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Abstract telomerase has been cloned and namEER T because it possesses
) o ) o the activity of an RNA-dependent DNA polymerase (9-11). Only
hTeIomerase, Zn tenztymatlc_ acttlwtylrespon&:JI? (l;o_r the rtelghcatlon °f hTER and hTERT are required for the reconstitution of telomerase
Cchromosome end structures, 1s srongly upreguiated in most human can- activity in vitro and therefore represent the minimal catalytic core of
cers. In contrast, most differentiated tissues are telomerase negative. The :
telomerase in humans (12).

rate-limiting step for telomerase activity seems to be the expression of the . . .
catalytic subunit of the enzyme, encoded by théuman telomerase reverse Transfection of telomerase'negat've .Cells W_'th_ WERTCDNA
transcriptase ("\TERT) gene. The precise mechanism of howTERT is has demonstrated thaT ERTexpression is rate-limiting for telomer-
regulated has not been elucidated yet. We show here that the down- @se activity (13-15). Moreover, cells that ectopically expteB&RT
regulation of hTERT mRNA during 12-O-tetradecanoylphorbol-13-ace- overcome crisis and have an extended life span, supporting the causal
tate-induced differentiation of human U937 cells is a consequence of a fast relationship between the shortening of telomeres and cellular senes-
decrease in the rate of transcription rather than changes in its half-life. cence (16, 17). Telomerase activity has been shown to be associated
The only transcription factor that has so far been implicated in the ith proliferation (18, 19); therefore, it is not surprising that almost all
regulation of hTERT expression is the c-Myc oncoprotein. Our analysis jmmortal and cancer cells display significant telomerase activity and
shows that another member of themyc/max/machetwork, madl.encoding  gynresshTERT(20, 21). These observations and the finding that the
a transcriptional repressor that is significantly increased by 120-t§tra- myc oncogene can activateTERT expression (22—25) indicate that
decanoylphorbol-13-acetate treatment, repressdsl ERT promoter-driven : - . . .

this gene may play a critical role in tumorigenesis.

reporter gene activity in transient transfection assays. This effect is de- . . . .
pendent on the NH, terminal domain of Madl, which mediates the asso- While telomerase pgcomes activated _d”””_g neopl_as.tlc transforma-
ciation with the transcriptional corepressor mSin3. Our findings suggest 10N, telomerase activity decreases during differentiation processes,
the involvement of an additional transcription factor in the regulation of ~ Which are accompanied by loss of proliferative potential. This has
hTERT expression and may provide a model for howhTERT activity is ~ been studied in embryonic stem cells that were differentiated by the
controlled during the differentiation process in human somatic tissues.  removal of leukemia inhibitory factor from the culture medium and in
F9 teratocarcinoma after retinoic acid-induced differentiation (26).
Introduction Loss of telomerase activity upon differentiation was also demon-
strated in K-562 human erythroid leukemia cells as well as in HL-60

Telomerase is a ribonucleoprotein complex that is responsible {iman promyelocytic leukemia cells (26, 27). In the latter, telomerase

