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BACKGROUND: The importance of telomerase in multiple myeloma (MM) is well established; however, its response to bortezomib has
not been addressed.
METHODS: The effect of bortezomib on telomerase activity and cell proliferation was evaluated in four MM cell lines and in myeloma
cells obtained from eight patients. The mechanism of telomerase regulation on epigenetic, transcriptional, and post-translational levels
was further assessed in two selected cell lines: ARP-1 and CAG. Clinical data were correlated with the laboratory findings.
RESULTS: Bortezomib downregulated telomerase activity and decreased proliferation in all cell lines and cells obtained from patients,
albeit in two different patterns of kinetics. ARP-1 cells demonstrated higher and earlier sensitivity than CAG cells due to differential
phosphorylation of hTERT by PKCa. Methylation of hTERT promoter was not affected. Transcription of hTERT was similarly inhibited
in both lines by decreased binding of SP-1 and not of C-Myc and NFkB. The ex vivo results confirmed the in vitro findings and
suggested existence of clinical relevance.
CONCLUSION: Bortezomib downregulates telomerase activity in MM cells both transcriptionally and post-translationally. MM cells, both
in vitro and in patients, exhibit different sensitivity to the drug due to different post-translational response. The effect of bortezomib
on telomerase activity may correlate with resistance to bortezomib in patients, suggesting its potential utility as a pre-treatment
assessment.
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The ubiquitin–proteasome system has become a promising novel
molecular target in cancer because of its critical role in cellular
protein degradation and its interaction with cell cycle and
regulation of apoptosis. It plays an important role in transcrip-
tional regulation of the key transcription factor, nuclear factor-kB
(NF-kB). The 26S proteasome, an adenosine triphosphate-
dependent protease, is fundamental for the ubiquitin–proteasome
pathway (Lenz, 2003). Proteasome inhibition is emerging as an
effective treatment in several haematological malignancies, notably
multiple myeloma (MM) (Anderson, 2004). Bortezomib is a 20S
proteasome complex inhibitor that acts by disrupting various cell
signalling pathways, thereby leading to cell cycle arrest, apoptosis,
and inhibition of angiogenesis. The hallmark of bortezomib action
is the inhibition of NFkB, thereby interfering with NFkB-
mediated cell survival, tumour growth, and angiogenesis
(Jackson et al, 2005). This is the first clinically used proteasome
inhibitor and serves as an effective drug against MM. Although

numerous of its cellular targets are well characterised, the whole
spectrum of its targets is not yet fully understood.

The importance of telomerase in the biology and prognosis of
many types of cancers in general and in MM specifically is well
established (Akiyama et al, 2002; Akiyama et al, 2003). Telomerase
is a unique reverse transcriptase, expressed almost exclusively in
490% of cancer cells. It synthesises TTAGGG repeats in telomeres,
compensating for telomeric loss in each DNA replication
(Blackburn and Collins, 2010). Telomerase activity confers endless
replicative potential to the cancer cell. Owing to its essentiality and
specificity to the malignant cells, it may serve as a valid anticancer
drug target, and indeed active compounds that target telomerase
are already in advanced phases of clinical trials (Shay and Wright,
2005). The importance of telomerase in MM has been demon-
strated convincingly both in vitro and clinically. Telomerase
activity has been found in myeloma cells of 90% of the newly
diagnosed and relapsed patients, while only in 13% of patients in
remission (Shiratsuchi et al, 2002). It is of prognostic value, as
elevated activity of the enzyme is correlated with poor prognosis
(Xu et al, 2001; Shiratsuchi et al, 2002; Gahrton, 2004). In addition,
inhibition of telomerase activity has been shown to be effective in
treating MM both in vitro and in vivo (Shammas et al, 2008).
Although others and we have shown that numerous cytotoxic
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drugs target telomerase (Uziel et al, 2005; Dong et al, 2009;
Mor-Tzuntz et al, 2010), its response to bortezomib has not yet
been assessed. In light of common signalling pathways connecting
telomerase regulation and bortezomib known mechanisms of
action, such as the NFkB axis, we surmised that the drug may
affect the activity of telomerase in MM cells. In the current paper,
we present data regarding the effect of the drug on telomerase
activity in MM cells and analyze the regulatory pathways leading to
this inhibitory effect. Although most of the work was performed
in vitro using MM cell cultures, we show here that the same
mechanisms are also relevant in vivo, by analysing mononuclear
cells isolated from bone marrow aspirates of MM patients before
and after bortezomib treatment, and ex vivo exposure to the drug.
In addition, we found that telomerase response to bortezomib may
be correlated with clinical response in patients with MM.

