspensions at a density of 5 x 106 cells/ml were incubated
overnight for approximately 24 hours at 37°C, 5% COs with the indicated
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concentrations of each reagent, then harvested and processed for dATP
quantitation and apoptosis analysis. Apoptosis was assessed by staining of
cells with Annexin-V and propidium iodide followed by flow cytometry anal-
ysis on a FACSCalibur cytometer. Intracellular dATP was quantitated by ex-
traction of cells with 60% methanol, followed by HPLC analysis using puri-
fied standards as calibration controls.

RESULTS AND DISCUSSION

Human thymocyte suspensions were incubated overnight in the pres-
ence of dCF to inhibit ADA enzyme activity, and dAdo to mimic the ac-
cumulation of substrate under conditions where dAdo is not metabolized
by ADA. The AK inhibitor, 5’A5'dAdo, was used to inhibit AK activity, "]
whereas 50uM dCyd was used to inhibit the activity of dCK,!!!! The graphs
in Figure 1A show the accumulation of intracellular dATP under ADA-
inhibited conditions in both total thymocytes (comprised mainly of double
positive thymocytes expressing surface CD4 and CD8; left), and immature
CD34% thymocytes (right). dATP levels were elevated in total thymocytes
under ADA-deficient conditions on average at least 20-fold relative to the
medium control. While the addition of an AK inhibitor reduced the level of
accumulated dATP only slightly in total thymocyte suspensions, the addition
of dCyd substantially reduced the accumulated dATP level in these cells (by
approximately 75%). CD34* thymocytes showed a somewhat unique profile
of dATP accumulation under ADA-inhibited conditions. First, they accumu-
lated on average approximately 10-fold higher levels of dATP on a per cell
basis than total thymocytes. The reasons for the exaggerated dATP accu-
mulation in immature thymocytes relative to total thymocytes are currently
unknown, although it is not due to a higher dAdo kinase activity, at least as
measured in cell extracts (data not shown). Second, they displayed a more
effective response to the inhibition of AK alone than did total thymocytes,
with a 25-30% reduction in dATP. Finally, although the response to dCK
inhibition was similar to that in total thymocytes, the additive effect of both
inhibitors appeared to be more complete in CD34" thymocytes than in to-
tal thymocytes, normalizing the dATP to the level of the medium control. A
similar pattern of dATP accumulation was observed in T lymphoblast cells
deficient for either AK, dCK or both enzyme activities,!® supporting the
idea that both enzymes contribute to dATP accumulation in thymocytes.

The amount of induced apoptosis in thymocyte suspensions treated with
dCF and dAdo was analyzed by assessment of Annexin-V* cells compared
to controls. The graphs in Figure 1B show the percentage of total thymo-
cytes (left) and CD34" thymocytes (right) induced to undergo apoptosis
under ADA-deficient conditions in the presence and absence of deoxynu-
cleoside kinase inhibitors. In general, in vitro ADA-deficient conditions in-
duced less apoptosis in total thymocyte suspensions than in CD34% thymo-
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FIGURE 1 Assessment of dATP accumulation and induction of apoptosis in total and CD34" hu-
man thymocytes. A. Total or CD34% thymocyte suspensions were incubated as described in Methods
with the indicated reagents and harvested for dATP analysis by HPLC. Results are expressed as pmol
dATP/million cells (mean + SE; n = 4); note the difference in scale between total and CD34" thymo-
cytes. B. Thymocytes (total or CD347) as in part A were analyzed for induction of apoptosis by Annexin-
V/PI staining as described in Methods. Results are expressed as % Induced apoptosis, indicating the
percentage of cells that were Annexin-V* above the media control (mean + SE; n = 4).

cytes, perhaps due to the fact that total thymocytes already have high levels
of spontaneous apoptosis. The addition of the AK inhibitor gave no cor-
rection to induced apoptosis in either thymocyte preparation, but the addi-
tion of the dCK inhibitor reduced the induction of apoptosis substantially in
both types of thymocytes (by about 50% in both cases). Interestingly, the ad-
dition of both inhibitors had a much more substantial effect on reduction of
apoptosis in CD34" thymocytes, than in total thymocytes. The presence of
both inhibitors in immature thymocytes essentially completely abolished the
induction of apoptosis under in vitro ADA-deficient conditions, compared
with no effect over dCyd alone in total thymocytes. In summary, multiple
enzymatic activities appear to be involved in the accumulation of dATP and
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induction of apoptosis in human thymocytes in vitro. Chimeric hu-
man/mouse FTOC studies should help reveal the impact of ADA deficiency
on developing human thymocytes, and the contribution of each of the ki-
nase activities assessed here to the toxicity induced by lack of ADA activity.
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