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ABSTRACT
Telomerase Primer Telomerase Primer
products )  dimers products dimers

The telomeric repeat amplification protocol (TRAP) ——
assay has been used to test telomerase activity in - s .
numerous cancer specimens. We describe primers,

controls and quantification methods for the TRAP

assay to accurately measure the level of telomerase

activity in clinical samples. The assay is reliable and =

reproducible in routine analyses and can be used to Pt

il
estimate the processivity of telomerase activity. I
-

Telomerase is a ribonucleoprotein complex that plays a critical -
role in telomere maintenance and cellular immortality?)( 42 bp—o- B I
Previously we have described a highly sensitive PCR-based P TSIACK
telomerase activity assay, designated the telomeric repeat TS/CX
amplification protocol (TRAP)J), that has proved to be an
mportant tool for underStandmg the role O_f yelqmerase IN CaNC&Eiq e 1. Primer dimer PCR artifacts derived from CX and ACX primers.
Since then others have discussed quantification of the level @foducts of telomerase activity start at 40 (TS/ICX primers) or 50 bp (TSIACX
telomerase activity in primary tumors using the TRAP assayrimers) and display 6 bp periodicity. Primer dimer PCR artifacts derived from TS
(4:5). In this report we discuss new primers, controls and o B0 O e cored flom TS and ACX prmers ock.
e H H owever, the primer

quantification meth.OdS. for. t.h e TRAP assay to CharaCtenzg bp periodicit[;/ and can be easily distinguished from the telomerasg products.
telomerase expression in clinical samples.

Anchored return primers were developed (ACT;GE&-
GCGGICTAACCE-3; ACX, 5-GCGCGG[CTTACCJCTA-  substrate in a given vitro reaction. In the TRAP assay a return
ACC-3) that have a 6 bp ‘anchor’ at theehd which is neither primer can bind anywhere along the telomeric repeats and
telomeric nor complementary to telomeric sequences, followed lpyoduce PCR products of different lengths. PCR-mediated
sequences that hybridize to telomeric repeats. The presence of tledoBgation of telomerase products in the TRAP assay with the CX
bp anchor and new permutations of the telomeric sequence in thesteirn primer can be observed in Fig@xeWhen synthetic
primers result in a significant reduction in primer dimer PCR artifacelomerase products R5—-R8-FATCCGTCGAGCAGAGTT-
formation as compared with the published CX primBgrdven in  AG[GGTTAG]4_73), corresponding to primer TS extended
the absence of stringent hot start conditions. Primer ACX was makéth five to eight telomeric repeats, were amplified in the TRAP
resistant to primer dimer artifact formation when compared witfeaction using the CX return primer the resulting bands consist of
primer ACT and thus was used more frequently for our routingroducts that are both shorter and longer than the original starting
TRAP analysis. Very rarely, primer dimer artifacts may form wittemplate.
primers TS and ACX in the TRAP assay. However, unlike the Anchored primers, such as ACX, prevehte®ngation of
primer dimer artifacts with primer CX, the artifacts resulting frontelomerase products by capping theersdd of a telomerase
primers TS and ACX or TS and ACT are different from the typicgbroduct after the first PCR cycle. In subsequent PCR cycles this
6 bp TRAP ladder pattern and are easily distinguished from ti8&cap, or anchor, preventséongation of telomerase products
genuine telomerase products (Fig, providing an additional even when primer ACX is bound in a staggered manner to the
confirmation that the products of the TRAP assay represent genuBtend of the telomerase product. Thus the length of products
telomerase activity and are not the result of PCR artifacts. produced in a TRAP assay utilizing primer ACX accurately

The processivity of telomerase is defined as the total numberreflects the processivity of the telomerase activity being tested. As
telomeric repeats added to a DNA substrate. For simplicity, ve=en in Figur@, a TRAP assay performed with primer ACX on
define a ‘processivity measurement’ as the maximum numberthfe synthetic telomerase products results in products whose
observed telomeric repeats added to the TS oligonucleotitBngths are representative of the length of the starting template. In
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Figure 3. The results of quantitative TRAP assays are shown. The TRAP assay
was performed as previously described (3,6,7) on two tumor specimens (T1,

) . . . telomerase positive; T2, telomerase negative), R8 synthetic telomerase product
Figure 2. TRAP assay of synthetic telomerase produc_ts using primer CX Or(0.1 amol in CHAPS lysis buffer), lysis buffer only blank and 293 positive
ACX are shown. One tenth of an attomole of synthetic telomerase productgontrol extract. An aliquot of{ig of TS substrate primer (8ATCCGTCGAG-
comprising TS primer extended with four (R4;ARTCCGTCGAGCA- CAGAGTT-3) was end-labeled in 10l reaction mix [10pCi [y-32P]ATP
GAGTTAG[GGTTAGL-3) to eight (R8, SAATCCGTCGAGCAGAGT- (3000 Ci/mmol), ¥ One Phor Al buffer (Pharmacia) and 5 U T4 polynucleo-
TAG[GGTTAG]-3) telomeric repeats were used in the TRAP assay. With jge kinase] incubated for 20 min af&and then 5 min at 95. Fifty microlitre
primer CX the resuilting products are not representative of the length of inputrRAP reactions containeck TRAP buffer (3,6,7), 50 mM dNTPs, 1l TS
products, while primer ACX resullts in products that reflect the original length end-labeling reaction (0.1 mg TS primer), @IACX return primer, 0.fig NT
of the input product. The additional one to four faint bands visible above thejnternal control primer, 0.01 amol TSNT internal control, AYDNA polymerase
main bands are PCR artifacts which are often present when reaction conditiofperkin Eimer) and gl CHAPS cell extract (g protein). Each TRAP reaction
do not include a hot start. mix was placed in a thermocycler block preheated t€3ind incubated at

30°C for 10 min for one cycle, then at®@lfor 30 s, 60C for 30 s for 27 cycles.