MATERIALS AND METHODS

Cell lines

MM cell lines, CAG, ARP-1, U266, and RPMI 8226 were kindly
provided by Professor M Lishner (Meir Medical Center, Kfar-Saba,
Israel). All cell lines were maintained in RPMI 1640 supplemented
with 15% heat-inactivated FCS, glutamine (2 mmol l� 1), and
penicillin/streptomycin (1%; Biological Industries, Beit Haemek,
Israel).

Patients

The clinical part of the study was approved by the local
Institutional Review Board (Helsinki Committee). All eight
patients signed informed consent forms for participation in the
study. Aliquots of bone marrow aspirates were obtained from
patients with MM at diagnosis and after 2 weeks of treatment with
bortezomib. Fifteen mililitre of anticoagulated aspirates were
separated by Ficoll–Hypaque density gradient centrifugation.
CD138þ subsets were isolated from the mononuclear cells
fraction by using mouse antihuman CD138 antibodies (Miltenyi
Biotech, Auburn, CA, USA) coupled to magnetic microbeads
(Miltenyi Biotec), followed by magnetic column selection (mag-
netic-activated cell sorting, Miltenyi Biotec), as previously
described (Matsui et al, 2004). Resulting cells were analysed by
FACS to ensure proper enrichment with CD 138-positive cells.
Cells were maintained in RPMI 1640 supplemented with 15% heat-
inactivated FCS, glutamine (2 mmol l� 1), and penicillin/strepto-
mycin (1%; Biological Industries).

In preliminary studies, we compared telomerase activity in
purified plasma cells vs total mononuclear cells obtained from the
bone marrow. Telomerase activity was similar in purified plasma
cells and total marrow mononuclear cells, probably due to
negligible telomerase activity in the non-neoplastic marrow cells.
Therefore, all further studies on ex vivo cells were performed on
the mononuclear fraction.

The patients were treated with bortezomib 1.3 mg m� 2 on days
1, 4, 8, and 11 every 21 days. In addition, they received 20 mg per
week dexamethasone. Assessment of response performed after
three cycles of therapy was based on the accepted criteria of
International Myeloma Working Group (Kyle and Rajkumar,
2009).

Cell viability – WST-1

CAG or ARP-1 cells (1� 104 per millilitre) were seeded in
quadruplicates in 24-well plates. After addition of bortezomib
the cells’ viability was measured by the WST-1 assay, according
to the manufacturer’s instructions (Roche, Mannheim, Germany)
and as described previously (Uziel et al, 2010).

Telomerase activity – the TRAP assay

Cells (5� 104 per millilitre) were plated in 24-well plates and incubated
with bortezomib as mentioned above. Each treatment was performed
in duplicates. Measurement of telomerase activity was performed by
the PCR-based TRAP assay, using the TRAPEZE telomerase detection
kit (Intergene, Wilmington, DE, USA), according to the manufac-
turer’s instructions and as previously described (Ram et al, 2009).
Briefly, cells were lysed with ice-cold CHAPS lysis buffer for 30 min
at 4 1C and were subsequently centrifuged at 13 000 r.p.m. for
30 min at 4 1C. The supernatant was then collected and the protein
concentration was determined by the Bradford assay (Bio-Rad
Laboratories, Hercules, CA, USA). Each 25 ml reaction mixture
contained 10� TRAP buffer, dNTP mix, TS primer, TRAP primer
mix, Taq polymerase, and 0.1 mg protein extract. Reactions were
performed at 30 1C for 30 min and were then PCR amplified by
30 cycles of 94 1C, 58 1C, and 72 1C for 30 s, and were separated
by electrophoresis on 12.5% polyacrylamide gels (Acryl/Bis 19 : 1
solution). Gels were stained with SYBER Green nucleic acid gel
stain (Amresco, Solon, OH, USA). Quantifications were performed
using the Quantity-one software for Bio-Rad’s Image analysis
systems (Bio-Rad Laboratories, Rishon LeZion, Israel). Telomerase
activity was calculated according to the following formula: TPG¼
[(X�B)/(C�B)]:[(r�B)/Cr� 100], where TPG is the total product
generated, X signifies each sample signal, C represents the 36 bp
internal PCR control, r is the TSR8 quantification control, and B is
the global gel background.

DNA polymerase activity assay

The assay evaluates the ability of DNA polymerasea to extend a
radioactive-labelled oligonucleotide. The labelled primer was
annealed to the template DNA as described (Ram et al, 1009)
and subjected to DNA polymerisation reaction. Aliquots were
removed and separated on PAGE using 16% gels. Quantification
was performed by the VersaDoc software on the Gel Doc
documentation system (Bio-Rad, Israel).

hTERT expression

Real-time PCR reaction was used to detect the expression of the
hTERT gene. Total RNA isolation was done by using the EZ-RNA2
RNA isolation kit (Biological Industries) according to the manu-
facturer’s instructions. RNA (1 mg) was then reverse transcribed
into single-stranded DNA with the cDNA reverse transcription
kit (Applied Biosystems, Foster City, CA, USA). Each real-time
PCR reaction was carried out with fluorescent gene-specific
primers and HPRT primers as an internal control labelled with
FAM (Applied Biosystems). The PCR reactions were performed
with the readymix PCR master mix Taqman-based kit (Thermo
Scientific, Worcester, MA, USA), run, and analysed on the prism
7700 sequence detection system (Applied Biosystems).

