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Abstract
Heat shock protein (hsp) 90 inhibitors promote proteasomal degradation of pro-growth and pro-
survival hsp90 client proteins, including CDK4, c-RAF and AKT, and induce apoptosis of human
lymphoma cells. The pan-histone deacetylase inhibitor vorinostat has also been shown to induce
growth arrest and apoptosis of lymphoma cells. Here, we determined the effects of the more soluble,
orally bio-available, geldanamycin analogue 17-NN-dimethyl ethylenediamine geldanamycin
(DMAG, Kosan Biosciences Inc) and/or vorinostat in cultured and primary human MCL cells. While
vorinostat induced accumulation in the G1 phase, treatment with DMAG arrested MCL cells in the
G2/M phase of the cell cycle. Both agents dose-dependently induced apoptosis of MCL cells.
Vorinostat also induced hyperacetylation of hsp90 and disrupted the association of hsp90 with its
co-chaperones p23 and cdc37, as well as with its client proteins CDK4 and c-RAF. Treatment of
MCL cells with vorinostat or 17-DMAG was associated with the induction of p21 and p27, as well
as with depletion of c-Myc, c-RAF, AKT and CDK4. Compared to treatment with either agent alone,
co-treatment with DMAG and vorinostat markedly attenuated the levels of cyclin D1 and CDK4, as
well as of c-Myc, c-RAF and AKT. Combined treatment with DMAG and vorinostat synergistically
induced apoptosis of the cultured MCL cells, as well as induced more apoptosis of primary MCL
cells than either agent alone. Therefore, these findings support the rationale to determine the in vivo
efficacy of co-treatment with vorinostat and DMAG against human MCL cells.

Introduction
Mantle cell lymphoma (MCL) is a relatively aggressive subtype of B-cell non-Hodgkin's
lymphomas (NHL) that comprises approximately 6% of human B-cell Non-Hodgkins
Lymphoma (NHL).1-3 MCL cells are characterized by deregulated expression of cyclin D1,
which is an important regulator of the G1 phase of the cell cycle. 2,3 In virtually all cases of
MCL, cyclin D1 overexpression is due to the CCND1-IgH translocation resulting from the
chromosomal translocation t(11;14)(q13;q32).2-4 Cyclin D1 expression may be further
augmented in MCL cells by enhanced activity of NFκB and AP1.5 In addition to cyclin D1
upregulation, cell cycle may also be deregulated in MCL cells by genomic amplification of the
cyclin-dependent kinase (CDK)-4, deletions of the CDK inhibitor p16INK4a, overexpression
of BMI-1, a transcriptional repressor of the p16INK4a locus, or inability of the truncated cyclin
D1 mRNA transcript in MCL to be down-regulated by miRNA-16−1.2,6,7,8 Specific
genotypes, epigenetic alterations and gene expression signatures have further elucidated MCL
subtypes, explained the disparate clinical profiles and outcomes of patients, and have suggested
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potential therapeutic targets in MCL.2,9-12 These include CDK4, AKT and MYC.2,9-12

Recently, expressions of ZAP-70, p-AKT, short cyclin D1 variant, cyclin D2 or cyclin D3 have
all been correlated with a biologically aggressive behavior in MCL.3,9,13-15

Among the stress-inducible molecular chaperones, hsp90 is a highly conserved, homo-dimeric,
ATP-dependent, abundantly expressed protein in eukaryotic cells, including MCL cells.16-18

