
The histone deacetylase inhibitor entinostat (SNDX-275) induces
apoptosis in Hodgkin lymphoma cells and synergizes with Bcl-2
family inhibitors

Ádám Jónaa,d,*, Noor Khaskhelya,*, Daniela Buglioa, Jessica A. Shaferb, Enrico Derenzinia,
Catherine M. Bollardb, L. Jeffrey Medeirosc, Árpád Illésd, Yuan Jie, and Anas Younesa

aDepartment of Lymphoma & Myeloma, The University of Texas MD Anderson Cancer Center,
Houston, Texas, USA
bBaylor College of Medicine, Houston, Texas, USA
cDepartment of Hematopathology, The University of Texas MD Anderson Cancer Center,
Houston, Texas, USA
dUniversity of Debrecen, 3rdDepartment of Internal Medicine, Debrecen, Hungary
eDepartment of Bioinformatics & Computational Biology, The University of Texas MD Anderson
Cancer Center, Houston, Texas, USA

Abstract
Objective—Based on promising in vitro and in vivo activity of several histone deacetylase
inhibitors (HDACi’s) in HL (Hodgkin lymphoma), we investigated SNDX-275, an oral class 1
isoform–selective HDACi in HL-derived cell lines.

Materials and Methods—Proliferation and cell death were examined by MTS assay, Annexin-
V/propidium iodide, and FACS analysis. Gene and protein expression were measured by RT-PCR,
Western blotting, and immunohistochemical analysis. A multiplex assay was used to determine
cytokines and chemokines.

Results—SNDX-275 induced cell death in a dose- and time-dependent manner with an IC50 at
the sub- and lower micromolar range at 72 hours. At the molecular level, SNDX-275 increased
histone H3 acetylation, up-regulated p21 expression, and activated the intrinsic apoptosis pathway
by down-regulating the X-linked inhibitor of apoptosis protein (XIAP). SNDX-275 down-
regulated the expression of antiapoptotic Bcl-2 and Bcl-xL proteins without altering Mcl-1 or Bax
levels. Combination studies demonstrated that two Bcl-2 inhibitors (ABT-737 and obatoclax)
significantly enhanced the effect of SNDX-275. SNDX-275 modulated the level of several
cytokines and chemokines, including IL-12 p40-70, IP-10, RANTES, IL-13, IL-4, and TARC, and
variably induced the cancer/testis antigen expression of MAGE-A4 and survivin in HL cell lines.

© 2011 International Society for Experimental Hematology. Published by Elsevier Inc. All rights reserved.
Corresponding author: Anas Younes, M.D., Department of Lymphoma & Myeloma, The University of Texas MD Anderson Cancer
Center, 1515 Holcombe Blvd., Houston, TX 77030, Telephone: 713-745-4256, Fax: 713-794-5656, ayounes@mdanderson.org.
*Equal contribution
Conflict of Interest: none of the authors have relevant conflict of interest to disclose
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Hematol. Author manuscript; available in PMC 2012 October 1.

Published in final edited form as:
Exp Hematol. 2011 October ; 39(10): 1007–1017.e1. doi:10.1016/j.exphem.2011.07.002.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conclusions—SNDX-275 has antiproliferative activity in HL cell lines, involving several
mechanisms: induction of apoptosis, regulation of cytokines and chemokines, and alteration of
CTAs. Clinical investigation of SNDX-275 alone or in combination with Bcl-2 inhibitors is
warranted in patients with HL. Phase 2 studies with SNDX-275 in HL are ongoing, and future
clinical studies should investigate combinations with SNDX-275.
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Introduction
Classic Hodgkin lymphoma (HL) is one of the most curable human cancers. However,
treatment of patients with relapsed and refractory disease, especially those who relapse after
autologous stem cell transplantation, remains challenging: the median survival for these
patients is typically less than 3 years. Several new targeted therapy agents, currently being
investigated in a clinical setting, are showing promise [1].

