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ABSTRACT Telomerase Product(s)
TS

Human somatic cells have essentially no telomerase
activity. Telomerase is linked to tumor genesis and is

a valuable marker for malignant growth. Extreme TS
paucity of the enzyme neccessitated development of a C]» - -
PCR-based assay, ‘telomeric repeat amplification pro- [ Eobapeobapopapop
tocol’ (TRAP). Unfortunately, this method is not with- « « <P
out difficulties. Amplification products are not related
to the size of the amplified telomerase products.
Furthermore, false positive results can occur, and
careful control of reaction conditions is crucial. We

Amplification of Telomerase Products

Undesired: Further Elongated Products
1S

analyzed in detail the molecular basis of artifacts. Undesired: Pri . X
. ndesired: Primer Dimer
Based on these data, reverse PCR primer was changed 5 5
and both problems in the TRAP assay were eliminated. s>~ PCR [ Fpabapap(=
o - . << p<p<p(n) [EEkr<e<r<e(n)
Telomerase is a ribonucleoprotein with the function of a DNA X (Cxeoxt) X (Cxeoxt)

polymerase, where a segment of the RNA component functions

as internal template.-8rmini of linear chromosomes are the

n"?‘tural primers for tel_omerase- It adds_t_elomer hexamer repeagfyure 1. Scheme for PCR products in the TRAP assay. For sequences, see
with substantial pausing after the addition of each hexamer. IFigure 2. First, telomerase adds telomeric hexamer repeats (shaded arrows)
vertebrates, the repeat sequence is TTAGGGTelomerase  onto primer TS (white square). In subsequent PCR (indicated by short arrows),

P . i xcess primer TS is combined with reverse primer CX (four complementary
activity Is a potent|aIIy very useful tumor marker. A sensitive ancfelomeric repeats; white arrows). Undesired, further elongated products occur

rellable assay is of high Interest, butitis hampered by the extrenaGe 1o staggered annealing with one (or more) hexamer repeats. In spite of the
paucity of the enzyme. Forvitro assays, synthetic non-telomer- minimal overlap (two A:T pairs), primer dimer formation yields elongated TS
ic oligonucleotides can be used as primgrsuid Kimet al (3) with four repeats, and as a real problem, staggered annealing results in a product
developed the ‘telomeric repeat amplification protocol’ (TRAP),Iadder. Indicated in brackets: the extraeBminal sequence in CX-ext (black
where telomerase products are amplified by a subsequent PERa®) Prevents further elongation of dimer products.
(Fig. 1). Already in the presentation of the method, a peculiar
artifact was described3), Amplification of a well defined, 1and2A). This can lead to false positive telomerase assays, since
synthetic telomerase product which contains four repeats (oligobsequent staggered annealing results in a hexamer ladder.
TL) does not result in a single product of original size. Instead,ladeed, we observed large amounts of artifact products, if (i) the
product ladder with 6 base pair steps extends up to the top of gensitivity of the assay was increased by high numbers of PCR
gel. Thisis identical to the result observed in an authentic positiegcles, or (ii) the wax barrier was eliminated to allow a simple
telomerase assay. Supposedly, this is caused by staggesetiup with a complete mastermix (F38.).
annealing of CX primer3) (see Figd and2A). Although T:T Artifacts were analyzed in detail with-3P-labeled primers
mismatches in primer CX reduced the artifact, an efficientrig. 2C and D). Only the combination with labeled TS yielded
suppression was not achieved. a prominent artifact ladder, whereas it was much weaker with
We had the following apprehension: highly variable amountsbeled CX. Chemical sequencing of the products confirmed
of the tentative ‘primer dimer’ were observady. If primers CX  dimer formation (as shown in FigA and D; further data not
and TS yield a real primer dimer, this is very similar to TL (Figshown). Mismatches (introduced by the CX primer) reduced
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A Primer Dimer (TS+CX) C 1234567

51'-32p_AAT CCG TCG AGC AGA GTT AGGG TAAGGG TAAGGG TAAGGG MM
TTA GGC AGC TCG TGT CAA TCCC ATTCCC ATTCCC ATTCCC-5'

Further Elongated Products

TS+CX only o
5'—32P—AAT CCG TCG AGC AGA GTT AGGG TAAGGG TAAGGG TAAGGG TM|aggg taaggg taaggg tmaggg mn M&G — :
AA TCCC ATTCCC ATTCCC ATTCCC | - —x
AA?CCC ATITCCC ATTCCC ATTCCC -
-
TS+CX+TL
Dimer 3
TL: 5'-AAT CCG TCG AGC AGA GTT AGGG TTAGGG TTAGGG TTAGGG TL .