The chromatin immunoprecipitation assay

The binding levels of the hTERT transcription factors SP1, c-Myc,
and NFkB to its promoter region was assessed by the chromatin
immunoprecipitation (ChIP) assay by using the ChIP kit (Millipore,
Billerica, MA, USA) according to the manufacturer’s instructions.
Basically, cells were lysed and the DNA-binding proteins were
cross-linked to the DNA by formaldehyde. Subsequently, the DNA
was sheared by sonication. Antibodies against SP1 (Millipore),
C-Myc (Millipore), and NFkB (Abcam, Cambridge, MA, USA)
were added to the cell lysates and mixed with G-proteins-coated
beads. The DNA and its binding protein complexes were
immunoprecipitated and the cross-linking between the DNA and
its cognate proteins were reversed. The resulted DNA fragments,
which should have been enriched with the DNA-binding sites of
SP1, c-Myc, and NFkB, were then subjected to a PCR reaction
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using primers that are homologous to the binding sites of these
transcription factor. The primers with the following sequences
were used:

For the region of c-Myc and SP-1 binding site:
Forward primer: 50-AGTGGATTCGCGGGCACAGA-30;
Reverse primer: 50-TTCCCACGTGCGCAGCAGGA-30

For the region of NFkB binding site:
Forward primer: 50-GCCTCCTAGCTCTGCAGT-30

Reverse primer: 50-ACCCGAGGACGCATTGCT-30

Because of the high GC content in the hTERT promoter region,
PCR reactions included several additional temperature steps (in
the polymerisation stage) to ensure proper products formation.
PCR conditions were as follows:

94 1C, 3 min, followed by 36 cycles at 94 1C, 20 s; 58 1C, 30 s;
72 1C, 20 s; 76 1C, 20 s; 80 1C, 20 s; 84 1C, 20 s; and finally 72 1C,
5 min. The products were separated on a 1.5% agarose PAGE, and
analysed by the VersaDoc software on the Gel Doc documentation
system (Bio-Rad, Israel).

DNA methylation assay

Isolation of genomic DNA after bortezomib treatments was done
with the DNA isolation kit, Puregene (Qiagen, Valencia, CA, USA)
according to the manufacturer’s instructions. The purified DNA
underwent bisulfite conversion, by which all the unmethylated C
nucleotides are converted to T by a specific reagent, using the EZ
DNA methylation kit (Zymo Research, Irvine, CA, USA), according
to the provided instructions. Briefly, 1 mg DNA was mixed with the
CT conversion reagent and was incubated at 50 1C for 12–16 h. The
converted DNA was then purified by Zymo-Spin IC columns, and
were eluted and subjected to a specific PCR reaction to amplify the
GC region in the promoter of hTERT.

PCR reaction conditions were as follows (Nomoto et al, 2002):

Forward primer: 50-GGGTTTTTAGTGGATT-30

Reverse primer: 50-AAACTAAAAAATAAAAAAACAAAAC-30

PCR programme: 94 1C, 2 min, followed by 40 cycles of 94 1C,
20 s; 48 1C, 30 s; 72 1C, 30 s; and finally 72 1C, 5 min.

The PCR products were then separated on a 1.5% agarose PAGE,
gel purified using the Qiagen DNA purification kit, and sequenced
(Hylabs, Rechovot, Israel). The DNA sequence of treated vs control
samples were compared regarding the number of C to T conversions.

Western blotting

Levels of phosphorylated Akt (pAkt) and PKCa (pPKCa) were
measured and compared with the total expression of both proteins.
Protein extracts were prepared from the cells after starvation and
bortezomib treatment as follows: after growth in RPMI 1640
deprived of serum for 24 h, FCS (15%) was added to induce
phosphorylation of Akt and PKCa. Cells were then harvested,
washed by PBS, and lysed using CHAPS lysis buffer (TRAPEZE kit).
Protein concentration was determined by the Bradford assay
(Bio-Rad Laboratories). Identical protein amounts of all samples
were subjected to PAGE. The expression of all proteins was
detected by specific monoclonal antibody (anti pPKCa and PKCa
antibodies were purchased from Santa Cruz Biotechnology, Santa
Cruz, CA, USA. Anti pAKT and AKT antibodies were purchased
from Cell Signaling, Beverly, MA, USA) in 1 : 1000 dilution
followed by fluorescence-labelled secondary antibodies (LI-COR
Biosciences, Lincoln, NE, USA). Visualisation and quantification of
the proteins levels was performed by using the Odyssey Infrared
Imaging System (LI-COR Biosciences).