Hsp90 forms the core of a super chaperone machine. It is required for the maintenance of native
and functionally active conformation of important signaling protein kinases and nuclear
hormone receptors, which are collectively known as the hsp90 client proteins.16-18 ATP
binding to the hydrophobic N-terminus pocket also alters hsp90 conformation, such that it
promotes the interaction of hsp90 with a set of co-chaperones including p23 and p50cdc37
(when the client protein is a signaling protein kinase) forming the super chaperone machine,
which stabilizes the metastable signaling client proteins.19,20 Conversely, ATP hydrolysis due
to the intrinsic ATPase activity of hsp90 creates the ADP-bound conformation of hsp90.16,
17 This directs the misfolded client protein to a covalent linkage with polyubiquitin through
the activity of an E3 ubiquitin ligase, mediating client protein polyubiquitylation and
subsequent degradation by the 26S proteasome.16,17 Among the growing list of hsp90 client
proteins are the MCL relevant signaling proteins c-RAF, AKT, ZAP-70 and IKKα, as well as
the cell cycle regulatory proteins e.g., CDK4, p21, CHK1.16,17,21-25 Ansamycin antibiotic
geldanamycin analogues (GAs), e.g., 17-AAG and the more soluble orally bio-available 17-
DMAG, bind to the ATP/ADP binding pocket of hsp90, inhibiting the nucleotide binding and
the chaperone function of hsp90. This is known to cause misfolding, polyubiquitylation and
degradation of the hsp90 client proteins, including the MCL-relevant client proteins, by the
20S proteosome. 16,17 Consistent with this, treatment with hsp90 inhibitor was shown to induce
cell cycle arrest and apoptosis of MCL cells.26

Among a variety of structurally diverse pan-histone deacetylase (HDAC) inhibitors (HDIs) are
the hydroxamic analogue (HA) HDIs, e.g., vorinostat LAQ824 and LBH589.27,28 Vorinostat
is the only approved HA-HDI, currently used for the treatment of cutaneous T cell lymphoma.
29 Treatment with HA-HDI has been shown to increase the levels of p21 and p27, as well as
increase the levels of pro-apoptotic proteins, e.g., Bax, Bak and Bim.27,28,30 HA-HDI treatment
was also shown to attenuate the levels of antiapoptotic proteins, e.g., Bcl-xL, XIAP, survivin,
AKT and c-RAF.27,30-32 These effects have been correlated with the ability of HA-HDIs to
induce cell cycle growth arrest and apoptosis of human leukemia and non-Hodgkin's lymphoma
(NHL) cells.27,29-33 Recently, HDAC6 (a class IIB, predominantly cytosolic and microtubule
associated HDAC) was shown to bind and deacetylate hsp90, and HA-HDI treatment inhibited
HDAC6, resulting in hyperacetylation of hsp90 and α-tubulin.34-36 HA-HDI-induced
hyperacetylation of hsp90 led to inhibition of ATP binding and chaperone association of hsp90
with its client proteins, including AKT and c-RAF.34 Hyperacetylation of hsp90 was also
shown to increase GA binding to hsp90 and inhibition of its chaperone function.32,37 Consistent
with this, co-treatment with an HA-HDI enhanced GA-mediated depletion of hsp90 client
proteins and activity against cultured and primary human leukemia cells.32 Based on these
observations, in the present studies, we determined the effects of vorinostat and/or DMAG on
the levels of MCL-relevant hsp90 client proteins, as well as on the growth and survival of
cultured and primary human MCL cells.

Materials and Methods
Reagents and Antibodies

DMAG was kindly provided by Kosan Biosciences Inc., while vorinostat was a gift from Merck
and Co. Inc.. Rat monoclonal anti-hsp90 and rabbit polyclonal anti-hsp70 antibody were
purchased from StressGen (Ann Arbor, MI). Monoclonal anti-acetyl α-tubulin and anti-β-actin
antibody was purchased from Sigma Aldrich (St. Louis, MO). Monoclonal anti-acetyl lysine,
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anti-Akt and anti-cyclin D1 antibodies were purchased from Cell Signaling Technology
(Beverly, MA). Anti-CDK4, cdc37, c-Myc antibodies were purchased from Santa Cruz
Biotechnology, Inc., (Santa Cruz, CA). Anti-p27 antibody was purchased from BD
Pharmingen, (San Diego, CA), anti-p21 from Thermo Scientific, (Fremont CA), anti-c-RAF
from BD Transduction laboratories (New jersey, USA), and anti-p23 was procured from Alexis
biochemicals (San Francisco, CA). Other reagents and antibodies were purchased from
sources, as previously described.30-32,34,37

Cell Culture
Cultured human MCL Z138, JeKo-1 and MO2058 cells were maintained in RPMI medium
containing 10% FBS. Cultured medium was changed every 3 days and cells were maintained
at a density of 250,000 cells/mL. Logarithmically growing cells were exposed to the designated
concentrations and exposure interval of the drugs. Following these treatments, cells were
pelleted and washed free of the drug(s), prior to the performance of the studies described below.