the complete replication of chromosomal ends. These end Strucw'{ﬁﬁmn-regulaﬁon was demonstrated to be an early event of the differ-
named telomeres, serve as protective caps and con§|st of short @jﬁl'ation process and not its consequence (28). Repression of telom-
demly repeated DNA sequences. In humans, this sequencegi§se activity was subsequently demonstrated to be associated with
TTAGGG, and the average telomere length is 5-15 kb (1, 2). Up@Re gown-regulation ohTERT expression upon differentiation of
each cell division the chromosomal ends shorten at a ratb6t-200 1y .50 cells with TPA (10, 29). It is, however, not yet clear at which
bp (3). This molecular erosion sets a physical limit to the potentiglyq| of gene expression this down-regulation occurs.
number of cell divisions and serves as a “mitotic clock” defining the The only transcription factor that has thus far been implicated in the
lifespan of somatic cells. One mechanism to escape this Iimitationrgtgmation ofnTERTis encoded by the c-myancogene (22—25). The
the activation of telomerase. Because telomerase can reset the mitg{ymty of c-Myc to function as a transcription factor has been shown
clock, it has been linked to the processes of tumorigenesis and agi[r@gdepend upon its dimerization with the protein Max (reviewed in
To date, three components associated with telomerase activitydgs, 30). In addition to the formation of stable complexes with c-Myc,
humans have been identified. The RNA component of telomerase\iax also heterodimerizes with proteins of the Mad(Mxil) family
encoded by thehTR gene (Refs. 4 and 5; now calldtTER) and (30-32). These Mad/Max complexes act in an antagonistic manner to
functions as the template for elongation of the telomeric repeat unigspmyc/Max-induced transactivation and result in potent repression of
hTERIis constitutively expressed in all cells and is therefore not likelyene expression. How these additional members of the Myc/Max/Mad
to be involved in the regulation of telomerase activity (6). The samtwork affechTERTexpression has, however, not been studied yet.
is true for another protein that is associated with telomerase, theye have used the differentiation of human hematopoietic U937 cells
product of theTP1/TLP1gene (now callechTEP1), which is also by phorbol ester as a model to study the regulatioml@R Texpression.
expressed ubiquitously (7, 8). Recently, the catalytic subunit of hum@ye demonstrate here that the half-life of fHEERTMRNA is not altered
by TPA treatment. Nuclear run-off analysis shows that the down-regu-
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tion of the gene. Furthermore, the decreasdTiERT activity is not For the run-off assay, 200l of nuclei were mixed with 20Qul of reaction
preceded by a down-regulation of the oncoprotein c-Myc but is paralleledffer [10 mv Tris-HCI (pH 8.0), 5 nw MgCl,, 300 mv KCI, 0.5 mv each of

by an increase in levels ofiadl. In transient transfection assays, MadATP, CTP, and GTP, and 1Q4Ci of [-*?P]JUTP (800 Ci/mmol; Amersham)] and
was able to repredsTERTpromoter activity, an effect that was dependincubatgq with shaking for 30 min at 30°C. SubsequentlyZ DNA was digesteq by
ent on an E-box consensus sequence. The repressive effect of Madltgfsaddltlon of 2Qul of DNase | (1 mg/ml; RNase free) and incubation for 15 min

required an intact NKlterminal domain, which mediates the interactiorf: C3;) fgigi?;zt'fhliglzglnﬁ‘::: dc;?igisuzlfntghttehem;r?z:ltruerae?em (Life Technologies,
with the corepressor mSin3. i y