Immunoprecipitation

The expression of the phosphorylated form of hTERT was
measured by immunoprecipitation followed by western blotting.

hTERT was immuneprecipitated by anti phosphor-serine antibody
(10mg per 1 mg protein extract) and protein A/G-Sepharose beads
(both from Santa Cruz Biotechnology) and was detected by anti
hTERT antibody (Epitomics, Burlingame, CA, USA) as described
above. Total hTERT was immuneprecipitated by anti hTERT and
protein A/G-Sepharose beads (both from Santa Cruz Biotechnology)
and was detected by anti hTERT antibody (Epitomics) as described
above.

RESULTS

Bortezomib differentially reduced cell viability in
MM cell lines

Bortezomib reduced the viability of all MM cell lines in a dose-
dependent manner. However, the kinetics and magnitude of this
effect differed between the lines. Whereas ARP-1 cells exhibited
higher sensitivity to bortezomib, CAG cells were more resistant. As
shown in Figure 1A, the IC50 of bortezomib was 2.25 ng ml� 1 for
the ARP-1 cells and 2.8 ng ml� 1 for the CAG cells after 24 h of
exposure to the drug. For U266 and RPMI 8226 the IC50 of
bortezomib was 3 ng ml� 1 and 2.5 ng ml� 1, respectively. After 48 h
of exposure, this difference diminished and the IC50 value for all
cell lines was 1.5–1.7 ng ml� 1 (Figure 1A). According to these
results, ARP-1 and RPMI 8226 cells are initially more sensitive to
bortezomib and after treatment with bortezomib for 48 h all cell
lines become equally sensitive.

Bortezomib differentially downregulated telomerase
activity in all MM cells

Exposure of all four cell lines, ARP-1, CAG, U266, and RPMI 8226,
to bortezomib resulted in a marked downregulation of telomerase
activity, albeit the kinetics of telomerase downregulation differed
among the cell lines. Whereas in ARP-1, U266, and RPMI 8226 cells
telomerase activity decreased 24 h after exposure to bortezomib, in
CAG cells the effect was observed only after 48 h (Figure 1B). These
results correspond to the inhibition of proliferation depicted in the
former paragraph. In ARP-1 cells telomerase activity was reduced
to 65% of its original activity 24 h after exposure to 1 ng ml� 1

bortezomib. At this dose cell viability decreased only by 20% (see
Figure 1A). Exposure of the CAG cells to 1 ng ml� 1 bortezomib
(which did not affect their viability at all) resulted in only a
minimal reduction of telomerase activity 24 h after exposure of the
cells to bortezomib (Figure 1B). After 48 h of exposure to the drug,
a concentration of 1 ng ml� 1 did not affect the activity of the
enzyme both in ARP-1 and CAG cells. However, the IC50

concentration of the drug resulted in significant repression of
the enzymatic activity both in ARP-1 and CAG cells after 48 h
(Figure 1B). Telomerase activity in U266 after bortezomib’s
exposure in IC50 concentration for 24 and 48 h decreased to 65
and 70% of its original levels, similar to that of ARP-1 cells. Similar
results were obtained for RPMI 8226 (60 and 40% reduction after
exposure to IC50 concentration of the drug for 24 and 48 h,
respectively). The activity of DNA polymerasea did not decrease
after treatment with bortezomib, proving that telomerase inhibi-
tion is specific and not due to general inhibition of cellular DNA
polymerases (not shown). In addition, bortezomib did not inhibit
telomerase directly, as the in vitro addition of an equal bortezomib
concentration to cell extract before the TRAP assay did not affect
its activity (not shown). Owing to the resemblance of U266 and
RPMI 8226 to the ARP-1 cells with regard to telomerase activity
after bortezomib treatment, we focused on ARP-1 and CAG cells
for the elucidation of the mechanisms of action underlying the
effect of bortezomib on telomerase activity.

The above findings imply different regulatory mechanisms for
the cell lines. Telomerase is regulated at several levels; epigenetic
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(methylation status of the CpG island in hTERT promoter),
transcriptional, and post-translational. The most important post-
translational regulations involve phosphorylation of hTERT by
AKT or PKCa (Dong et al, 2005; Wang and Bennett, 2010).

Transcriptional regulation

The methylation status of the hTERT core promoter did not change
in response to bortezomib To evaluate the epigenetic regulation
of the hTERT promoter in response to bortezomib in the two cell
lines, we assessed the methylation status in response to the drug in
both cell lines. As shown in Figure 2A, there was no difference in
the level of methylation following bortezomib treatment in the two
MM cell lines, ARP-1 and CAG.