Primary MCL and Normal CD34+ Hemopoietic Progenitor Cells
Primary MCL cells were obtained with informed consent as part of a clinical protocol approved
by the Institutional Review Board of the Medical College of Georgia. As previously described,
bone marrow and/or peripheral blood samples were collected in heparinized tubes, or were
obtained from leukophoresis units, and mononuclear cells were separated using Lymphoprep
(Axis-Shield, Oslo, Norway), washed once with complete RPMI-1640 media, re-suspended in
complete RPMI-1640 and counted to determine the number of cells isolated prior to their use
in the various experiments.30 The purity of the MCL cell was confirmed to be 80% or better
by morphologic evaluation of cytospun cell preparations stained with Wright stain. Banked,
de-linked, and de-identified donor peripheral blood CD34+ mononuclear cells procured for
recipients who had since died were purified by immunomagnetic beads conjugated with anti-
CD34 antibody prior to use in the cell viability assay (StemCell Technologies).30

Cell Lysis and Protein Quantitation
Untreated or drug-treated cells were centrifuged and the cell pellets were re-suspended in lysis
buffer, then centrifuged and protein concentrations determined, as previously described.30-32

Western Blot analyses
Western analyses of c-RAF-1, AKT, hsp90, hsp70 and β-actin were performed using specific
anti-sera or monoclonal antibodies as described previously.30-32 Horizontal scanning
densitometry was performed on Western blots by using acquisition into Adobe PhotoShop
(Adobe Systems Inc., San Jose, CA) and analysis by the NIH Image Program (U.S. National
Institutes of Health, Bethesda, MD).30-32,34,37 The expression of β-actin was used as a loading
control.

Immunoprecipitation of hsp90 and immunoblot analyses of hsp90 client proteins
Following designated treatments, cells were lysed with the lysis buffer as described above.
Two hundred micrograms of cell lysate was mixed gently with 2 μg of rat monoclonal anti-
hsp90 or 2 μg of mouse monoclonal anti-cdc37, anti-p23, anti-CDK4, anti-AKT or anti-c-RAF
antibody and incubated at 4°C for 1−2 hours on a rotator. Pre-washed protein-G beads were
added to the lysate-antibody mixture and incubated overnight at 4°C on a rotator. The
immunoprecipitates were washed 4 times with lysis buffer and eluted from the agarose beads
by boiling with 6X SDS sample buffer before SDS-PAGE and Western blot analysis, as
previously described.30-32
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Assessment of apoptosis and synergism
Untreated or drug-treated cells were fixed with 70% ethanol then stained with annexin V and
propidium iodide (PI). The percentage of apoptotic cells were determined by flow cytometry
as previously described.32 To analyze synergism between vorinostat and DMAG in inducing
apoptosis, cells were treated with vorinostat and DMAG at a constant ratio for 48 hours. The
percentage of apoptotic cells was determined by flow cytometry as previously described.30

Synergism defined as a more than expected additive effect was assessed using the median dose
effect of Chou-Talalay method and the combination index (CI) for each drug combination was
obtained using the commercially available software Calcusyn (Biosoft, Ferguson, MO).38 CI
values of less than 1.0 represent synergism of the two drugs in the combination.

Assessment of percentage non-viable cells
Following designated treatments, primary MCL or normal CD34+ bone marrow progenitor
cells were stained with trypan blue (Sigma, St. Louis, MO). The numbers of non-viable cells
were determined by counting the cells that showed trypan blue uptake in a hemocytometer,
and reported as percentage of untreated control cells.

