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cellular proliferation. Such methods do not involve radio 
activity or potentially toxic metabolites, and are suitable for 
use both in vitro and in vivo. Therefore, the invention is 
useful for measuring cellular proliferation in humans for the 
diagnosis of a variety of disease conditions in Which cellular 
proliferation is involved. 
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METHODS FOR SCREENING CELLULAR 
PROLIFERATION USING ISOTOPE LABELS 

[0001] The present invention relates to methods for mea 
suring the proliferation and destruction rates of cells by 
measuring deoxyribonucleic acid (DNA) synthesis. In par 
ticular, the methods utiliZe non-radioactive stable isotope 
labels to endogenously label DNA synthesiZed through the 
de novo nucleotide synthesis pathWay in a cell. The amount 
of label incorporated in the DNA is measured as an indica 
tion of cellular proliferation. Such methods do not involve 
radioactivity or potentially toxic metabolites, and are suit 
able for use both in vitro and in vivo. Therefore, the 
invention is useful for measuring cellular proliferation in 
humans for the diagnosis of a variety of disease conditions 
in Which cellular proliferation is involved. 

BACKGROUND OF THE INVENTION 

[0002] Control of cell proliferation is important in all 
multicellular organisms. A number of pathologic processes, 
including cancer and acquired immunode?ciency syndrome 
(AIDS) (Ho et al., 1995, Nature 373:123-126; Wei et al., 
1995, Nature 373:117-120; Adami et al., 1995, Mutat. Res. 
333:29-35), are characteriZed by failure of the normal regu 
lation of cell turnover. Measurement of the in vivo turnover 
of cells Would therefore have Wide applications, if a suitable 
method Were available. Prior to the present invention, direct 
and indirect techniques for measuring cell proliferation or 
destruction existed, but both types Were ?aWed. 

[0003] Direct measurement of cell proliferation generally 
involves the incorporation of a labeled nucleoside into 
genomic DNA. Examples include the tritiated thymidine 
(3H-dT) and bromodeoxyuridine (BrdU) methods (Waldman 
et al., 1991, Modern Pathol. 41718-722; GratZner, 1982, 
Science 218:474-475). These techniques are of limited 
applicability in humans, hoWever, because of radiation 
induced DNA damage With the former (Asher et al., 1995, 
Leukemia and Lymphoma 19:107-119) and toxicities of 
nucleoside analogues (Rocha et al., 1990, Eur J. Immunol. 
20:697-708) With the latter. 

[0004] Indirect methods have also been used in speci?c 
cases. Recent interest in CD4+ T lymphocyte turnover in 
AIDS, for example, has been stimulated by indirect esti 
mates of T cell proliferation based on their rate of accumu 
lation in the circulation folloWing initiation of effective 
anti-retroviral therapy (Ho et al., 1995, Nature 373:123-126; 
Wei et al., 1995, Nature 373:117-120). Unfortunately, such 
indirect techniques, Which rely on changes in pool siZe, are 
not de?nitive. The increase in the blood T cell pool siZe may 
re?ect redistribution from other pools to blood rather than 
true proliferation (Sprent and Tough, 1995, Nature 3751194; 
Mosier, 1995, Nature 375:193-194). In the absence of direct 
measurements of cell proliferation, it is not possible to 
distinguish betWeen these and other (Wolthers et al., 1996, 
Science 274:1543-1547) alternatives. 

[0005] Measurement of cell proliferation is of great diag 
nostic value in diseases such as cancer. The objective of 
anti-cancer therapies is to reduce tumor cell groWth, Which 
can be determined by Whether tumor DNA is being synthe 
siZed or being broken doWn. Currently, the ef?cacy of 
therapy, Whether chemotherapy, immunologic therapy or 
radiation therapy, is evaluated by indirect and imprecise 
methods such as apparent siZe by x-ray of the tumor. 
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Ef?cacy of therapy and rational selection of combinations of 
therapies could be most directly determined on the basis of 
an individual tumor’s biosynthetic and catabolic responsive 
ness to various interventions. The model used for bacterial 
infections in clinical medicine—culture the organism and 
determine its sensitivities to antibiotics, then select an anti 
biotic to Which it is sensitive—could then be used for cancer 
therapy as Well. HoWever, current management practices 
proceed Without the ability to determine directly hoW Well 
the therapeutic agents are Working. 

[0006] A long-standing vision of oncologists is to be able 
to select chemotherapeutic agents the Way antibiotics are 
chosen—on the basis of measured sensitivity to each drug 
by the tumor of the patient in question. The ability to 
measure cancer cell replication Would place chemotherapy 
selection and research on an equal basis as antibiotic selec 
tion, With great potential for improved outcomes. 

[0007] Accordingly, there remains a need for a generally 
applicable method for measuring cell proliferation that is 
Without haZard and can be applied in the clinical arena. 

SUMMARY OF THE INVENTION 

[0008] The present invention relates to methods for mea 
suring cellular proliferation and destruction rates by mea 
suring DNA synthesis. In particular, it relates to the use of 
a non-radioactive stable isotope label to endogenously label 
DNA synthesiZed by the de novo nucleotide synthesis path 
Way in a cell. The label incorporated into the DNA during 
DNA synthesis is readily detectable by methods Well knoWn 
in the art. The amount of the incorporated label can be 
measured and calculated as an indication of cellular prolif 
eration and destruction rates. 

[0009] The invention is based, in part, on the Applicants’ 
discovery that DNA synthesis can be measured by labeling 
the deoxyribose ring With a stable isotope label through the 
de novo nucleotide synthesis pathWay. Cellular proliferation 
Was measured in vitro, in an animal model and in humans. 
In vitro, the proliferation of tWo cell lines in log phase 
groWth Was measured by the methods of the invention and 
Was shoWn to be in close quantitative agreement With the 
increased number of cells by direct cell counting, Which is 
considered the least ambiguous measure of cell prolifera 
tion. In animals, the methods of the invention Were also 
shoWn to be consistent With values estimated previously by 
independent techniques. For example, thymus and intestinal 
epithelium Were shoWn to be rapid turnover tissues, While 
turnover of liver cells Was much sloWer. In humans, the 
observed pattern of a lag phase folloWed by rapid appear 
ance of a cohort of labeled granulocytes is also consistent 
With previous observation. 