Bortezomib decreased the hTERT expression In both lines
bortezomib transcriptionally downregulated telomerase activity
by inhibiting hTERT expression. This inhibition was quite similar
in the two cell lines. Both of them showed a reduction of about
50% in hTERT expression upon exposure to the IC50 of the drug,
whereas their exposure to a lower bortezomib concentration did
not affect hTERT gene expression (Figure 2B).

Bortezomib reduced Sp1 binding to hTERT promoter but not of
NFkB and c-Myc To identify the transcription factor that may be
involved in downregulation of promoter activity, we assessed the
binding of its three major transcription factors: SP-1, c-Myc, and
NFkB. The ChIP analysis showed that decrease in binding of SP-1
transcription factor is responsible for the transcriptional down-
regulation of telomerase. SP1 binding to the hTERT promoter was
reduced (50%) after bortezomib treatment. This effect was similar
in both cell lines. The binding of c-Myc and NFkB to the hTERT
promoter was not affected by treatment with bortezomib
(Figure 2C).The decrease in SP-1 binding was concomitant with
the total cellular decrease in SP-1 levels in the cells following the
administration of bortezomib (Figure 2D). For the detection of
cellular SP-1 levels, we exposed the cells to higher bortezomib
concentrations to see the drug’s maximal effect.

Post-translational modifications

Bortezomib inhibited the phosphorylation of hTERT only in ARP-1
cells The identical degree of transcriptional inhibition of hTERT
does not explain the differential kinetics of telomerase activity
inhibition in the two cell lines. Therefore, an additional regulatory
level should account for this difference. Consequently, the
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Figure 1 The effect of bortezomib on MM cells viability and telomerase activity. (A) The effect of bortezomib on cells viability. MM cell lines, ARP-1,
CAG, RPMI 8226, and U266 were exposed to bortezomib at the indicated concentrations for 24 and 48 h, and their viability was assessed by the WST-1
assay. 8226, RPMI 8226. The IC50 of each cell line is depicted below the graphs. (B) The effect of bortezomib on telomerase activity. ARP-1, CAG, RPMI
8226, and U266 cells were exposed to the indicated bortezomib concentrations for 24 and 48 h. Telomerase activity was measured by the TRAP assay.
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phosphorylation of telomerase was measured by immunoprecipi-
tation. The phosphorylation status of hTERT in the ARP-1 cells
markedly decreased (65% reduction compared with the untreated
cells), whereas it did not changed in the CAG cells. This was the
case even at very high bortezomib concentrations (Figure 3A). The
differential downregulation of hTERT phosphorylation can explain
the different response of telomerase activity to bortezomib of these
two cell lines, as post-translational modification results in an
immediate effect on telomerase activity, whereas the transcrip-
tional effect is only manifest after half-life of the enzyme.

AKT phosphorylation did not account for the decrease in
telomerase activity AKT is considered a major kinase that
phosphorylates hTERT. As shown in Figure 3B, bortezomib caused

a very small decrease in AKT phosphorylation in the two cell lines.
Therefore, AKT does not have a significant role in the post-
translational regulation of telomerase by bortezomib.

Bortezomib differentially decreased PKCa phosphorylation in MM
cells The kinase PKCa has been previously shown to act as an
additional post-translational modulator of hTERT by phosphor-
ylation of the enzyme. The phosphorylated form of PKCa in ARP-1
cells was downregulated in response to bortezomib (40% reduction
compared with the control untreated cells), whereas there was no
effect of the drug on PKCa phosphorylation status in CAG cells
(Figure 3C). These findings suggest that the different kinetics of
telomerase downregulation by bortezomib are caused by differ-
ential effect on PKCa phosphorylation.

The degree and mode of regulation of telomerase inhibition by
bortezomib in myeloma patients correlated with the in vitro results
and with the clinical response Bone marrow aspirates were
obtained from eight patients with myeloma. Four of these patients
responded very well to treatment with bortezomib whereas the
others were resistant to treatment with this drug. We defined the
patients as ‘good’ and ‘poor’ responders according to the above-
mentioned criteria.

Ex vivo exposure of eight MM patients’ cells to bortezomib
resulted in a differential response of cell viability and telomerase
activity termed ‘good responders’ and ‘poor responders’.