Cell cycle analysis
Cultured MCL cells were exposed to the indicated concentrations of drugs for 24 to 48 hours
and the cell cycle analysis was performed following PI staining as described previously.30,32

Statistical Analyses
Data were expressed as mean ± SEM. Comparisons used student's t test or ANOVA, as
appropriate. P values of < 0.05 were assigned significance.

Results
Vorinostat and DMAG induce cell cycle growth arrest and apoptosis in MCL cells

Based on the previous reports that vorinostat induces apoptosis in human leukemia and
lymphoma cells and 17-AAG exerts anti-MCL activity, we first determined the cell cycle
growth inhibitory and apoptotic effects of vorinostat and DMAG on the cultured MCL JeKo-1
and MO2058 cells.26,30,39 Logarithmically growing cells were exposed to clinically relevant
concentrations of vorinostat (0.5 to 2.0 μM) or DMAG (0.1 to 0.5 μM) for 48 hours, and the
percentage of apoptotic cells was assessed by flow cytometry (Figure 1A & IB). Our results
show that both vorinostat and DMAG dose-dependently induced apoptosis of MCL cells.
Treatment of MCL cells with vorinostat for 24 hours caused the accumulation of MCL cells
in the G1 phase of the cell cycle, while DMAG treatment increased the percentage of cells in
both the G1 and G2/M phases of the cell cycle (Table 1).

Vorinostat and DMAG disrupt chaperone function of hsp90 and deplete hsp90 client proteins
in MCL cells

Consistent with previous reports and the cell cycle growth arrest described above, treatment
with vorinostat and DMAG resulted in a dose-dependent up-regulation of cell cycle inhibitors
such as p21 and p27 (Figure 2A). Additionally, without significantly affecting the levels of
hsp90, treatment with vorinostat and DMAG abrogated the chaperone function of hsp90, which
was associated with induction of hsp70 levels in MCL cells (Figure 2A).40

Immunoprecipitation of hsp90 followed by immunoblot analysis by anti-acetyl lysine antibody
demonstrated that vorinostat treatment also induced hyperacetylation of hsp90 (Figure 2B).
Disruption of hsp90 chaperone function by vorinostat was also characterized by attenuation of
the chaperone association between hsp90 and the co-chaperones p23 and cdc37 (Figure 2B).
16,17 Importantly, short exposure to vorinostat also disrupted the chaperone association
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between hsp90 and its MCL-relevant client proteins CDK4 and c-RAF (Figure 2C). Treatment
with vorinostat and DMAG for 24 hours also depleted the levels of the hsp90 client proteins
c-RAF, CDK4 and AKT, in JeKo-1 and MO2058 cells (Figure 3A and 3B). We observed a
dose dependent increase in Histone H3 acetylation following vorinostat treatment in both
MO2058 and JeKo-1 cells. While treatment with vorinostat also depleted cyclin D1 and c-
MYC levels in the two cell types, DMAG depleted only cyclin D1 in JeKo-1 and c-MYC levels
in MO2058 cells (Figure 3A and 3B). Collectively, these observations suggest that both
vorinostat and DMAG disrupt hsp90 chaperone function resulting in the depletion of key pro-
growth and pro-survival proteins in the MCL cells.

Co-treatment with vorinostat and 17-DMAG synergistically induces apoptosis in MCL cells
Next, we determined the apoptotic effects of the combination of vorinostat and DMAG in Z138,
JeKo-1 and MO2058 cells. As shown in Figure 4A and 4B, co-treatment with vorinostat
significantly enhanced the apoptosis induced by DMAG. Furthermore, combined treatment
with vorinostat and DMAG synergistically induced apoptosis in MO2058, JeKo-1 and Z138
cells, as indicated by the combination indices registering below 1.0 (Figure 4C). We also
determined the effect of combined treatment with DMAG and vorinostat on the levels of c-
MYC and cyclin D1, as well as on the MCL relevant hsp90 client proteins CDK4, AKT and
c-RAF. Figure 5A demonstrates that co-treatment with DMAG and vorinostat caused more
depletion of c-MYC and cyclin D1 than treatment with either agent alone in both MO2058 and
JeKo-1 cells (Figure 5A and 5B). Additionally, the combined treatment was superior to either
agent alone in attenuating the levels of AKT, c-RAF and CDK4 MO2058 and JeKo-1 cells
(Figure 5A and 5B). Notably, these findings suggest that increased sensitivity of MCL cells to
simultaneous HDAC and hsp90 inhibition could be at least partly due to marked abrogation of
pro-growth and pro-survival hsp90 client proteins and the concomitant up-regulation of the
cell cycle inhibitors p21 and p27.