[0010] The methods differ from conventional labeling 
techniques in 3 major respects. First, conventional isotopic 
methods label DNA through the nucleoside salvage path 
Way, Whereas the methods of the invention label deoxyri 
bonucleotides in DNA by the de novo nucleotide synthesis 
pathWay (FIG. 1). Labeling via this pathWay is advanta 
geous because in most cells that enter the S-phase of the cell 
cycle, the key enZymes controlling de novo synthesis of 
deoxyribonucleotide-triphosphates (dNTP’s), in particular 
ribonucleotide reductase (RR), are upregulated, Whereas the 
enZymes of the nucleoside salvage pathWay are suppressed 
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(Reichard, 1978, Fed. Proc. 37:9-14; Reichard, 1988, Ann 
Rev Biochem. 57:349-374; Cohen et al., 1983, J. Biol. 
Chem. 258:12334-12340). 
[0011] Second, the label can be detected in the methods of 
the invention in purine deoxyribonucleosides instead of 
pyrimidines (eg from 3H-dT or BrdU). This is advanta 
geous because the de novo synthesis pathway tends to be 
more active for purine than pyrimidine dNTP’s (Reichard, 
1978, Fed. Proc. 37:9-14; Reichard, 1988, Ann Rev Bio 
chem. 57:349-374; Cohen et al., 1983, J. Biol. Chem. 
258:12334-12340). In fact, regulatory deoxyribonucleotides 
have been shoWn in lymphocytes (Reichard, 1978, Fed. 
Proc. 37:9-14; Reichard, 1988, Ann Rev Biochem. 57:349 
374) to exert negative feedback on RR for pyrimidine dNTP 
synthesis but positive feedback for purine dNTP synthesis, 
ensuring that the de novo synthesis pathWay is alWays active 
for the purines but is variable for the pyrimidines. 

[0012] More importantly, the methods of the invention use 
stable isotope labels instead of radio-isotopes, and thus are 
safe for human use. Therefore, a Wide variety of uses are 
encompassed by the invention, including, but not limited to, 
measurement of cellular proliferation and/or destruction in 
conditions Where such information is of diagnostic value 
such as cancer, AIDS, hematologic disorders, endocrine 
disorders, bone disorders and organ failure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1. Biochemistry of DNA synthesis and routes 
of label entry. Not all intermediates are shoWn. G6P, glu 
cose-6-phosphate; R5P, ribose-5-phosphate; PRPP, phos 
phoribosepyrophosphate; DNNS, de novo nucleotide syn 
thesis pathWay; NDP, ribonucleoside-diphosphates; RR, 
ribonucleoside reductase; dN, deoxyribonucleoside; dNTP, 
deoxyribonucleoside-triphosphate; 3H-dT, tritiated thymi 
dine; BrdU, bromodeoxyuridine. 

[0014] FIG. 2. OvervieW of a speci?cally exempli?ed 
method for measurement of DNA synthesis by incorporation 
of [6,6-2H2] glucose. 

[0015] FIG. 3. GC-MS of DNA digest (total ion current). 
Mass spectra of dA and dG peaks are shoWn as insets. 

[0016] FIGS. 4A-4D. Labeling of tissue culture cells 
during log-phase groWth in vitro. Enrichment of dA from 
cellular DNA in hepatocyte (HepG2) (4A) and lymphocyte 
(H9) (4B) cell lines groWn in media enriched With [6,6-2H2] 
glucose. Lymphocyte data include results from experiments 
at tWo different glucose enrichments. FIGS. 4C and 4D is 
a comparison of fractional synthesis of DNAby HepG2 cells 
(4C) and H9 cells (4D), calculated from M2 enrichments of 
dA/medium glucose, With increase in cell numbers by count 
mg. 

[0017] FIGS. 5A-5B. Enrichment of dA from DNA of 
(5A) hepatocyte (HepG2) and (5B) lymphocyte (H9) cell 
lines groWn in media containing 100% [6,6-2H2] glucose for 
prolonged periods With repeated subcultures. 

[0018] FIGS. 6A-6B. FIG. 6A demonstrates the enrich 
ment of M5 ion of deoxyadenosine from DNA of hepatocyte 
cell line (HepG2) cells groWn in approximately 20% 
[U-13C6] glucose. FIG. 6B is a comparison of fractional 
synthesis of DNA from MS labelling to proportion of neW 
cells by direct counting. 
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[0019] FIG. 7. Fractional synthesis of granulocytes in 
peripheral blood from 4 subjects folloWing tWo-day infusion 
of [6,6-2H2] glucose, commencing at time Zero. Open sym 
bols, control subject; closed symbols, HIV-infected subjects. 
Fraction of neW cells Was calculated by comparison of dA 
enrichment to average plasma glucose enrichment, after 
correcting for estimated 35% intracellular dilution. 

[0020] FIG. 8. Fractional synthesis of CD4+ lymphocytes 
obtained from peripheral blood of an HIV infected patient 
folloWing tWo-day infusion of [6,6-2H2] glucose. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0021] The biochemical correlate of neW cell production is 
DNA synthesis. DNA synthesis is also relatively speci?c for 
cell division because “unscheduled” DNA synthesis is quan 
titatively minor (SaWada et al., 1995, Mutat. Res. 3441708 
716). Therefore, measurement of neW DNA synthesis is 
essentially synonymous With measurement of cell prolifera 
tion. 

[0022] The methods for measuring cell proliferation 
described herein have several advantages over previously 
available methods. 3H-Thymidine is a potent anti-metabolite 
that has been used to kill dividing cells (Asher et al., 1995, 
Leukemia and Lymphoma 19:107-119); the toxicity of intro 
ducing radio-isotopes into DNA is avoided by the methods 
of the invention Which utiliZe stable isotopes. The toxicities 
of nucleoside analogues, e.g. BrdU, are also avoided by 
labeling With a physiologic substrate through endogenous 
synthetic pathWays. 

[0023] Isotopic contamination by non-5-phase DNA syn 
thesis is also minimiZed by labeling through the de novo 
nucleotide synthesis pathWay, Which is primarily active 
during S-phase. The variability of labeled pyrimidine 
nucleoside salvage uptake is resolved by labeling purine 
dNTP’s via the de novo nucleotide synthesis pathWay; 
turning What Was previously a disadvantage (loW purine 
dNTP labeling from the nucleoside salvage pathWay) into an 
advantage (high and constant labeling from the de novo 
pathWay). This is demonstrated by the constancy of [6,6 
2H2] glucose incorporation into DNA even in the presence of 
supraphysiologic extracellular concentrations of deoxyribo 
nucleosides (Table 1). Possible input from free purine or 
pyrimidine base salvage does not dilute the ribose moiety of 
NTP’s, because the salvage pathWay for free bases, like de 
novo synthesis of bases, involves combination With PRPP, 
Which is synthesiZed from glucose (FIG. 1). 

[0024] Moreover, re-utiliZation of label from cataboliZed 
DNA is avoided by analyZing purine deoxyribonucleotides, 
because the deoxyribonucleoside salvage pathWay is loW for 
purines. Die-aWay curves of labeled dA or dG in DNA after 
cessation of labeling Will therefore be relatively uncontami 
nated by isotope re-utiliZation, and cell turnover should be 
measurable from decay curves as Well as incorporation 
curves (Hellerstein and Neese, 1992, Am J. Physiol. 
263zE988-E1001). 
[0025] Finally, the methods of the invention provide a 
quantitative measure for enumerating numbers of neW cells 
as opposed to conventional methods Which only detect the 
relative increase or decrease of cell numbers as compared to 
controls. 
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[0026] Although the speci?c procedures and methods 
described herein are exempli?ed using labeled glucose as 
the precursor and detection of the label by analyzing purine 
deoxyribonucleosides, they are illustrative for the practice of 
the invention. Analogous procedures and techniques, as Well 
as functionally equivalent labels, as Will be apparent to those 
of skill in the art based on the detailed disclosure provided 
herein, are also encompassed by the invention. 