As shown in Figure 4A, cell viability markedly decreased in the
responsive patients, whereas in ‘poor’ responders viability was
reduced only at high concentrations of bortezomib and did not
reach 50% inhibition even at those doses. Similar results were
obtained regarding telomerase activity (Figure 4). The cells of
‘sensitive’ patients exhibited about 70% reduction in telomerase

C:TGGCGGAGGGATTGGGGATTCTGGCGGAGGGATTGGGGATTC
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Figure 2 The effect of bortezomib on the transcriptional regulation of
the hTERT gene. (A) Epigenetic changes of the promoter region of hTERT
in response to bortezomib. CAG and ARP-1 cell lines were treated with
the IC50 of bortezomib for 24 h and then subjected to bisulfite conversion
assay as described in the Materials and Methods. PCR reaction was
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the hTERT promoter (see Materials and Methods) and was then
sequenced. The sequence of the control cells (C) is above that of the
treated cells (B). Each methylated residue is shown in bold black and is
marked by an asterisk. Unmethylated C’s that were converted to T’s are
shown in bold grey, and the rest of the nucleotides are marked in black.
The rectangular frame depicts the single difference detected between the
control and the bortezomib treated cells. The results were similar for both
ARP-1 and CAG cells. (B) hTERT gene expression in MM cells after
exposure to bortezomib. Both ARP-1 and CAG MM cells were treated
with bortezomib (1 ng ml� 1 and IC50 determined for 24 h) for 14 or 24 h
and the gene expression of hTERT was assessed by real-time PCR as
described in the Materials and Methods. The bars represent the ratio of the
expression of hTERT to that of the control gene, HPRT. (C) The binding of
SP1, c-Myc and NFkB to the hTERT promoter. ARP-1 and CAG cells were
treated with IC50 concentrations of bortezomib for 24 h and the binding of
the three transcription factors SP1, c-Myc, and NFkB to the hTERT
promoter was measured by the ChIP assay. On the left panel a
representative result of the PCR products at each transcription factor
binding site separated on a PAGE is shown. B, bortezomib-exposed cells; C,
control cells; TI, total input DNA. On the right, a summary of three
independent experiments is shown. In each case, the level of the specific
signal was calculated relatively to the total input DNA, which was not
immunoprecipitated with the specific antibody (see Materials and Methods
for more details). (D) The levels of SP-1 after exposure of MM cells to
bortezomib. ARP-1 and CAG MM cells were treated with two doses of
bortezomib for 24 h, and the levels of total cellular SP-1 were determined
by western blotting relatively to that of a control protein, GAPDH. B3, cells
treated with 3 ng ml� 1 of bortezomib; B5, cells treated with 5 ng ml� 1 of
bortezomib. A representative blot is shown on the upper panel, and a
summary of three independent experiments is shown on the bottom panel
comparing SP1 levels in treated vs untreated cells.
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activity after exposure to bortezomib, while in the cells of resistant
patients a negligible response was noted. Importantly, the initial
telomerase activity of these samples was different, as the
responsive patients exhibited lower telomerase activity vs the
refractory ones (80% on average compared with the refractory
patients).

In two patients belonging to the ‘good’ responders group, we
were also able to measure the in vivo telomerase activity in marrow
cells after three cycles of bortezomib treatment. These in vivo
results demonstrated a marked reduction in telomerase activity
verifying the ex vivo data (Figure 4B).

As the difference between the more sensitive (ARP-1) and less
sensitive (CAG) cells stemmed from the degree of PKCa depho-
sphorylation, we assessed this aspect in the ex vivo cells.

The results of the PKCa analyses after ex vivo exposure of cells
isolated from MM patients to bortezomib showed that in ‘good’
clinical responders PKCa phosphorylation was markedly down-
regulated, whereas in resistant patients PKCa phosphorylation
remained almost unchanged (Figure 4C) validating the significance
of these findings.

DISCUSSION

Our results shed light on the effects, mechanism, and potential
clinical implications of bortezomib on telomerase activity in MM.
Together with its expected effect on the viability of the cells,
bortezomib inhibited the activity of telomerase, albeit with
different kinetics in the two different cell lines. This inhibition
was specific to telomerase and not to other DNA polymerases, as
DNA polymerasea was not affected by the highest drug
concentration and is not caused by direct chemical interaction.
Bortezomib inhibited telomerase independently of cell death, as
the effect on hTERT expression was detected 14 h after the
exposure to the drug, even in concentrations that do not harm cell
viability (Figure 2B). In addition DNA polymerasea activity was
not affected by bortezomib attesting to the fact that telomerase
inhibition is a specific effect.

The differential sensitivity to bortezomib was more pronounced
between ARP-1 cells (more sensitive) and CAG cells. This
difference probably stems from variations between these two lines.
Several studies have shown various differences between these two
cell lines. For example, they significantly differ in the expression of
CD74 (Yaccoby et al, 2004) and sensitivity to fenretinide (Li et al,
2009). None of these features, however, is directly related to
bortezomib resistance as far as we know. In addition, ARP-1 cells
are non-adherent whereas CAG adhere to the growth surface.
Adherence to the stroma is known as a feature related to cancer
cell aggressiveness and resistance to several chemotherapeutic
drugs (Rafii et al, 2008).