Hybridization was performed with ¥ 10° cpm labeled RNA per sample using
5 ml of the Rapid-hyb buffer (Amersham) according to the manufacturer’s rec-
ommendations. To enhance sensitivity, the hybridization was done overnight. To
Cell Culture, Differentiation, and Immunoprecipitations. U937 cells reduce background signals, filters were washed under stringent conditions: two
were obtained from the European Collection of Cell Cultures and were kepttiftes in 2X SSC/0.1% SDS, two times in 0:2 SSC/0.1% SDS, and two times
RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum. F60.1X SSC/0.1% SDS for 25 min at 65°C. For each genpglof a specific
differentiation, cells were seeded at a density of 10°/ml and TPA (10 ng/ml  fragment was immobilized on a nylon membrane: iGiERTand GAPDH, the
in 0.1% DMSO) or retinoic acid (5< 10~ m in ethanol) was added to the 450-bp (position 3014-3464) or the 449-bp (position 586—1039) amplification
medium. The transcriptional inhibitor actinomycin D was used pghnl. Dif-  Products described above; fofas, a 1-kbgPstl fragment; and for fun, a 1.4-kbp
ferentiation was assessed by expression of the monocytic markers CD11a 2gl-Hindlll fragment of the respective cDNAs was used.
CD11c as well as CD4, which is expressed on immature U937 cells. Analysis wad=lectrophoretic mobility shift assays were performed using a 26-bp oligo-
done using FACS assay with the respective monoclonal antibodies (PharMing8Hy:leotide containing the consensus E-box (Santa Cruz Biotechnology) and
Metabolic labeling followed by high stringency immunoprecipitation waguclear extracts from U937 cells, which were prepared as described (35).
done as described (33). For the detection of Mad1, a polyclonal antiserdProximately 10 fmol of labeled oligonucleotide (25,000 cpm) were incu-
directed against the COOH terminus of human Mad1 was used (Santa cpased with 3ug of nuclear extract in the presence ofuj of poly(deoxyi-
Biotechnology). nosinic-deoxycytidylic acid) in 1>binding buffer (36) for 20 min at room
Constructs, Transfections, and Reporter Gene AssaysGeneration of temperature. Subsequentlyu8 of a c-Myc-specific antibody (N-262; Santa
the hTERTpromoter constructs pGRN150 and pGRN261 has been descrifettz Biotechnology) or of an E2F-1-specific antibody (as a control) were
(22). pGRN176 has been generated by digestion of pGRN150Ruth and added to the mixture, and after 10 min at room temperature, binding was
Srfl and subsequent religation. Construct pGRN316 contains nuclestias ~ allowed to occur overnight on ice. Complexes were separated on 5% nonde-
—246 from thehTERT genomic sequenceé.e., sequences immediately up- haturing polyacrylamide gels that were run at 4°C.
stream of the ATG codon, and has the same@ifiguration as pGRN261  Northern Blot and Array Analysis. For Northern analysis, 2(g of
(cloned into theEcoRI site of pSEAP2-Basic). cytoplasmic RNA were immobilized on a filter and sequentially probed with
U937 cells were transfected in six-well dishes using SuperFect (Qiag&iecific fragments to detect the c-mf@4-kb) andmad1 (3.8 and 6.5-kb)
with 0.6 ng of reporter p|asmid’ 1ag of expression p|asmid’ and OIJZJ of mRNA without Strlpplng the filter. To analyze the eXpreSSiOnmdlin
internal control plasmid (pGL3 Control; Promega). Reporter gene activity wAs§man tumors, the commercially available Matched Tumor/Normal Expres-
determined by the SEAP reporter gene assay (Roche). sion Array (Clontech) was used. Hybridization witmad1-specific probe was
RT-PCR Analysis and TRAP Assay. First-strand cDNA synthesis was done according to the manufacturer.
done using 2-5u9 Qf total RNA with SuperScript reverse trgnscriptase (Lifehesults and Discussion
Technologies, Inc.) in the presence of 100 ng of oligg=@Fimers in a volume of
20 pl. The cDNA was diluted 15 in water, and Qul of the reverse transcriptase  Down-Regulation of Telomerase Activity andhTERT Expres-
reaction was used for PCR analysis in a total volume ofBeontaining 0.2uM  sjon upon Differentiation of U937 Cells. To study the regulation of
specific primers, 10% DMSO, 1.5mMgCl,, 0.2 ma deoxynucleotide triphos- oo merase activity as well &ERTMRNA expression upon cellular
phates, and 1 unit of Tag polymerase (Life Technologies, Inc.). For radioact

I . . .
PCR analysis, 2.6.Ci of [a-*2P|dCTP (3000 Cifmmol: Amersham) was added t0(‘fl"i“ferentlatlon, we have chosen the human myeloid leukemic U937