[0027] 5.1. Stable Isotope Labels for Use in Labeling 
DNA During De Novo Biosynthesis of Nucleotides 

[0028] The present invention relates to methods of mea 
suring cellular proliferation by contacting a cell With a stable 
isotope label for its incorporation into DNA via the de novo 
nucleotide synthesis pathWay. Detection of the incorporated 
label is used as a measure of DNA synthesis. Labeling DNA 
through the de novo nucleotide synthesis (endogenous) 
pathWay has several advantages over conventional labeling 
methods through the nucleoside salvage (exogenous) path 
Way. These include non-toxicity, speci?city for S-phase of 
the cell cycle and absence of re-incorporation of the label 
from cataboliZed DNA. The use of a non-radioactive label 
further reduces the risks of mutation. 

[0029] In a speci?c embodiment illustrated by Way of 
example in Section 6, infra, [6,6-2H2] glucose, [U-13C6] 
glucose and [2-13C1] glycerol Were used to label the deox 
yribose ring of DNA. Labeling of the deoxyribose is supe 
rior to labeling of the information-carrying nitrogen bases in 
DNA because it avoids variable dilution sources. The stable 
isotope labels are readily detectable by mass spectrometric 
techniques. 

[0030] In a preferred embodiment of the invention, a 
stable isotope label is used to label the deoxyribose ring of 
DNA from glucose, precursors of glucose-6-phosphate or 
precursors of ribose-S-phosphate. In embodiments Where 
glucose is used as the starting material, suitable labels 
include, but are not limited to, deuterium-labeled glucose 
such as [6,6-2H2] glucose, [1-2H1] glucose, [3-2H1] glucose, 
[2H7] glucose, and the like; 13C-l labeled glucose such as 
[1-13C1] glucose, [U-13C6] glucose and the like; and 180 
labeled glucose such as [1-1802] glucose and the like. 

[0031] In embodiments Where a glucose-6-phosphate pre 
cursor or a ribose-S-phosphate precursor is desired, a glu 
coneogenic precursor or a metabolite capable of being 
converted to glucose-6-phosphate or ribose-S-phosphate 
may be used. Gluconeogenic precursors include, but are not 
limited to, 13C-labeled glycerol such as [2-13C1] glycerol 
and the like, a 13C-labeled amino acid, deuterated Water 
(2H2O) and 13C-labeled lactate, alanine, pyruvate, propi 
onate or other non-amino acid precursors for gluconeogen 
esis. Metabolites Which are converted to glucose-6-phos 
phate or ribose-S-phosphate include, but are not limited to, 
labeled (2H or 13C) hexoses such as [1-2H1] galactose, 
[U-13C] fructose and the like; labeled (2H or 13C) pentoses 
such as [1-13C1] ribose, [1-2H1] xylitol and the like, labeled 
(2H or 13C) pentose phosphate pathWay metabolites such as 
[1-2H1] seduheptalose and the like, and labeled (2H or 13C) 
amino sugars such as [U-13C] glucosamine, [1-2H1] 
N-acetyl-glucosamine and the like. 

[0032] The present invention also encompasses stable 
isotope labels Which label purine and pyrimidine bases of 
DNA through the de novo nucleotide synthesis pathWay. 
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Various building blocks for endogenous purine synthesis 
may be used to label purines and they include, but are not 
limited to, 15N-labeled amino acids such as [UN] glycine, 
[15N] glutamine, [15N] aspartate and the like, 13C-labeled 
precursors such as [1-13C1] glycone, [3-13C1] lactate, [13C] 
HCO3, [13C] methionine and the like, and 2H-labeled pre 
cursors such as 2H2O. Various building blocks for endog 
enous pyrimidine synthesis may be used to label pyrimidines 
and they include, but are not limited to, 15N-labeled amino 
acids such as [UN] glutamine and the like, 13C-labeled 
precursors such as [13C]HCO3, [U-13C4] aspartate and the 
like, and 2H-labeled precursors (ZHZO). 

[0033] It is understood by those skilled in the art that in 
addition to the list above, other stable isotope labels Which 
are substrates or precursors for any pathWays Which result in 
endogenous labeling of DNA are also encompassed Within 
the scope of the invention. The labels suitable for use in the 
present invention are generally commercially available or 
can be synthesiZed by methods Well knoWn in the art. 

[0034] 5.2. Detection of Incorporated Label in DNA 

[0035] The level of incorporation of stable isotope label 
into the DNA of cells is determined by isolating the DNA 
from a cell population of interest and analyZing for isotope 
content a chemical portion of the DNA molecule that is able 
to incorporate label from an endogenous labeling pathWay 
using standard analytical techniques, such as, for example, 
mass spectroscopy, nuclear magnetic resonance, and the 
like. Methods of sample preparation Will depend on the 
particular analytical techniques used to detect the presence 
of the isotopic label, and Will be apparent to those of skill in 
the art. 

[0036] In a preferred embodiment of the invention, the 
presence of the label is detected by mass spectrometry. For 
this method of detection, tissue or cells of interest are 
collected (e.g., via tissue biopsy, blood draW, collection of 
secretia or excretion from the body, etc.) and the DNA 
extracted using standard techniques as are Well-knoWn in the 
art. Of course, the actual method of DNA isolation Will 
depend on the particular cell type, and Will be readily 
apparent to those of skill in the art. The cells may be 
optionally further puri?ed prior to extracting the DNA using 
standard techniques, such as, for example, immuno-affinity 
chromatography, ?uorescence-activated cell sorting, elutra 
tion, magnetic bead separation, density gradient centrifuga 
tion, etc. 

[0037] The DNA is then hydrolyZed to deoxyribonucleo 
sides using standard methods of hydrolysis as are Well 
knoWn in the art. For example, the DNA can be hydrolyZed 
enZymatically, such as for example With nucleases or phos 
phatases, or non-enZymatically With acids, bases or other 
methods of chemical hydrolysis. 

[0038] Deoxyribonucleosides are then prepared for mass 
spectrometric analysis using standard techniques (e.g., syn 
thesis of trimethylsilyl, methyl, acetyl, etc. derivatives; 
direct injection for liquid chromatography; direct probe 
sample introduction, etc.) and the level of incorporation of 
label into the deoxyribonucleosides determined. 