The diverse kinetics of telomerase inhibition between the two
cell lines, ARP-1 and CAG, imply different regulatory mechanisms
in each cell type. Telomerase is regulated at several levels from
epigenetic to post-translational; among those, the transcriptional
level is considered to be the most important one (Cairney and
Keith, 2008).

The methylation pattern of the hTERT promoter region differs
from the common epigenetic repression of a gene promoter
(Nomoto et al, 2002). Recent reports suggest that there is a core
region in the hTERT promoter in which methylation represses
hTERT expression (Chen et al, 2010; Choi et al, 2010). The results
of our study show that in both cell lines the methylation status of
this core region in the hTERT promoter region did not change
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Figure 3 The effect of bortezomib on the post-translational regulation
of telomerase. (A) The effect of bortezomib on the phosphorylation of
telomerase. ARP-1 and CAG cells were treated with the IC50 of
bortezomib for 24 h, and the levels of phospho-telomerase were
determined by immunoprecipitation followed by western blotting as
described in the Materials and Methods. Phosphorylated telomerase was
precipitated with an anti phosphor-serine antibody and was blotted with an
anti-telomerase antibody, and total telomerase was precipitated and
blotted with anti-telomerase antibody. C, control cells; B, cells treated with
bortezomib; p-hTERT, phosohprylated form of telomerase; t-hTERT, total
levels of telomerase. A representative result is shown on the upper part.
The experiment was repeated twice with similar results as shown in the
bottom part. (B) The effect of bortezomib on the phosphorylation of AKT.
ARP-1 and CAG cells were serum starved for 24 h with or without the IC50

dose of bortezomib and then stimulated with serum for 2 h. The levels of
the phosphorylated form of AKT were determined by western blotting. B,
cells treated with bortezomib; C, control cells; p-AKT, phosphorylated AKT;
t-AKT, total levels of AKT. A representative blot is shown. The levels of
AKT phosphorylation was calculated relatively to the total amounts of the
protein and are shown on the bottom part of the figure. (C) The effect of
bortezomib on the phosphorylation of PKCa. ARP-1 and CAG cells were
serum starved for 24 h with or without the IC50 dose of bortezomib and
then stimulated with serum for 2 h. The levels the phosphorylated form of
PKCa were determined by western blotting. p, PKCa- phosphorylated
PKCa; t- PKCa, total levels of PKCa. A representative blot is shown. The
levels of PKCa phosphorylation was calculated relatively to the total
amounts of the protein and is shown on the bottom panel.
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after exposure to bortezomib showing that the effect of the drug on
the activity of telomerase is probably not mediated by epigenetic
methylation of the hTERT promoter. A similar independence of
hTERT expression on the methylation status of its promoter was
shown in pre-malignant cervical lesions (Oikonomou et al, 2007).

In both cell lines, the expression of the hTERT gene was
markedly downregulated as a result of bortezomib treatment. SP-1
and c-Myc are considered the most important transcription factors
of hTERT (Dong et al, 2005), while NFkB is a well-established
target of proteasome inhibitors and has been also shown to
activate the hTERT promoter (Wang and Bennett, 2010). The
results of the ChIP assay showed that in both cell lines the binding
of c-Myc and NFkB were not affected by the drug, but SP1 binding
was markedly decreased by exposure to bortezomib. This
reduction of SP1 binding might be caused by either the inhibition
of its binding to the promoter, or by the general decrease in
cellular SP1 levels. In our system and in another report (Liu et al,
2008) bortezomib treatment resulted in a significant decrease in
total cellular SP1.

Many reports show that NFkB levels are decreased by
bortezomib (Hideshima et al, 2002). Therefore, it is somewhat
surprising that the binding of NFkB did not decrease in our
system. This can be explained by the fact that the effect of
bortezomib on NFkB function is complex. Recent reports claim
that in MM cells bortezomib induces canonical NFkB activation via
the downregulation of the IkBa (Hideshima et al, 2009).

The transcriptional inhibition could not account for the
differential response of telomerase to the drug in these two lines
because it was similar in both. We therefore analysed the
phosphorylation status of the enzyme after exposure to bortezo-
mib. The phosphorylation of telomerase markedly decreased in
response to bortezomib in the ARP-1 cell line, but not in the CAG
cell. This difference may explain the differential kinetics of
telomerase downregulation.