Co-treatment with SAHA And 17-DMAG affects primary MCL cell survival with little or no
effect on normal CD34 positive cells

Finally, we also tested the effect of co-treatment with vorinostat and DMAG in primary MCL
versus normal CD34+ hemopoitic progenitor cells. Our data indicate that treatment with
vorinostat and DMAG mediated loss of cell viability in primary MCL cells (Figure 6A).
Additionally, co-treatment with vorinostat significantly enhanced DMAG mediated loss of
viability of primary MCL cells (Figure 6A). In contrast, normal CD34+ hematopoietic
progenitor cells were relatively less sensitive than primary MCL cells to vorinostat and DMAG,
and co-treatment with vorinostat did not significantly increase DMAG mediated loss of cell
viability of normal CD34+ hematopoietic progenitor cells (Figure 6B).

Discussion
Several recent studies have documented clinical responses and benefit secondary to a variety
of novel agents in the treatment of MCL. These include the mTOR kinase inhibitor
temsirolimus, the proteasome inhibitor bortezomib, the immunomodulatory agent lenalidomde
and the inhibitor of cyclin-dependent kinases flavipiridol.41-44 However, none of these
therapies induce long term remission, and patients ultimately succumb to the disease. Because
of this poor clinical outcome, there is a critical need to develop more effective combination
therapies for MCL. Both an hsp90 inhibitor and a pan-HDAC inhibitor has individually shown
activity against MCL cells.26,45 Based on this, here, we determined the growth inhibitory and
apoptotic activity of treatment with the pan-HDAC inhibitor vorinostat and/or the hsp90
inhibitor DMAG against human MCL cells. Our findings demonstrate that individually both
vorinostat and DMAG induce cell cycle growth arrest and apoptosis of cultured human MCL
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cells. Moreover, co-treatment with vorinostat and DMAG synergistically induce apoptosis of
human MCL cells.

Several combination regimens include combination therapies with bortezomib and rituximab
and cyclophosphamide which caused significantly enhanced apoptosis in MCL cell lines and
primary cells.49 Combination of SAHA with bortezomib was recently shown to exert
synergistic cytotoxic effect in MCL cell lines with an increase in the production of ROS,
enhanced caspase 3, 8 and 9 activation and inhibition of NFκB activity.50 The combination of
the mTOR inhibitor RAD001 with SAHA, bortezomib, or vincristine showed synergistic anti-
MCL activity while Temsirolimus induced autophagy and in combination with SAHA resulted
in enhanced cytotoxicity in MCL cell lines.51,52