[0039] The mass spectrometric analysis is of fragment 
potentially containing stable isotope label introduced from 
endogenous labeling pathWay. For example, the m/Z 467 
469 fragment of the deoxyadenosine or the m/Z 557 and 559 
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fragment of the deoXyguanosine mass spectrum, Which 
contain the intact deoXyribose ring, could be analyzed after 
[6,6-2H2] glucose administration, using a gas chromato 
graph/mass spectrometer under electron impact ioniZation 
and selected ion recording mode. Or the m/Z 103 and 104 
fragment of the deoXyadenosine mass spectrum, Which 
contains the position C-5 of deoXyribose, could be analyZed 
after administration of [6,6-2H] glucose or [6-13C1] glucose. 
In a preferred embodiment, the mass spectrometric fragment 
analyZed is from purine deoXyribonucleosides rather than 
pyrimidine deoXyribonucleosides. 
[0040] The fraction of neWly synthesiZed DNA and there 
fore neWly divided cells (cell proliferation or input rate) or 
neWly removed cells (cell death or eXit rate) is then calcu 
lated (Table 1). 
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ods are particularly useful as a diagnostic tool in measuring 
cellular proliferation and destruction rates in vivo. In com 
parison to conventional methods in humans, the methods of 
the invention are safe, more Widely applicable, more easily 
performed, more sensitive and produce more accurate 
results because the de novo nucleotide synthesis pathWay is 
constant and predominant, is not diluted, label via physi 
ologic substrates rather than potentially toXic, non-physi 
ologic metabolites, do not require preservation of cell or 
tissue anatomy and involve no radioactivity. 

[0046] A Wide variety of medical applications in Which 
cellular proliferation and destruction play an important role 
are encompassed by the present invention. In particular the 
methods of the invention may be used to determine the 
proliferation and destruction rates in cancer, infectious dis 

TABLE 1 

abundances abundances 

m/Z m/Z dA" f (uncorrected) f (corrected) 
Day # 457 459 enrichment (% neW cells) (% new cells) 

1 2844049 518152 0.00000 0.00 0.00 

(Baseline) 
2 1504711 260907 0.00000 0.00 0.00 
3 2479618 453609 0.00298 2.50 3.84 
4 3292974 624718 0.00586 4.91 7.55 
5 2503144 461905 0.00451 3.77 5.81 
6 1055618 186087 0.00318 2.66 4.09 
7 2186009 394058 0.00193 1.61 2.48 
8 2154805 389390 0.00250 2.09 3.22 
9 2472480 455139 0.00417 3.49 5.38 

10 1532187 272195 0.00238 2.00 3.07 

Abundances represent average of three acquisitions. 

Plasma glucose enrichment=11.9%; dA*=deoXyadenosine 
enrichment based on comparison to abundance corrected 
standard curve of [5,5-2H2]deoXyadenosine; f uncorrected, 
calculated as dA enrichment divided by plasma glucose 
enrichment; f corrected, calculated as dA enrichment 
divided by 0.65 times plasma glucose enrichment 

[0041] 5.3. Uses 

[0042] 5.3.1. In Vitro Uses 

[0043] In a speci?c embodiment illustrated by Way of 
eXample in Section 6, infra, an enrichment of deoXyadenos 
ine (dA) Was observed in tWo cell types incubated With a 
stable isotope label and groWn as monolayers and in sus 
pension. The dA enrichment correlated closely With the 
increase in cell numbers by direct counting. Therefore, the 
methods of the invention may be used to measure cellular 
proliferation in a variety of proliferative assays. For 
instance, bioassays Which use cellular proliferation as a 
read-out in response to a groWth factor, hormone, cytokine 
or inhibitory factor may be developed by using a stable 
isotope label Which targets the de novo nucleotide synthesis 
pathWay. Examples of such assays include lymphocyte acti 
vation by antigen and antigen-presenting cells, apoptosis of 
target cells induced by tumor necrosis factor and cytotoX 
icity of tumor cells by cytolytic lymphocytes. 

[0044] 5.3.2. In Vivo Uses 

[0045] Since the methods of the invention do not involve 
radioactivity and potentially toXic metabolites, these meth 

eases, immune and hematologic conditions, organ failure 
and disorders of bone, muscle and endocrine organs. 

[0047] 5.3.2.1. Cancer Treatments 

[0048] In one embodiment of the invention, a patient 
could receive systemic or local administration of a stable 
isotope labeled precursor for the de novo nucleotide syn 
thesis pathWay (e.g., [6,6-2H2] glucose at 1.25 g/hr for 24-48 
hr intravenously) prior to initiation of chemotherapy, and 
again 1-2 Weeks after starting chemotherapy. A small speci 
men of the turnover (e.g., by skinny needle aspiration) is 
performed after each period of stable isotope administration 
in the synthesis rate of DNA, re?ecting inhibition of tumor 
cell division, could be used as a treatment end-point for 
selecting the optimal therapy. Typically, the dose of isotope 
precursor given is enough to alloW incorporation into deoX 
yribonucleosides above the mass spectrometric detection 
limits. Samples are taken depending on tracer dilution and 
cell turnover rates. 

[0049] 5.3.2.2. Cancer Prevention 

[0050] The risk for breast, colon and other cancers tends 
to vary With proliferative stress in the tissue, i.e., hormones, 
in?ammation or dietary factors that alter cell proliferation 
profoundly affect cancer rates. The ability to characteriZe a 
Woman’s underlying mammary cell proliferative stress and 
its response to preventative intervention in early adult life, 
for example, Would radically alter breast cancer prevention. 
The same applies to colon cancer, lung cancer, and other 
cancers. 
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[0051] 5.3.2.3. AIDS 

[0052] Anti-retrovirals in AIDS are intended to block viral 
replication (a biosynthetic process) in order to reduce CD4+ 
T cell death and turnover. Recent advances in AIDS treat 
ment have focused precisely on these kinetic processes, 
although direct kinetic measurements Were not available. 
The ability to measure directly these treatment end-points 
can radically change the nature of HIV therapeutics. Phy 
sicians can quickly determine Whether to begin aggressive 
anti-retroviral treatment early in the disease for each indi 
vidual patient. In a speci?c embodiment illustrated by Way 
of example in Section 6, infra, the methods of the invention 
are used to accurately measure the proliferation and destruc 
tion rates of CD4+ cells in HIV patients. 

[0053] 5.3.2.4. Conditions in Which Cellular Proliferation 
is Involved 

[0054] A large number of conditions are knoWn to be 
characteriZed by altered cellular proliferation rates and thus 
can be monitored by methods of the invention: 

[0055] Cancer: Malignant tumors of any type (e.g., breast, 
lung, colon, skin, lymphoma, leukemia, etc.); pre-cancerous 
conditions (e.g., adenomas, polyps, prostatic hypertrophy, 
ulcerative colitis, etc.); factors modulating risk for common 
cancers (e.g., estrogens and breast epithelial cells; dietary fat 
and colonocytes; cigarette smoking or anti-oxidants and 
bronchial epithelial cells; hormones and prostate cells, etc.). 

[0056] Immune disorders: CD4+ and CD8+ T lymphocytes 
in AIDS; T and B lymphocytes in vaccine-unresponsiveness; 
T cells in autoimmune disorders; B cells in hypogamma 
globulinemias; primary immunode?ciencies (thymocytes); 
stress-related immune de?ciencies (lymphocytes); and the 
like. 

[0057] Hematologic conditions: White blood cell de?cien 
cies (e.g., granulocytopnia); anemias of any type; myelo 
proliferative disorders (e.g., polycythemia vera); tissue 
White cell in?ltrative disorders (e.g., pulmonary interstitial 
eosinophilia, lymphocytic thyroiditis, etc.); lymphoprolif 
erative disorders; monoclonal gammopathies; and the like. 