Two main kinases are known to phosphorylate telomerase: AKT
and PKCa (Dong et al, 2005, Wang and Bennett, 2010). The very
mild change in the phosphorylation levels of AKT in response to
bortezomib suggests that this pathway is not involved in the effect
of the drug on telomerase activity, at least in the two examined cell
lines. These results are consistent with other reports, showing that
AKT is not a target of bortezomib in MM cells (Hideshima et al,
2006). However, other studies reported an inhibitory effect of
bortezomib on the activation of AKT in hepatocellular carcinoma
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Figure 4 The effect of bortezomib on cells isolated from MM patients:
viability, telomerase activity, and the expression of the phosphorylated form
of PKCa. (A) The ex vivo effect of bortezomib on the viability of cells
isolated from MM patients. Mononuclear cells were isolated from bone
marrow aspirates of eight MM patients at diagnosis and were exposed
ex vivo to the drug (1–3 ng ml� 1) for 24 h. Their viability was assessed by
the WST-1 assay. Viability of cells with no bortezomib was defined as
100%. Good, good responders (see text for definition). Bad, poor
responders (see text for definition). (B) The ex vivo and in vivo effect of
bortezomib on telomerase activity of cells isolated from MM patients.
Mononuclear cells were isolated from bone marrow aspirates of eight MM
patients, and were exposed ex vivo for 24 h (left) or in vivo after two
consecutive cycles of bortezomib (right). Telomerase activity was measured
by the TRAP assay. The gel in the middle represents telomerase activity of
cells exposed ex vivo to bortezomib isolated from a MM patient refractory
to the drug. N, negative control containing no protein extracts; R8,
standard TRAP assay control. The graph below depicts the quantitation of
telomerase activity in response to the drug in all 8 patients. All telomerase
activities are shown in percentages, while the initial telomerase activity of
refractory patients is considered 100%. (C) The ex vivo effect of
bortezomib on the phosphorylated form of PKCa in cells isolated from
MM patients. Mononuclear cells were isolated from bone marrow aspirates
of two MM patients: sensitive (left) and resistant (right) to bortezomib. The
isolated cells were exposed ex vivo to bortezomib (5–7 ng ml� 1) for 24 h.
The levels the phosphorylated form of PKCa were determined by Western
blotting. The quantitation of the effect describing the % decrease of PKCa
expression relatively to that of the control gene, GAPDH is shown on the
bottom. Abbreviations: B5 and B7, cells treated with 5 and 7 ng ml� 1 of
bortezomib; Brt, bortezomib; C, control cells; M, molecular size protein
marker.
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cells (Chen et al, 2008), or a combination of bortezomib and a
farnesyl transferase inhibitor, which caused apoptosis via down-
regulation of pAKT in MM cells (David et al, 2005). These differing
results may reflect the heterogeneity of AKT pathways in MM cells.
For example, a differential dependency of MM cells on pAKT,
which correlated with the sensitivity of the cells to the drug has
been reported (Zöllinger et al, 2008). We did not find such a
correlation in our experimental system but rather with the
phosphorylation of PKCa in response to bortezomib. PKCa
phosphorylation differed in the two cell lines, whereas in the
ARP-1 cells bortezomib downregulated the phosphorylation of
PKCa, there was no such effect on phosphorylation in the CAG
cells. We concluded that the differential effect of bortezomib on
hTERT phosphorylation was mediated by PKCa.

In this study, we demonstrated that telomerase inhibition by
bortezomib also occurred in the clinical setting. Telomerase
activity was downregulated in myeloma cells exposed to bortezo-
mib either in vivo or ex vivo. Interestingly, the degree and mode of
regulation of telomerase inhibition by bortezomib might correlate
with the clinical response. Cells extracted from the bone marrow of
patients responding well to bortezomib also showed a reduction in
telomerase activity after ex vivo exposure to the drug. In contrast,
in cells taken from bortezomib-resistant patients telomerase
activity was not affected by ex vivo exposure to the drug. It seems
that the regulatory pathways and their variations in these cells are

similar to those of the in vitro system. Whereas in cells from the
‘good responders’ phosphorylation of the PKCa was markedly
downregulated after the ex vivo exposure to the drug, there was no
effect on that enzyme in cells extracted from the bone marrow
compartment of the bortezomib-resistant patients. The patients
differed also in their initial telomerase activity, which was lower in
the responsive and higher in the refractory samples. Similar
diversities in the degree of telomerase activity among MM patients
have been reported (Xu et al, 2001; Wu et al, 2003; Panero et al,
2010).

This study establishes telomerase as an additional target of
bortezomib in MM. The differential mechanism of inhibition in
various cell lines and cells obtained from different patients may
indicate that similar differences between patients with MM may
also be translated into the clinical setting. Telomerase inhibition by
bortezomib may vary in subsets of MM patients in relation to their
pPKCa dependency and serve a potential clinical use. As such, the
ex vivo assessment of telomerase activity response to bortezomib
treatment may serve as a prognostic feature and add to the
therapeutic armamentarium by the addition of telomerase
inhibitors in defined subsets of patients.

Future studies will have to be undertaken to validate the clinical
data reported here and explore the possibility of incorporating
treatment with telomerase inhibitors in patients whose telomerase
is resistant to the effect of bortezomib.
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