Treatment with Vorinostat induced cell cycle G1 accumulation of MCL cells. This was
associated with and possibly due to vorinostat mediated induction of p21 and p27, as well as
depletion of cyclin D1, CDK4 and c-MYC. Since cyclinD1 and c-MYC collaborate in
abrogating RB function and lymphomagenesis, depletion of cyclin D1 and c-MYC could
contribute to the anti-MCL activity of vorinostat plus DMAG.46,47 In MCL cells, vorinostat
mediated hyperacetylation of hsp90 due to inhibition of HDAC6 is consistent with reports of
a similar effect in human leukemia cells.34 Hyperacetylation of hsp90 has been shown to be
associated with inhibition of chaperone association of hsp90 with its client proteins and
increased binding of GA to hsp90.32,34 Decreased chaperone function of hsp90 would explain
vorinostat mediated attenuation of the levels of the pro-growth and pro-survival hsp90 client
proteins, e.g., CDK4, AKT and c-RAF, as well as in upregulation of hsp70.16,17 Increased
binding of GA to hyperacetylated hsp90 may be responsible for greater disruption of chaperone
function of hsp90, as has been previously described, which may explain greater depletion of
the MCL relevant, pro-growth and pro-survival hsp90 client proteins in vorinostat and DMAG
treated MCL cells.32,37 Although cyclin D1 has not been shown to bind directly to hsp90,
treatment with the HA-HDIs trichstatin A (TSA) has been shown to induce the nuclear export
of cyclin D1 and upregulate Skp2, a component of the SCF complex, that participates in the
ubiquitylation and proteasomal degradation of Cyclin D1.48 Treatment with DMAG at higher
concentrations (0.5 μM) caused G2-M arrest suggesting that hsp90 inhibition affects cell cycle
checkpoints other than the RBCDK4/cyclin D1-dependent G1-S checkpoint. Indeed, treatment
with 17-AAG has been shown to arrest cells in the G2-M phase.49 Recent studies have shown
that vorinostat treatment depletes the association of hsp90 with Aurora A and Aurora B, which
leads to attenuation of Aurora A and B that are pivotally involved in regulating spindle
assembly, chromosome segregation and cytokinesis.30