[0058] Organ failure: Alcoholic and viral hepatitis (liver 
cells); diabetic nephropathy (glomerular or mesangeal 
cells); myotrophic conditions (myocytes); premature 
gonadal failure (oocytes, stromal cells of ovary, spermato 
cytes, Leydig cells, etc.); and the like. 

[0059] Conditions of bone and muscle: Response to exer 
cise training or physical therapy (myocytes or mitochondria 
in myocytes); osteoporosis (osteoclast, osteoblasts, parathy 
roid cells) myositis; and the like. 

[0060] Endocrine conditions: Diabetes (islet B-cells); 
hypothyroidism and hyperthyroidism (thyroid cells); hyper 
parathyroidism (parathyroid cells); polycystic ovaries (stro 
mal cells of ovary); and the like. 

[0061] Infectious diseases. Tuberculosis (monocytes/mac 
rophages); bacterial infections (granulocytes); abscesses and 
other localiZed tissue infections (granulocytes); viral infec 
tions (lymphocytes); diabetes foot disease and gangrene 
(White cells); and the like. 

[0062] Vascular disorders. Atherogenesis (smooth muscle 
proliferation in arterial Wall); cardiomyopathies (cardiac 
myocyte proliferation); and the like. 
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[0063] Occupational diseases and exposures. Susceptibil 
ity to coal dust for black lung (?broblast proliferative 
response); susceptibility to skin disorders related to sun or 
chemical exposures (skin cells); and the like. 

[0064] The isotope label suitable for use in vivo is pre 
pared in accordance With conventional methods in the art 
using a physiologically and clinically acceptable solution. 
Proper solution is dependent upon the route of administra 
tion chosen. Suitable routes of administration may, for 
example, include oral, rectal, transmucosal, transcutaneous, 
or intestinal administration; parenteral delivery, including 
intramuscular, subcutaneous, intramedullary injections, as 
Well as intrathecal, direct intraventricular, intravenous, intra 
peritoneal, intranasal, or intraocular injections. 

[0065] Alternatively, one may administer a label in a local 
rather than systemic manner, for example, via injection of 
the label directly into a speci?c tissue, often in a depot or 
sustained release formulation. 

[0066] Determination of a detectable amount of the label 
is Well Within the capabilities of those skilled in the art. 

EXAMPLE 

Measurement of Cell Proliferation by Labeling 
DNA With Stable Isotope-Labeled Glucose 

[0067] 6.1. Materials and Methods 

[0068] 6.1.1. Isolation of Deoxyribonucleosides from 
DNA 

[0069] DNA Was prepared from cells or tissues by phenol 
chloroform-isoamyl alcohol extraction of cell suspensions 
or tissue homogenates. Yield and purity Were con?rmed by 
optical density. After heat denaturation, DNA Was hydro 
lyZed enZymatically to deoxyribonucleosides by sequential 
digestion With nuclease P1, phosphodiesterase, and alkaline 
phosphatase, as described by Crain et al. (Crain, 1990, 
Methods Enzymol. 193:782-790). Nucleoside yield and 
purity ere con?rmed by HPLC using a C-18 column and 
Water-methanol gradient (Shigenaga et al., 1994, Methods 
Enzymol. 234:16-33). 
[0070] 6.1.2. DerivatiZation of Deoxyribonucleosides and 
Analysis by Gas Chromatography Mass Spectrometry (GC 
MS) 
[0071] Trimethylsilyl derivatives of nucleosides Were syn 
thesiZed by incubation of lyophiliZed hydrolysates With 
BSTFA: pyridine (4:1) at 100° C. for 1 hour. Samples Were 
analyZed by GC-MS (DB-17 HT column, J&W Scienti?c, 
Folsom Calif.; HP 5890 GC and 5971MS, HeWlett Packard, 
Palo Alto, Calif.). Abundances of ions at mass to charge ratio 
(m/Z) 467 and 469 Were quanti?ed under selected ion 
recording mode for deoxyadenosine (dA); and m/Z 555 and 
557 Were monitored for deoxyguanosine (dG). Under the 
derivatiZation and GC-MS conditions employed, the purines 
(dA and dG) gave larger peaks (FIG. 3) than the pyrim 
idines, resulting in greater sensitivity and a higher signal to 
noise ratio. To measure the enrichment of glucose, plasma or 
culture media Were deproteiniZed With perchloric acid and 
passed through anion and cation exchange columns (Neese 
et al., 1995, J. Biol. Chem. 270:14452-14463). The glucose 
penta-acetate derivative Was formed by incubation With 
acetic anhydride in pyridine. GC-MS analysis Was per 
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formed as described previously (Neese et al., 1995, J. Biol. 
Chem 270:14552-14663), monitoring m/Z 331 and 333 
under selected ion recording. 

[0072] 6.1.3. In Vitro Studies 

[0073] Initial studies of label incorporation from [6,6-2H2] 
glucose into cellular DNA Were performed in tissue culture 
cell lines. TWo cell lines Were used: a hepatocyte cell line, 
HepG2, and a lymphocytic cell line, H9, Which is a CD4+ T 
cell line. HepG2 cells Were groWn in 10 ml dishes With 
alpha-modi?ed Dulbecco’s minimum essential media 
(MEM). H9 cells Were groWn in suspension in RPMI 1640. 
Both Were groWn in the presence of 10% dialyZed fetal calf 
serum and antibiotics (all reagents Were obtained from 
Gibco-BRL, Gaithersburg, Md., except Where stated). In 
both cases the number of cells present Was measured by 
counting an aliquot on a Coulter ZMO901 cell counter. For 
HepG2 cells, plating ef?ciency Was corrected for by count 
ing an identical plate at the beginning of each labeling phase. 
Cells Were labeled by addition of [6,6-2H2] glucose (Cam 
bridge Isotope Laboratories, Andover, Mass.) such that 
labeled glucose constituted 10-20% by Weight of total 
glucose present (100 mg/L for MEM-a and 200 mg/L for 
RPMI 1640). In some experiments, glucose free medium 
Was used and only 100% labeled glucose Was present in the 
medium. Additional experiments Were carried out in the 
presence of [U-13C6] glucose and [2-13C1] glycerol (Cam 
bridge Isotope Laboratories, Andover, Mass.). 