Typical products of telomerase activity with primers TS and ACX are shown by
a foutine TRAP assay sing primer ACX, processivy can b s taing o7, 5 0.1 Pl Sl el 2 sl b o 3
described as=y + 3, wherexis th_e number of telomeric repeats pﬁor to assaying Rl by TRPAP analysisy The bcnged areas show integration of
on a telomerase product andis the observed number of ragioactive counts from telomerase products from the test extract (TP),
telomerase product bands on the gel. Depending on the puritytebmerase products from heat-inactivated contrd)(Trernal control of the
primers and the stringency of PCR conditions, a few additionégst extract (T1), telomerase product R8 quantification standard (R8), telomerase
faint bands can sometimes appear in the TRAP analysis. ThusPJAducts from lysis buffer only blank (B) and internal control of the R8

L .guantification standard (RI). These values were used to quantify the level of

most cases, the accuracy of the processivity measurement igkgm
guantitative TRAP assay without hot start is (y + 3)* 2.

Unlike most PCR applications, which normally measure a fixed
amount of nucleic acid target in a sample, the TRAP assay
measures an enzymatic activity where the amount of targetastivity was quantified by integrating the radioactive signal from
dependent upon the biochemical activity of the enzyme. Whehe sample lane and comparing it with the radioactive signal from
qguantifying telomerase activity there are two aspects @ known amount of quantification standard (R8). Utilization of
consideration: first, how many telomeric repeats the enzyme adtie quantification standard provides a means to describe the level
to the substrate; second, how many substrate molecules afe telomerase activity as an absolute value. From this
extended by telomerase. The first aspect relates to the processigitantification scheme the level of telomerase activity is
and the second relates to the turnover rate and the number of activpressed as a TPG (total product generated) value, where one
telomerase complexes. The quantification method described hergt of TPG is defined as 0.001 amol, or 600 molecules, of primer
specifically evaluates turnover and is based on the use of &6 extended for at least three telomeric repeats by telomerase
end-labeled primer in the TRAP assay. End-labeling the substr@esent in the extract. One TPG corresponds approximately to
primer ensures that the measured total signal strength correspaaiismerase activity from one immortal cell. The near linear range
to the number of substrate primers extended by telomerase andfishis assay is 1 (0.001 amol) to 10 000 TPG (10 amol) using
independent of the length of each extended product. It is possiblitutions of R8 synthetic product (F&). The products generated
to measure the total number of repeats telomerase adds to ftieen dilution of 293 cell extracts are nearly linear fifdhto 1000
substrate by directly incorporating labeled nucleotides during tig>G. This range encompasses the minimum and maximum levels
TRAP assay. However, the end-labeling method was emphasia#dtelomerase activity in most tumor samples tested. Thus
because in the TRAP assay the return primer can bind anywhergantification of telomerase activity in most tumor samples can
along the telomeric repeat sequence of the telomerase prodibet,measured using identical assay conditions.
resulting in amplified products whose number of telomeric repeatsThe TRAP internal control utilized in the assay, TSNT
may not directly correspond to the number of telomeric repeaS-AATCCGTCGAGCAGAGTTAAAAGGCCGAGAAGC-
present in the starting telomerase products. GAT-3), is amplified by primer TS and its own dedicated return

In a typical TRAP analysis, each sample extract was testedpnimer, NT (3ATCGCTTCTCGGCCTTTT-3, which is not a
duplicate and a negative control for each test extract wasbstrate for telomerase. Thus, this TRAP internal control is a
performed with heat-inactivated extract (F8). Telomerase semi-competitive internal control in that it shares only one of the

erase activity using the formula {[(TP —)I'H])/[(R8-B)/RI]} x 100 = TPG.
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/ Figure 5. Effect of PCR inhibitor on the TRAP assay is shown. Three-fold
1 dilutions of a telomerase-negative colon extract that is inhibitofiatpDNA
polymerase were mixed with equal amounts of 293 cell extracts (extracts from
100 cells) and analyzed for telomerase activity. Undiluted colon extract
completely inhibits the PCR reaction (lane 1,p@@ul total protein). As the
amount of inhibitory extract is reduced, telomerase products from 293 extracts

S
N
™

0l -~ - 2 g and the internal control increase proportionally with respect to their PCR
S = B g § efficiencies.
Number of Cells (293 Cells) if the TSNT internal control is amplified in the reaction, is

extremely low.
Figure 4. Dynamic range of the quantitative TRAP assay is shown. Dilutions UtiIizati}:)n of the anchored primer ACX. the TSNT internal

of R8 synthetic products from 100 to 0.0001 amol and dilutions of two different . -
293 extracts (293 no. 1 and no. 2) of from 1 to 10 000 cells were used in th€0Ntrol and the R8 quantification standard streamlines the TRAP
TRAP assay. The TPG values for the R8 and 293 dilutions are given on th@ssay and provides an accurate measurement of telomerase

y-axis. On this log-log plot the slope of the linear region between 0.001 and 1@ctivity. Furthermore, the new primer combination allows

Eroduct formation fo the 563 diions at 10,000 cells & due to an endogeno £SiMAtoN of the processivity of telomerase, which may be useful

PCR inhibitor present in the highly concentrated 293 extracts. uﬁ)r cha!rac_terlzatlon of telomerase. Slmllgir primer deSIQn and
guantification methods were incorporated into the TRAR &ite

(Oncor Inc.), which is now commercially available.
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