5'-32p_AAT CCG TCG AGC AGA GTT AGGG TTAGGG TTAGGG TTAGGG TAJAGGG TAAGGG TAAGGG TM aggy mm
AA TCCC ApTCCC AQTCCC AgTCCC |
AATCCC AT|TCCC ATTCCC ATTCCC

TS+CX+TL-6
TL-6: 5'-AAT CCG TCG AGC AGA GIT AGGG TTAGGG TTAGGG TTAGGG TT[AGGG TTAGGG
51-32p_AAT CCG TCG AGC AGA GTT AGGG TTAGGG TTAGGG TTAGGG TT}AGGG TTAGGG TAAGGG TAAGGG MM

AR TCCC ApTCCC ApTCCC AqpTCCC i @ Py
| AATCCC ATTCCC ATTCCC ATTCCC

cx —+m

B Primer Dimer (TS+CX-ext) D Maxam & Gilbert Segencing: REPEAT
5'-AAT CCG TCG AGC AGA GTT AGGG TAAGGG TAAGGG TARGGG CAC TS*EKT*TL TS+CX TS+CX+TL-6
TTA GGC AGC TCG TGT CAA TCCC ATTCCC ATTCCC ATTCCC GIG-5' G * %o '

AC
Further Elongated Products

TS+CX-ext only

5'-AAT CCG TCG AGC AGA GTT AGGG TAAGGG TAAGGG TAAGGG CAC]

TTA GGC AGC TCG TGT CAA TCCC ATTCCC ATTCCC ATTCCC GTG{
ApTCCC ATTICCC ATTCCC ATTCCC

Figure 2. Sequences of PCR products in the TRAP as&aynthetic oligos are in bold-8P-labeled sequences have been determined [example in (D)]. Indicated
positions with M (=A,T,C) give prominent bands in the C-lane (D). Primer Dimer: here, elongation of both strands is shown (normal letters). TS+CX only: elonga
TS has to accumulate in the dimer (TM position and vertical bar). Then, staggered annealing can occur with all four, three, two or (as shown here) with only one he»
repeat of CX. Subsequent extension of TS is shown in small letters. Again, product accumulation precedes further extension (small letters in italics). A:A mismatch
CXs indicated. TS+CX+TL: no accumulation step is needed for staggered annealing with TL and CX. But further extension (small letters) requires accumulation
position). Internal T:T mismatches are indicated. TS+CX+TL-6, up to nine repeats can be added without accumulB)iéhisters TS and CX-ext. Elongated TS

in the primer dimer has an extrat&minal trinucleotide that essentially eliminates further extens@nBGR products with'52P-labeled primers. Reactions were
performed as described (3,4), but wax barrier and T4gp32 were omitted. Lanes 1-3, :38Folabéled primer was present. Lanes 4—7, labeled and unlabeled primers
were combined: lane 4-8P-CX and TS; lane 5, CX and3%P-TS; lane 6,'532P-CX and TL; lane 7,'52P-TS and TL. Positions of primers and the hypothetical
dimer (complementary strands migrate slightly differently) are marked; X indicates an elongation product of primer CX (possibly staggered annealing with three hex:
repeats). ) Elongation product (labeled M&G in panel C) and dimer band (not shown hete¥Btlabeled primer TS were isolated and analyzed by chemical
sequencing (5). Base specificities of the sequencing reactions are indicated above the lanes (in the G-lane of TS+CX+TL most of the material was lost).