[0074] 6.1.4. Animal Studies 

[0075] Four rats (approximately 250 g) Were infused With 
labeled glucose. Intravenous canulae Were placed under 
anesthesia (Hellerstein et al., 1986, Proc. Natl. Acad. Sci. 
USA 83:7044-7048). After a 24-48 hr recovery period, 
[6,6-2H2] glucose Was infused as a sterile 46 mg/ml solution 
at 0.5 ml/hr for approximately 24 hours. Food Was With 
draWn at the beginning of the isotope infusion. This dose 
Was expected to achieve average plasma glucose enrich 
ments of about 10%, based on previous studies in fasting rats 
(Neese et al., 1995, J. Biol. Chem. 270:14452-14463). At the 
end of the infusion period, animals Were sacri?ced. Blood 
for plasma glucose enrichment and tissues for DNA extrac 
tion Were collected and froZen prior to analysis. Asection of 
the intestine approximately 30 cm in length Was excised 
from just beloW the duodenum in each rat. The intestinal 
segments Were everted and Washed. Epithelial cells Were 
released from the submucosa by incubation With shaking in 
buffer containing 5 mM EDTA at 37° C. for 10 min, as 
described by Traber et al. (Traber et al., 1991, Am. J. Physiol. 
260:G895-G903). DNA Was extracted from cell prepara 
tions, then hydrolyZed to nucleosides and analyZed by 
GC-MS (FIG. 2). 

[0076] 6.1.5. Studies of Granulocyte Kinetics in Human 
Subjects 

[0077] In order to investigate the application of the meth 
ods of the invention in clinical settings, four volunteers 
received intravenous infusion of [6,6-2H2] glucose (60 g 
over 48 h) in the General Clinical Research Center at San 
Francisco General Hospital. One subject Was a healthy 
normal volunteer and the other three Were HIV-seropositive 
men, Who Were participating in lymphocyte kinetic studies 
(blood CD4 cell counts in the range 215-377/mm3). None 
had a clinically apparent infection at the time of the infusion. 
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In order to enable high and relatively constant enrichments 
of plasma glucose and maximiZe labeling of cellular DNA, 
dietary carbohydrate Was restricted (mean intake 46 g/d) 
during the 2-day period of the infusion. AhepariniZed blood 
sample Was draWn at baseline and every 12 hr during the 
infusion, for estimation of plasma glucose enrichment. After 
the 48-hr infusion, blood Was collected daily for 10 days and 
granulocytes and mononuclear cells Were separated by gra 
dient centrifugation (Vacutainer CPT, Becton Dickinson, 
Franklin Lakes, N.J Granulocyte DNA Was extracted, 
hydrolyZed to nucleosides and analyZed by GC-MS, as 
described in Section 6.1.2, supra. All procedures received 
prior approval by the University of California at San Fran 
cisco Committee on Human Research and the University of 
California at Berkeley Committee for the Protection of 
Human Subjects, and Written informed consent Was obtained 
from subject for all procedures carried out. 

[0078] 6.2. Results 

[0079] 6.2.1. Development of Analytic Method 

[0080] DerivatiZation is required to volatiliZe deoxyribo 
nucleosides for GC-MS analysis (Blau and Halket, 1993, 
Handbook of Derivatives for Chromatography 2nd ed.). The 
highest abundances With TMS derivatiZation Was observed, 
compared to methylation or acetylation. The GC-MS scans 
of a typical TMS-derivatiZed sample, analyZed under elec 
tron impact ioniZation, are shoWn (FIG. 3). dA and dG 
eluted from the GC column shoWed Well de?ned peaks. As 
described previously (McCloskey, 1990, Methods Enzymol. 
193:825-841), the dominant ions in the spectra Were from 
the base moiety that Were unlabeled from [6,6-2H2] glucose. 
The parent ions, m/Z 467 and 557 for dA-TMS3 and dG 
TMS4, respectively, Were Well represented and Were present 
in a region of the mass spectrum With little background. 
Labeled samples contained an excess of the M+2 ions 469 
and 557; the ratios of 469 to 467 and 557 to 559 Were used 
for quanti?cation. 

[0081] Abundance sensitivity of isotope ratios (concentra 
tion dependance) Was observed for dA and dG, as described 
for GC-MS (Neese et al., 1995, J. Biol. Chem. 270:14452 
14463; Patterson and Wolfe, 1993, Biol. Mass Spectrom 
22:481-486). Samples Were therefore alWays analyZed at 
abundances matched to those in the standards used for 
baseline (natural abundance) subtraction, When calculating 
isotope enrichments. In enriched samples, the measured 
enrichments of dA Were not signi?cantly different from dG, 
as expected. Only data from dA are shoWn beloW. 

[0082] 6.2.2. In Vitro Cell Proliferation Studies 

[0083] The enrichment of dA derived from cells groWn in 
media containing 10-15% [6,6-2H2] glucose increased pro 
gressively With time (FIGS. 4A and 4B). This Was demon 
strated for both a hepatocyte cell line (HepG2) groWn as 
monolayers on plates, and for a T-lymphocytic cell line (H9) 
groWn in suspension. When compared to the number of cells 
measured by direct counting, dA enrichment correlated 
closely With the increase in cells by direct counting (FIGS. 
4C and D). The correlation coef?cient betWeen the fraction 
of neW DNA (calculated from the ratio of M2 enrichments 
in dA to medium glucose) and the percentage of neW cells 
by direct counting Was 0.984 With HepG2 cells and 0.972 for 
H9 cells. 

[0084] The enrichment of the true intracellular dATP pre 
cursor pool for DNA synthesis using groWing cells Was 
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equal in theory to the dA enrichment in DNA at 100% neW 
cells (i.e., When only labeled DNA Was present). Extrapo 
lation of the labeling time course experiments to 100% neW 
cells gave estimated plateau dA enrichments of 0.725 of the 
medium glucose enrichment for HepG2 cells and 0.525 for 
H9 cells (FIGS. 4A-D). 

[0085] In order to test directly the relationship betWeen 
enrichments of extracellular glucose and intracellular DNA 
precursors, cells Were groWn for prolonged periods in 
medium containing 100% [6,6-2H2] glucose With repeated 
replating or subculture of cells, for a total of 53 days for 
HepG2 cells and 25 days for H9 cells. At the end of the 
experiment, <0.1% of DNA present could be accounted for 
by the initial unlabeled cells. Maximum enrichment of dA 
Was about 65% for both HepG2 and H9 cells (FIGS. 5A and 
B). One possible explanation for this dilution of extracellu 
lar labeled glucose could be the synthesis of glucose Within 
the cell, eg from gluconeogenesis (GNG), since unlabeled 
amino acid precursors for GNG Were present in the culture 
medium. Alternatively, some exchange of the label might 
have occurred during intracellular metabolism of glucose, 
either during glycolysis and passage through the tricarboxy 
lic acid cycle or during the non-oxidative portion of the 
pentose-phosphate pathWay (Wood et al., 1963, Biochem 
ische Zeitschrift 338:809-847). 