Apart from disrupting the hsp90 chaperone machinery and depleting pro-growth and pro-
survival hsp90 client proteins, it is well recognized that HA-HDIs and hsp90 inhibitors induce
growth arrest and apoptosis in numerous tumor models through molecular mechanisms that
lower the threshold of apoptosis either by depleting the levels of anti-apoptotic proteins Bcl-2,
Bcl-xL and Mcl-1 and/or inducing the pro-apoptotic proteins Bax, Bak and Bim, or by inducing
the reactive oxygen species.16,17,27,50 Furthermore, vorinostat has been demonstrated to
induce not only apoptotic but also autophagic cell death, if the activity of the caspases is
blocked.51 There are also other notable mechanism that may be responsible for the relatively
selective anti-MCL versus normal CD34+ bone marrow progenitor cell activity of the
combination of vorinostat and DMAG. Recently, both vorinostat and hsp90 inhibitors have
been shown to induce unfolded protein response (UPR) and endoplasmic reticulum (ER) stress.
52,53 Inhibition of HDAC6 by vorinostat also abrogates the formation of aggresome, in which
unfolded proteins are protectively sequestered, thereby accentuating the UPR and causing
lethal ER stress.35,36 These findings could also explain why co-treatment with vorinostat
enhances DMAG-induced apoptosis of MCL cells. Collectively, these mechanisms could
potentially be contributing to the synergistic activity of the combination of vorinostat and
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DMAG against MCL cells. Clearly, findings presented here create a strong rationale to test the
in vivo efficacy of the combination against human MCL cells.
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Figure 1. Treatment with vorinostat or 17-DMAG dose-dependently induces apoptosis of the MCL
MO2058, Z138 and JeKo-1 cells
Cells were treated with indicated concentrations of vorinostat (A) or 17-DMAG (B) for 48
hours. Following this, the percentage of annexin-V-stained apoptotic cells was determined by
flow cytometry. Values represented as bar graphs are the mean of 3 experiments plus or minus
the standard error (SE)
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Figure 2. Treatment with vorinostat induces hsp90 acetylation and results in decreased association
of hsp90 with the cochpaerones p23 and cdc37
A) MO2058 cells were exposed to vorinostat and DMAG for 24 hours and the resulting cell
lysates were immunoblotted for hsp70, hsp90, p27 and p21. B) JeKo-1 cells were exposed to
indicted concentration of vorinostat and hsp90 was immunoprecipitated from the cell lysates.
The immunoprecipitates were resolved on 10% SDS PAGE and hsp90 acetylation was detected
using anti-acetylated lysine antibody. Binding of co-chaperones to hsp90 was detected by
immunoblotting for p23 and cdc37. Total hsp90 immunopreciptated was detected by
immunoblotting for hsp90. C) To detect binding of client proteins to hsp90 following vorinostat
treatment, JeKo-1 cells were treated with indicated concentration of vorinostat and hsp90 was
immunoprecipitated from the resulting cell lysates. CDK4 and c-RAF bound to hsp90 was
detected by immunoblotting.
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Figure 3. Treatment with vorinostat and 17-DMAG attenuates the intracellular levels of c-Myc, c-
RAF, AKT and CDK4 in a dose-dependent manner
A & B) Cell lysates from JeKo-1 and Mo2058 cells exposed to vorinostat and 17-DMAG were
immunoblotted for c-Myc, c-Raf, AKT, cyclin D1, CDK4 and acetylated histone H3. The levels
of β-actin served as the loading control.
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Figure 4. Co-treatment with vorinostat and 17-DMAG induces more apoptosis and exerts
synergistic cytotoxic effects in MCL cells
A) MO2058 cells were treated with the indicated concentrations of vorinostat and/or 17-
DMAG for 48 hours. Following this, the percentage of annexin-V-stained apoptotic cells was
determined by flow cytometry. B) JeKo-1 cells were treated with the indicated concentrations
of vorinostat and/or 17-DMAG for 48 hours. Following this treatment the percent of nonviable
cells was determined by the trypan blue exclusion method. The values represent the means ±
SE of three experiments C) MO2058, JeKo-1 and Z138 cells were exposed to varying
concentrations of vorinostat (between 500 and 2500 nM) and 17-DMAG (between 100 and
500 nM) at a fixed ratio (5:1) for 48 hours, and apoptosis was measured by annexin V/propidium
iodide staining. Combination index values for each fraction affected were determined using a
Calcusyn; Biosoft. Combination index values <1.0 correspond to synergistic interactions.
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Figure 5. Co-treatment with vorinostat and 17-DMAG causes up-regulation of cell cycle inhibitors
and enhanced depletion of hsp90 client proteins compared to either treatment alone
A) MO2058 and JeKo-1 cells were treated with vorinostat and/or 17-DMAG for 24 hours.
Western blot analyses of p21, p27, c-Myc, cRaf, cyclin D1, AKT and CDK4 were performed
on the cell lysates. The levels of β-actin served as the loading control.
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Figure 6. Treatment with vorinostat and/or 17-DMAG induces cell death of primary lymphoma
cells but not CD34+ hematopoietic progenitor cells
A) Primary lymphoma cells were treated with the indicated concentrations of vorinostat and
or 17-DMAG for 48 hours and the percentage of nonviable cells was determined by Trypan
blue exclusion method. The values represent an average of four individual patient samples. B)
CD34+ normal bone marrow hematopoietic progenitor cells were treated with the indicated
concentration (nM) of vorinostat and/or 17-DMAG for 48 hours. Following this the percentage
of non-viable cells was determined by Trypan blue exclusion method. The values represent an
average of two independent experiments performed in duplicates.
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Table 1
Vorinostat or 17-DMAG treatments cause increased accumulation of MCL cells MO2058
in G1 and G2/M phases of cell cycle in a dose dependent manner

MO2058 cells were treated with different doses of vorinostat or 17-DMAG for 24 hours. Following these
treatments, the percentage of cells in the various phases of the cell cycle was determined after staining with
propidium iodide and performing flow cytometry. Values represent the means ± SE of three experiments.

MO2058 Cells
G1 S G2/M

vorinostat (24 hours)
0 μM 18.3 ± 1.6 63.4 ± 5.3 18.3 ± 5.1

0.5 μM 29.2 ± 4.1 58.1 ± 5.9 12.7 ± 2.2
2.0 μM 48.0 ± 3.7 34.3 ± 3.7 17.7 ± 7.4

DMAG (24 hrs)
0 μM 18.3 ± 1.6 63.4 ± 5.3 18.7 ± 5.1

0.1 μM 27.9 ± 6.5 55.6 ± 2.3 16.5 ± 8.0
0.25 μM 37.1 ± 6.1 36.7 ± 2.0 26.2 ± 7.9
0.5 μM 26.3 ± 4.8 38.4 ± 2.9 36.4 ± 4.0
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