Posttranscriptional modification of DNA and histones can be performed by methylation,
acetylation, phosphorylation, ubiquitination, and sumoylation [2]. Histone acetylation and
deacetylation, important epigenetic processes, are highly regulated by various enzymes,
including histone acetyltransferases and histone deacetylases (HDACs) [3]. The complex of
DNA and histones tends to shut down or not be expressed when deacetylated, whereas
inhibition of deacetylation results in a more open chromatin, which is functional or
expressed. This epigenetic modification plays an important role in regulating the expression
of genes that are responsible for cell proliferation, survival, angiogenesis, and immunity [4,
5], thus HDACs have become attractive targets for cancer therapy.

To date, 18 HDACs are known; they are either zinc-dependent or nicotinamide adenine
dinucleotide (NAD)-dependent and are grouped into one of four classes: class I (HDACs 1,
2, 3, and 8), class II (HDACs 4, 5, 6, 7, 9, and 10), class III (SIRT1- SIRT7), and class IV
(HDAC 11) [6, 7]. Currently, two HDAC inhibitors (HDACi’s)—vorinostat and romidepsin
—have been approved by the Food and Drug Administration for the treatment of patients
with relapsed cutaneous T-cell lymphoma [8, 9]. Specifically, vorinostat and romidepsin are
referred to as pan-DAC inhibitors, in contrast to mocetinostat (MGCD0103) and entinostat
(SNDX-275), which inhibit only certain HDAC groups [10].

SNDX-275 (formerly MS-275) is an oral class 1 isoform–selective HDACi, a synthetic
benzamide derivative. It inhibits cancer cell growth with a half maximal inhibitory
concentration (IC50) in the submicromolar range. Inhibition of cell growth is accompanied
by cell cycle arrest and induction of the cyclin-dependent kinase (CDK) inhibitor p21waf1,
one of the most commonly induced genes by HDACi’s [11]. SNDX-275 has shown
promising activity, both in vitro and in vivo, against various cancer types, including
colorectal, lung, ovarian, and pancreatic cancers [12], pediatric solid tumors [13], leukemia
[12, 14–16], prostate cancer [17], and breast cancer [18–20].

Class I selective inhibitor MGCD0103 has shown promising clinical activity, but its adverse
effects are significant [21, 22]; thus, SNDX-275 may be a more tolerable alternative for
patients. In the current study, we investigated the in vitro activity and molecular mechanisms
of SNDX-275 in HL-derived cell lines.
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Materials and Methods
Cell lines, cell culture, and reagents

Human HL-derived cell lines (HD-LM2, L-428, KM-H2), anaplastic large cell lymphoma
(ALCL) cell lines (KARPAS 299, SUP-M2, SUP-DHL-1), and mantle cell lymphoma
(MCL) cell lines (Mino, Jeko-1, SP53) were obtained from the German Collection of
Microorganisms and Cell Cultures, Department of Human and Animal Cell Cultures,
Braunschweig. The phenotypes and genotypes of these cell lines have been previously
published (HD-LM2 of T-cell origin, L-428 and KM-H2 of B-cell origin) [23]. Cell lines
were cultured in RPMI 1640 medium supplemented with 10% or 20% heat-inactivated fetal
bovine serum (Gibco BRL, Gaithersburg, MD), 1% L-glutamine, and penicillin/
streptomycin in a humid environment of 5% CO2 at 37°C.

The HDACi SNDX-275 was obtained from Syndax (Waltham, MA). Gemzar (gemcitabine)
was purchased from Lilly Pharmaceuticals (Indianapolis, IN). The proteasome inhibitor,
bortezomib (PS-341) was provided by Millennium Pharmaceuticals, Inc. (Cambridge, MA).
Bcl-2 inhibitor obatoclax (OBT, GX-15070) was obtained from Gemin X (Malvern, PA);
Bcl-2 inhibitor ABT-737 was Dr Michael Andreeff (M. D. Anderson Cancer Center).
Antibodies to acetylated histone H3; caspases 3, 8, 9; Bcl-2; Bax; HDAC-1; PARP; and X-
linked inhibitor of apoptosis protein (XIAP) were purchased from Cell Signaling
Technology (Beverly, MA). Antibodies for p21, Bcl-xL, and Mcl-1 were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Antibody to β-actin was from Sigma
Chemicals Co. (St. Louis, MO). The Human Thirty-Plex Antibody bead kit was purchased
from Invitrogen Corporation (Camrillo, CA).