[0086] If intracellular unlabeled glucose from GNG Were 
the dominant origin of dilution, dA from H9 cells might 
approach closer than the Hep G2 cells to 100% of medium 
glucose enrichment. HoWever, this Was not found to be the 
case (FIGS. 4A-D and 5A and B). A more direct test Would 
be the incorporation of GNG precursors into dA in DNA by 
HepG2 cells. In order to test this hypothesis, both HepG2 
and H9 Were cultured in the presence of [2-13C1] glycerol. 
By applying the theory of combinatorial probabilities, or the 
mass isotopomer distribution analysis (MIDA) technique 
(Neese et al., 1995, J. Biol. Chem. 270:14452-14463; Heller 
stein et al., 1992, Am. J. Physiol. 263zE988-E1001), the 
fraction of deoxyribose in dA that came from GNG could 
then be calculated. When HepG2 cells Were groWn in media 
to Which [2-13C1] glycerol had been added at concentration 
of 20 pig/ml, negligible incorporation of 13C into dA Was 
found. In the presence of 100 pig/ml [2-13C1] glycerol 
(approximately 2-3 times plasma glycerol concentrations), 
enrichment of both M+1 and M+2 ions Was observed in dA. 
Applying MIDA revealed that 17.8% of dA pentose ring 
synthesis appeared to arise from GNG rather than utiliZation 
of extracellular glucose. H9 cells groWn in the presence of 
100 pig/ml [2-13C1] glycerol revealed no measurable GMG, 
as expected. 

[0087] Duplicate pairs of cell cultures Were also groWn in 
the presence of 10% [6,6-2H2] glucose With and Without the 
addition of unlabeled glycerol (100 pig/ml). Such unlabeled 
glycerol did not affect labeling in H9 cells; in HepG2 cells, 
incorporation into dA Was reduced by 7%. Thus, it appears 
that the availability of GNG precursors had only a small 
effect on the labeling of DNA in cells capable of GNG and 
GNG does not fully explain the intracellular dilution of dA. 

[0088] If the roughly 35% dilution betWeen extracellular 
glucose and dA in DNA Were due to exchange of 2H for 1H 
in intracellular glucose cycles, carbon label in [U-13C6] 
glucose should undergo re-arrangement. Accordingly, 
HepG2 and H9 cells Were groWn in the presence of 10% 
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[U-13C6] glucose. If there Were no metabolism through 
pathWays such as the non-oxidative portion of the pentose 
phosphate pathWay, the dNTP’s from this precursor should 
retain all ?ve labeled carbons and have a mass of M5. The 
M5 enrichment increased in a similar fashion to that 
observed With the M2 ion from [6,6-2H2] glucose. An 
asymptote of approximately 80% of the extracellular enrich 
ment Was reached in HepG2 cells (FIGS. 6A and B) While 
in H9 cells the asymptote Was approximately 60% of extra 
cellular glucose enrichment. When the M0 to M5 spectrum 
Was analyZed, enrichments of M2, M3, and M4 ions Were 
seen in addition to the expected enrichment of M5. This 
phenomenon Was observed in both H9 and HepG2 cells, 
although the relative abundance of these ions Was greater 
from H9 cells. 

[0089] The above cell culture experiments Were per 
formed in the absence of deoxyribonucleosides in the 
medium. Previous studies With lymphocyte cell lines (Rei 
chard, 1978, Fed. Proc. 37:9-14; Reichard, 1988, Ann. Rev. 
Biochem. 57:349-374) have suggested that increasing the 
availability of extracellular deoxyribonucleosides does not 
reduce, and may even increase, activity of ribonucleoside 
reductase and the endogenous synthesis pathWay for purine 
dNTP’s (FIG. 1). To test directly the effects of increased 
availability of extracellular deoxyribonucleosides, HepG2 
and H9 cells Were groWn in the presence of an equimolar 
mixture of the four deoxyribonucleosides. TWo concentra 
tions, 20 and 100 pM, Were chosen to reproduce or exceed 
those prevailing in tissues; plasma concentrations are nor 
mally of the order of 1 pM and tissue concentrations may 
range betWeen 1 and 100 pM (Cohen et al., 1983, J. Biol. 
Chem. 258:12334-12340). Six ?asks of H9 cells Were groWn 
in parallel in media labeled With ca. 10% [6,6-2H2] glucose 
(Table 2). 

TABLE 2 

Effect of extracellular deoxyribonucleosides on incorporation 
of [6 6—2H ] glucose into dA in DNA 

Extracellular Deoxyribonucleoside 
Concentration (MM) 

0 0 20 20 100 100 

Lymphocytes (H9) 
dA/glucose ratio 0.527 0.522 0.535 0.528 0.534 0.514 
Fraction neW cells 0.849 0.851 0.867 0.856 0.839 0.822 
(by counting) 
Extrapolated 0.620 0.613 0.617 0.617 0.637 0.626 
dA/glucose (100% 
neW cells) 
Hepatocytes (HepG2) 
dA/glucose ratio 0.386 0.385 0.381 0.370 0.339 0.344 
Fraction neW cells 0.568 0.589 0.536 0.565 0.626 0.570 
(by counting) 
Extrapolated 0.680 0.653 0.711 0.655 0.541 0.603 
dA/glucose (100% 
neW cells) 

TWo Were groWn Without added deoxyribonucleosides, tWo 
Were groWn at the loWer and tWo at the higher deoxyribo 
nucleoside concentrations. After 90 hours, 85% of cells Were 
neW by counting. The experiment Was also performed With 
HepG2 cells, yielding an average increase in cell number 
representing about 58% neW cells. In H9 cells the presence 
of extracellular deoxyribonucleosides at either 20 or 100 pM 
did not reduce the incorporation of label from glucose into 
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dA and thus did not appear to suppress the activity of the de 
novo nucleotide synthesis pathway. In HepG2 cells there 
Was no appreciable reduction in incorporation at 20 pM, 
although there Was a small (ca. 12%) reduction at 100 pM. 
In H9 cells, the extrapolated ratio of dA/glucose at 100% 
neW cells (based on cell counting) Was reproducibly betWeen 
62-64%. For HepG2 cells, the ratio ranged betWeen 54-71%. 

[0090] 6.2.3. In Vivo Labeling of DNA: Animal Studies 

[0091] In rats (n=4) receiving intravenous infusion of 
[6,6-2H2] glucose, plasma glucose enrichment at sacri?ce 
Was 13.210.9%. The mean plasma glucose enrichment for 
the Whole 24 hour infusion period Was less than this value 
because plasma glucose enrichment progressively increased 
during fasting, as the Ra glucose progressively fell (Rocha 
et al., 1990, Eur J. Immunol. 20:1697-1708). The mean 
plasma glucose enrichment Was estimated from tWo rats 
receiving labeled glucose infusion, and in Which repeated 
blood samples Were taken via arterial blood-draWing line. 
The mean enrichment for the 24 h fasting period Was 0.70 
of the ?nal enrichment; accordingly, this value Was used for 
calculating the mean glucose enrichments for the four 
experimental rats (9.210.6%). 