staggered annealing and elongation of CX, but not the formationObviously, staggered annealing occurs in a stepwise fashion.
of a product ladder with TS (FigA and C and data not shown). Only three extra repeats can be added directly, and the correspon-
This means, unlike usual PCR artifacts, the observed artifaing product accumulates prior to subsequent staggering (Fig.
ladder is caused mostly by single-stranded products. Althoug@). An interesting observation is based on the abilityauf

this should limit amplification yields, here we have the unusu@NA polymerase to add non-encodéde3minal nucleotides (A,
situation that the high excess of primer CX provides a templakeit also T and C). Accumulation of these intermediates is evident
for essentially unlimited amplification. by introduction of a characteristic C-nucleotide (2D). For
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Figure 3. PCR product analysis with ABI prism 310 capillary electrophoresis UAIAMRA-TS (NAPS GmbH, Goéttingen) was used for labeling. PCR was
performed by combining 48 of mastermix, containing all components [finalb@eaction volume: 20 mM Tris—HCI (pH 8), BM dNTPs, 1.5 mM MgG, 63 mM

KCI, 1 mM EGTA, 0.005% Tween 20, 15 pmol primer TS and CX (or CX-ext) andajONA polymerase (Appligene, Heidelberg)]. After addingl 2f the
appropriate template oligo, PCR cycles were performed in an Eppendorf Mastercycler equipped with a hot lid:°8) 8Gs%% 50C, 30 s at 72C (A); for
telomerase assay (B)pRof cell extract were added and incubated for 10 min &€ 3before starting the PCR cycles. For sample analygi®flPCR products

were combined with 18I of formamide denaturation mi¢d) Three sets are shown for each primer combination, after 24 and up to 30 PCR cycles. Free TS migrate:
at the left margin, cycle numbers are left of the dimer position. Products with reverse primer CX display triplet bands: none, one or two extra nucleotides added be
3'-terminal GGG (Fig. 2A); doublet bands with CX-ext: only 1 extra nucleotide. 100 amoles of synthetic templates TL or TL-6 wByéasag.of telomerase

activity. Vertical scale was adjusted to product with two repeats beyond dimer (arrow). 27 PCR cycles were performed. Reverse primer and cell number [L428
(8)], or sample type are indicated (RNasé: ddlls inactivated with 100 ng RNase A).

TS+CX only, dimer products with four repeats accumulate beforman be determined and assembly of a complete mastermix at room
further extension by slippage can occur. This accumulation stegmperature allows a considerably simplified procedure.
corresponds to a prominent band in the otherwise blank C-lane.
This indicates that '&longation after staggered annealingACKNOWLEDGEMENTS
preferrentially occurred with a penultimate T and A, T or C as, . ) L
3-terminal nucleotide. Staggered annealing is limited again aftdfiS WOrk was supported by the Kinder Krebs-Initiative Buch-
three further repeats, with another band in the C-lane. The seclft: Eppendorf-Netheler-Hinz GmbH, Hamburg and Intelli-
accumulation step was also evident with TL. With TL-6 a&*€ne Ltd, Jerusalem, Israel.
positive control, a limit for slippage is expected only after nine
repeats. This agrees with the absence of strong bands in fheFERENCES
C-lane, since the analyzed product contained only eight repeats.

Considering the now well documented origin of artifacts, wel Blackburn, E.H. (199Gjcience249, 489-490.
designed an alered reverse primer CX-oxt. Thiee addiiond) VOIS ASINASISTaee |
5'-terminal nucleotides limit staggered annealing. Thus, artifacts p.c., coviello, G.M., Wright, W.E., Weinrich, S.L. and Shay, J.W. (1994)
were essentially eliminated (Figs2B and3A). An absolutely Science266, 2011-2015.
reliable recognition of telomerase positive samples is withoutt Sommerfeld, H.-J., Meeker, AK,, Piatyszek, M.A., Bova, G.S., Shay, J.W.
problems, and with 33 PCR cycles the sensitivity could be, i?ﬂp%ogeyilggﬁﬁgi?z%’ig; RR?;?' 533535336
increased to 30 cells (Fig8B; further data not shown). g piehi, ., Kirchner, H.H., Schaadt, M., Fonatsch, C., Stein, H., Gerdes, J.
Furthermore, the maximum size of authentic telomerase products and Boie, C. (1981). Cancer Res. Clin. Oncol01, 111-124.