the reaction. Amplification products were analyzed on 5% nondenaturing poﬁ}?" !|ne. RA as well as phorbol estgrs such as TPA mducp U937 cells
acrylamide gels. PCR analysis (94°C, 30 s; 55°C, 30 s; and 72°C, 1 min) was dEpdlifferentiate along the monocytic and macrophage-like pathway.
for 33 ((TERT, 30 (TEPY, or 21 cycles GAPDH). For radioactive PCR, the These cells are thus very similar to HL-60 cells, where telomerase
linear range of amplification was determined previously, and amplification wastivity has been studied (10, 26, 37) but are much easier to transfect
done for 25 cycles fonTERTandhTEP1 and are therefore advantageous for the present study. In the first set of
The primers were hTERT-STCTGGATTTGCAGGTGAACAGCC) and experiments, we analyzed whether thEERTgene as well as telom-
hTERT-3' (GGGTGGCCATCAGTCCAGGATGG) forhTERT, hTEP1-5" erase activity is regulated in a similar manner in U937 cells as it has
(TCAAGCCAAACC-TGAATCTGAG) and hTEP1-3(CCCGAGTGAAT-  haen reported for HL-60 cells. We performed RT-PCR analysis with
CTTTCTACGC) forhTEP1, as well as GAPDH-JACCACAGTCCATGC-  hTERT. andhTEP1-specific primers at various time points after
CATCAC) and GAPDH-3(TCCACCACCCTGTTGCTGTA) fOlGAPDH. inéjuction of differentiation of U937 cells with RA or TPA. As

To determine the enzymatic activity of telomerase in cell extracts, we us

the TRAP as described (20) with the TRAPeze kit (Oncor) according to tfaeemonsuateq in Fig. 1a, differentiation of these cglls leads to a
recommendations of the supplier. Each sample contains the equivalentd.Qf"’n‘regu""‘t'on ofhnTERT mRNA after 5 h and to its complete
1 X 10 cells. disappearance after 24 h. In contrast, the expressidiTBEP1was

Nuclear Run-Off and Electrophoretic Mobility Shift Assays. Nuclear Slightly increased after the addition of the differentiating agents, an
run-off analysis was performed as described (34) with some modifications. Fdvservation that has been reported earlier for HL-60 cells (38). TRAP
the isolation of nuclei from U937 cells, 8 10’ cells were used per time point. assays using extracts from differentiating U937 cells showed that the
All procedures were carried out at 4°C. Cells were collected by centrifugatigitidition of RA or TPA leads to a decrease of telomerase activity (Fig.
and washed twice in PBS. The cell pellet was loosened by careful vortexirlgb)’ although with much slower kinetics when compared with the

resuspended in 4 ml of lysis buffer [10vmIvis-HCI (pH 7.4), 10 mw NaCl, ,rERTmRNA. After 24 h, a reduction of telomerase activity was
o . ) . ,

3 mu MgCl,, and 0'5./" (V/V.) NP40] and 'ncupated on ice for 5 min. NUCIe\'/isible, and after 72 h, all the activity had disappeared. These data

were pelleted by centrifugation at 5009 for 5 min. The supernatant was used

for the isolation of cytoplasmic RNA. The nuclei were resuspended in 4 ml gpnflrm that expression diTERTIs the rate-limiting step for telom-

lysis buffer and again centrifuged. The pellet was resuspended inupep ~€rase activity. To verify that the experimental conditions used here
glycerol storage buffer [50 m Tris-HCI (pH 8.3), 40% (v/v) glycerol, 5 m  resulted in the differentiation of U937 cells, we have examined

MgCl,, and 0.1 m EDTA] and either used immediately for the run-off assayexpression of the cell surface markers CD4 as well as CD11a and
or frozen in liquid N. CD11c (Fig. 1c). Whereas expression of the monocytic antigens
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a provide a useful model for studying the regulation of FEERTgene
upon differentiation. For all of the subsequent experiments, only TPA
RA TPA was used as a differentiating agent.
Treatment (i) 0 2 5 10 24487296 025 710 244872 The Half-Life of the hTERT mRNA Is Not Altered by TPA. The

rapid down-regulation ochTERTmRNA after TPA stimulation could

hTERT — _ _ result from a short half-life of th@TERTmessage. To test this and to

——— examine whether TPA-mediated changeshifERT mRNA stability

contribute to its rapid disappearance, we performed semiquantitative

STEP1 —> m m RT-PCR analysis using DNA from actinomycin D-treated cells. In the
presence of actinomycin D, a significant decrease ohtfEERTMRNA
could be observed as early as 1 h after addition of the drug (Fig. 2). After
4 h, hTERTmessage had almost completely disappeared. This regulation