[0092] Differing enrichments Were found in dA from the 
three tissues studied (Table 3). 
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2.4><109/L in the control subject. The infusions Were Well 
tolerated. Mean plasma glucose enrichments of 153124 
molar percent excess Were achieved (rate of appearance of 
glucose about 2 mg/kg/min). Granulocytes Were isolated and 
dA enrichment measured from DNA. For the ?rst 6 days 
folloWing the infusion, very loW proportions of labeled cells 
Were seen in the circulation (FIG. 7), folloWed by the 
appearance of labeled cells starting on days 6-8. Enrich 
ments at day 8 indicated about 25% neW cells present 

(corrected). 
[0095] 6.2.5. Measurement of T Cell Proliferation in HIV 
Infection 

[0096] T cell proliferation rates in individuals infected 
With human immunode?ciency virus (HIV) Was measured 
by the methods of the invention. An intravenous infusion of 
[6,6-2H2] glucose Was performed in men With Well-main 
tained CD4+ T cell numbers (>500/mm3) or loW CD4+ 
counts (<200/mm3). The infusion Was for 48 hr at 1.25 g 
[6,6-2H2] glucose/hr, to achieve 10-15% proportion of 
labeled glucose molecules in the blood plasma (10-15% 
enrichment). Blood (20-30 cc) Was collected daily during 
the infusion and for the folloWing 10 days. 

[0097] Mononuclear cells Were isolated using PT® tubes; 
and CD4+ cells Were then isolated using either magnetic 

TABLE 3 

In vivo incorporation of [6 6-2H ] glucose into dA in DNA in various tissues in rats 

dA 
Enrichment Percent New Cells Turnover time (d) Rate Constant K (d4) t1 (d) 

Tissue (%) Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected Uncorrected Corrected 

Intestinal 3.18 1 0.24 34.6 1 4.2 53.2 1 6.5 2.83 1 0.37 1.84 1 0.24 — — — — 

epithelium 
Thymus 2.33 1 0.08 25.3 1 2.2 38.9 1 3.1 — — 0.302 1 0.030 0.51 1 0.058 2.31 1 0.23 1.36 1 0.15 

Liver 0.25 1 0.06 2.7 1 0.5 4.2 1 0.9 — — 0.028 1 0.005 0.044 1 0.008 25.4 1 4.9 16.2 1 3.1 

Mean plasma glucose enrichment Was 9.2 1 0.6% and mean duration of infusion Was 23.2 1 0.1 hr. Uncorrected calculations use plasma glucose enrich 
ments as precursor for DNA synthesis; corrected calculations use a correction factor of 0.65 x plasma glucose enrichment to account for dilution in the 
intracellular precursor pool (see text). A linear kinetic model Was used for intestinal epithelium; an exponential model Was used for thymus and liver. 

For intestinal epithelial cells, a life-span (linear) kinetic 
model Was employed based on the assumption that neW cells 
divided, lived for a ?xed period of time and then died in the 
order in Which they Were formed, representing the progres 
sion of intestinal epithelial cells from crypt to villus tip 
(Lipkin, 1987, Physiol. Gastrointest. Tract, pp. 255-284, Ed. 
Johnson, L. R.). Aturnover time of 2.810.4d Was calculated 
(uncorrected, using plasma glucose enrichments to represent 
intracellular DATP) or 1.810.2d (corrected, using plasma 
glucose With a 35% intracellular dilution factor). For thymus 
and liver a random replacement (exponential) model Was 
applied. Thymus had a 10-times more rapid turnover than 
liver (Table 3). 

[0093] 6.2.4. Clinical Studies of Granulocyte Kinetics in 
Human Subjects 

[0094] As part of a study of T lymphocyte kinetics in 
AIDS, three HIV seropositive men and one HIV seronega 
tive man received an infusion of [6,6-2H2] glucose (1.25 g/hr 
for 48 hr). All Were clinically stable at the time of investi 
gation. Absolute granulocyte counts Were 1.5, 0.9, and 
2.4><109/L, respectively, in the HIV-positive subjects and 

bead immunoseparation (Dynabeads®) or ?uorescent acti 
vated cell sorting to isolate 106 cells. DNA from isolated 
cells Was recovered using a commercial kit (Quiagen®). 
DNA Was hydrolyZed to free deoxyribonucleosides enZy 
matically With nuclease P1, phosphodiesterase, and alkaline 
phosphatase; the hydrolysate Was derivatiZed With FSTFA to 
the trimethylsilyl derivatives of deoxyribonucleosides, 
Which Were injected into a table top GC-MS instrument. The 
dA and dG peaks from the GC ef?uent Were monitored by 
selected ion recording mass spectrometry and m/Z 467 and 
469 (for dA) and m/Z 555 and 557 (for dG) Were quanti?ed, 
through comparison to standard curves of commercially 
labeled material analyZed concurrently (e.g., [5,5-2H2] dA 
purchased from CIL, Cambridge, Mass.). Standard curves 
Were abundance matched betWeen standards and sendes to 
correct for concentration sensitivity of isotope ratios. 
Enrichments in dA and dG from CD4+ and CD8+ T cells 
Were in the rate 0.00 to 1.50 percent labeled species. By 
comparison to the plasma glucose isotope enrichment (10-15 
percent labeled species) With a 35% dilution correction and 
application of the precursor-product relationship (Heller 
stein and Neese,American Journal ofPhysiology 263:E988 
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1001, 1992), the preparation of newly synthesized DNA 
strands Was quanti?ed. Peak values Were at 2-3 days after 
the start of [6,6-2H2] glucose infusions and reached 15-20% 
neWly synthesiZed DNA strands, and thus 15-20% neWly 
proliferating cells (FIG. 8). The die aWay curves of dAor dG 
labeling betWeen days 4 and 10 revealed the destruction rate 
of the label and therefore recently dividing population of 
cells (Hellerstein and Neese, 1992, American Journal of 
Physiology 263: E988-1001). Destruction rates of labeled 
cells Was generally higher than for the general population of 
cells implying selective death of recently divided and acti 
vated cells. The effect of CD4+ T cell proliferation and 
destruction of anti-retroviral therapies Was then determined, 
by repeating the [6,6-2H2] glucose infusion after 8-12 Weeks 
of therapy. 

[0098] In conclusion, a method for measuring DNA syn 
thesis using stable isotope labels and mass spectrometry Was 
developed for measuring cell proliferation. This method 
involves no radioactivity and potential toXic metabolites, 
and is thus suitable for use in humans. 

[0099] The present invention is not to be limited in scope 
by the exempli?ed embodiments Which are intended as 
illustrations of single aspects of the invention and any 
sequences Which are functionally equivalent are Within the 
scope of the invention. Indeed, various modi?cations of the 
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invention in addition to those shoWn and described herein 
Will become apparent to those skilled in the art from the 
foregoing description and accompanying draWings. Such 
modi?cations are intended to fall Within the scope of the 
appended claims. 

[0100] All publications cited herein are incorporated by 
reference in their entirety. 

1-49. (canceled) 
50. A method for analyZing metabolic pathWays, com 

prising: 
a. administering to a subject a substrate labeled With a 

stable isotope, Wherein the relative isotopic abundance 
of the isotope in the substrate is knoWn; 

b. alloWing the labeled substrate to be at least partially 
metaboliZed by the subject to form one or more target 
metabolites; and 

c. determining the abundance of the isotope in a plurality 
of target analytes in a sample from the subject to 
determine a value for the ?uX of each target analyte, 
Wherein the plurality of target analytes comprise the 
substrate and/or one or more of the target metabolites. 

* * * * * 