GAPDH —>- m m was specific becauseTEP1IMRNA was affected to a much lesser extent
by the inhibitor. Densitometric analysis revealed the half-lifa BERTin

U937 cells to be~50 min. The rate of decay of tHeTERTMRNA was
éP‘h not affected by the addition of TPA, which suggests that the induction of
N

}\@\;}. differentiation did not changeTERTmMRNA stability. The decrease of
b & (\a\ > hTERT message induced by TPA was slower than that induced by
S actinomycin D alone or by both drugs, indicating that there is still residual
Qf'&%ﬁ M transcription of thehTERTgene after 6 h of TPA treatment.

The Rate of hTERT Transcription Is Decreased by TPA Treat-
ment. Because altered mRNA stability is not responsible for the
down-regulation of théiTERTMRNA upon induction of differentia-
tion, we analyzed the level of initiation &fTERTtranscription upon
TPA treatment. Before and at various time points after induction of

i TPA/ActD v - T D™ T D™ TDT T DD T DD
Yr tmm—m—— e ) " e e e e o
600bp
500bp
Treatment(h) 0 2 5 1024487296 O 2 5 7 10 244872 hTERT —> [T L L L] R ) L
RA TPA 40tp @D
C b0 4
100 BTEPT —> S e e W e 9 o
200tp @D

% positive cells
8 8328388

§ 110
€ 10 = uninduced
P AN —a—TPA
£ gl Y\ - <= -ActD
E 5 L ~——TPA+ActD
10 K] T
Al -+
] 6 %
- 504
c
time (hours) of TPA treatment 3 47
E 30i
Fig. 1. Down-regulation diTERTMRNA level and telomerase activity upon RA and TPA «
treatment of U937 cellsa, RT-PCR analysis with primers specific fof ERT, hTEP1and [} 20 +
GAPDH. Exponentially growing cells were induced with either RA or TPA for the times 2 104
indicated.b, TRAP assay using extracts from U937 cells that were treated identically to the E
cells used ima. The positive control (pos. control) and the internal control ({€;eals the o 0 e e}
absence of PCR inhibitors) are provided by the manufacturer of the kit (TRAPeze kit). For the 3= 0 30 60 90 120 150 180 210 240 270 300 330 360 390

negative controls (neg. control), extracts from untreated cells were Ms&@0-bp markerc,
differentiation of U937 cells. Cells were induced by TPA, and surface antigen expression was time (min)
measured by FACS analysis using specific antibodies.
Fig. 2. Determination of théd TERTmRNA half-life. top, semiquantitative RT-PCR
analysis. Exponentially growing U937 cells were treated with 10 ng/ml TPA (/|

. actinomycin D (ActD), or with a combination of both (T +D) for the times indicated; total
CD1la and CD1lc increased upon TPA treatment, CD4 surfag@a was extracted, and RT-PCR analysis was performed with primers specific for
expression, which is a hallmark for immature U937 cells, was loBTERTand hTEP1. To stay within a linear amplification range, PCR was done for 25

. . . cycles in the presence of radiolabeled dCBBttom,quantitation of thehnTERTmMRNA
rapldly' We conclude from these experiments mﬁERTreguIatlon levels in thetop panelusing the program NIH Image 1.61. The signal of the uninduced

in U937 cells is tightly controlled and that these cells therefor@ample was set to 100%.
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TPA (h) 0 025 1 4 8 16 c-mycmRNA and protein levels are turned off in differentiating cells.
A similar observation, however, has been made in a subline of U937
cells in which TPA treatment did not result in a decrease myc-
) levels (39). Moreover, a c-Myc target gene, ODC decreased rapidly,
cfos » g Slisn e 2 despite high levels of c-Myc, but the mechanism by which ODC
i expression was down-regulated remained undetermined. As in the
case with ODC, our results imply that c-Myc is not the only deter-
minant of h TERTactivity in U937 cells.

Madl Can Repress thehTERT Promoter. Whereas c-myand
maxmRNA levels (data not shown) remained constant after TPA treat-
ment, the amount ofmadl MRNA and protein increased dramatically
after induction of differentiation (Fig. 4 andb). This observation is in
agreement with earlier reports (40) and prompted us to test the effect of
Madl on thehTERT promoter. Overexpression of Madl in transient
transfection assays in U937 cells resulted in a consistent and significant
decrease diTERTpromoter activity (Fig. 4 This repressive effect of
Mad1l was dose dependent (Fig).4ehe hTERTpromoter contains two
E-box consensus sites, one of which is located close to the translational
initiation codon at position-29 to —34 (proximal E-box), whereas the
second one is at position238 to —243 with regard to the ATG (distal
E-box; Fig. 4¢ Ref. 22). The effect of Mad1 on ti& ERTpromoter was
dependent on an intact proximal E-box. Deletion of this E-box led to
reporter gene activity that was almost indistinguishable from a construct
‘ without an obvious E-box consensus. This observation was paralleled by
hTERT c-fos c-jun GAPDH the effect of c-Myc on théhTERT promoter, which was also mainly
Fig. 3. nTERTMRNA is regulated at the transcriptional levesp, nuclear run-off €Xerted via the evolutionarily conserved proximal E-box (Fig.Ref.

analysis using nuclei from U937 cells that were either untreated or treated with TPA ®2). Thus, c-Myc and Madl exert their transcriptional effects via the
the times indicated. Radiolabeled RNA was used as a probe for filters with immobiliz Ha ; _
fragments specific fonTERT, c-fos, c-juraendGAPDH.Filters were exposed for 7 days. %‘éme site in thhTERTpromoter. A comparison of the ¢ Myc and Mad1

bottom, quantitation of the signals from the run-off assay shown inttepanel.To  €ffects on the reporters pPGRN261 and pGRN316 suggests that sequences
calculate the relative amounts of newly transcribed RNAs, signals were qLL?nEIi_tra]\ted lus;__ingstream of both E-boxes appear to contribute to the repression of the
e e T e fER Toromoter by Mad and its activation by c-Myc. Although there i
induction of the cells. no additional E-box in the 'Sregion of pGRN261, the reporter harbors
several additional sequence elements that deviate by only 1 bp from the
canonical CACGTG. Whether c-Myc/Max and/or Mad1/Max complexes
differentiation by the addition of TPA, nuclei were isolated, anthind to these sites, however, remains to be shown. To exclude competi-
nuclear run-off experiments were performed. As shown in Fig. 3, thien between Madl and c-Myc as the basis for the observed effect, we
level of transcription ohTERTstarted to decrease as early as 15 mihave used a mutant form of Madl. The Ma&ditutant (41) is devoid of
and was significantly down-regulated af@& h of induction. In con- the mSin interaction domain (SID) and is therefore not able to actively
trast, GAPDH expression was only mildly altered by the addition ofepress transcription. As can be seen in Fifjcétransfection of MadN
TPA. To verify the effect of TPA on gene expression, we havedoes not lead to repression of tiEERTpromoter constructs. In contrast,
included the immediate early genes c-éosl c-junin the experiment. the mutant led to a consistent increase in reporter gene activity. This
The expected transient rise in the expression of both genes that caeffect could be explained by the displacement of endogenous Madl,
observed after 15 min serves as a positive control. These reswtsch is expressed at a low level in undifferentiated cells (Fly. 4
indicate that the down-regulation 6TERTmMRNA upon differenti- bottom), by the overexpressed mutant form. Thus, repression of the
ation of U937 cells is predominantly caused by a decrease of th€ERT promoter by Madl involves an active repression mechanism
transcriptional activity of the gene. rather than simple competition with c-Myc.
hTERT Down-Regulation Is Not Preceded by Loss of cayc Madl Expression Is Lost in Human Tumors. To analyze the
Activity. The c-myconcogene has been implicated in the regulatioexpression ofmadl in human tumors, we have measurathdl
of the hTERT gene (22-25). Using reporter constructs harboringiRNA levels in an arrayed panel of human tumor and the respective
fragments of thdnTERTpromoter, we could confirm that the overex-normal tissue (Fig. 5). In a number of tissuasgadlexpression was
pression of c-mydeads to activation of thédhTERT promoter in too low to be analyzed; but in the particular case of colon cancers, as
transient transfection assays in U937 cells (Fiy. We then wanted many as 91% (10 of 11) of the tumors showed decreasatilmRNA
to investigate the level of endogenoumgeexpression in response tolevels. In the combined 29 samples of tumors from colon, lung,
TPA treatment in our cell system. Surprisingly, RT-PCR (data nstomach, and recturmadlexpression was lost or down-regulated in
shown) and Northern analysis did not reveal significant changes68% (20 of 29) as compared with normal tissue from the same patient.
c-mycmRNA, whereahTERTIlevels decreased after addition of theOf note, several members of the Mad family have been discussed as
drug (Fig. 4a). To analyze possible posttranscriptional effects, wemor suppressors (42). On the basis of our observations, one can
examined the level of c-Myc protein. The amount of c-Myc that coultherefore speculate that the repression of WA€&ERT promoter by
be supershifted from complexes binding to an E-box-containing fralytadl limits the replicative potential of a cell and thereby contributes
ment slightly decreased after TPA addition (Fig. 4b). This decrease,the tumor suppressor phenotype.
however, was not complete, and there was still significant c-Myc In summary, we have demonstrated that the down-regulation of
activity whenhTERTexpression had already disappeared. This oldTERTexpression in differentiating U937 cells occurs at the level of
servation represents an exception to the general observation thascriptional initiation. Furthermore we provide evidence that in
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Fig. 4. Effects of c-Myc and Madl onTERTexpressiona, analysis ohTERTMRNA levels by RT-PCR using RNA from cells treated with TPA for the times indicatieg)
Middle, Northern Blot analysis of c-myandmadlexpressionBottom,the same filter was subsequently reprobed wiAPDH probe as a loading contrdd, electrophoretic mobility
shift assay (top) using extracts from U937 cells treated with TPA for the times indicated. Note that the extracts for the EMSA experiment were made from the same cells that were
used for the RNA preparation analyzedanThe probe contained a consensus E-box sequence. c-Myc DNA binding activity was analyzed with a c-Myc-specific antibody. As a control
for specificity, an E2F-1 antibody was used. The synthesis of Madttdm) during U937 differentiation was analyzed by metabolic labeling and subsequent immunoprecipitation using
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the empty vector. Every experiment has been performed at least five times; in each case, a representative experimenBa si8&vn.
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Fig. 5.Madlis down-regulated in human tumors. For the analysisafilexpression
in human tumors, a matched array of normid) @nd tumor tissue (T) from different 1g
patients was analyzed withraad1-specific probe. Because the expression leveladl
varies between different organs, only those tissues with signifioadtLlevels are shown.

addition to the c-Myc oncoprotein, the transcriptional repressor Mad1l
regulateshTERTactivity. To our knowledge, Mad1 is the first tran-20-
scription factor identified that can repress th€ ERT gene. This
finding might also open up the possibility for novel therapeutic
strategies with regard to telomerase inhibition. Finally, we think th&-
cellular system used here is a useful model for the regulation of
hTERTactivity during the differentiation of somatic tissues. 22.
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