In vitro proliferation assay
Cells were cultured in 6-, 12-, and 24-well plates at a concentration of 0.5 × 106 cells/mL.
Cell viability was assessed with the nonradioactive cell proliferation MTS assay by using
CellTiter96AQueous One Solution Reagent (Promega, Madison, WI), as previously described
[24]. Briefly, 80 μL of cell suspension with 20 μL of CellTiter96AQueous One Solution
Reagent were incubated in 96-well plates for 1 hour at 37°C, 5% CO2; formazan absorbance
was measured at 490 nm on a μQuant plate reader equipped with KC4 software (Biotek
Instruments, Winooski, VT). Each measurement was made in triplicate, and the mean value
was determined.

Flow cytometry
Cell surface expression was determined by fluorescence-activated cell sorter (FACS), as
previously described. Apoptosis was determined by Annexin-V-FLUOS and propidium
iodide (PI) double staining (Roche Molecular Biochemicals, Indianapolis, IN), according to
manufacturer’s instructions and our previous publications [24, 25]. Data were collected on a
FACSCalibur flow cytometer by using Flowjo software (Tree Star Inc, Ashland, OR), as
described previously [24, 25]. Data were analyzed with use of FlowJo software (Treestar
Inc.), and results were shown as the mean of three independent experiments.

Enzyme-linked immunosorbent assay (ELISA)
HL cell lines were incubated with increasing doses of SNDX-275 (0.1 to 2 μM) and DMSO
(0.1%) for 24 to 72 hours, before supernatants were collected and examined for IL-12
p40-70, IP-10, RANTES, IL-13, IL-4, and TARC levels by Human Thirty-Plex Antibody
bead kit (Invitrogen Corporation) according to the manufacturer’s instructions. Each
experiment was performed in triplicate, and results represent mean values from three
different experiments.
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Western blot analysis
Total cellular proteins were extracted by incubation in lysis buffer (Cell Signaling
Technology) for 30 minutes on ice and then centrifuged to remove cellular debris. The
protein in the resulting supernatant was quantified by the BCA method (Pierce Chemical
Co., Rockford, IL) according to the manufacturer’s instructions. Next, protein was diluted
1:2 in protein SDS loading buffer (Cell Signaling Technology) and heated to 95°C for 5
minutes. A total of 30 μg of protein was loaded onto 12% Tris-HCl SDS polyacrylamide
electrophoresis Ready Gels (Bio-Rad, Hercules, CA), transferred to a nitrocellulose transfer
membrane (Bio-Rad), and detected by using SuperSignalWest Dura Extended Duration
Substrate (Pierce Chemical Co.), as previously described [24, 25].

Reverse transcriptase–polymerase chain reaction
Cancer/testis antigen (CTA) expression was analyzed by reverse transcriptase–polymerase
chain reaction (RT-PCR) by using an RNeasy mini kit (Qiagen, Valencia, CA) and a reverse
transcriptase system (Promega). RNA, isolated from HL-derived cell lines by using Qiagen
RNeasy Micro Kits (Qiagen), was used as a template for RT-PCR by using the OneStep RT-
PCR Kit (Qiagen) with gene-specific primers to MAGE-A4, PRAME, SSX2, NY-ESO-1,
and survivin (purchased from SABiosciences, Frederick, MA) and normalized to expression
of the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(SABiosciences). To measure CTA gene expression, cells were cultured with 0.1% DMSO,
0.5 μM or 1.0 μM SNDX-275, and vorinostat. At 72 hours after exposure, cells were
harvested and analyzed for CTA transcripts with use of the OneStep RT-PCR with the above
gene-specific primers and at conditions specified by the manufacturer. In some experiments,
the hypomethylating agent, 5-aza-20-deoxycytidine (Decitabine; Sigma-Aldrich), was used
as a positive control. PCR bands were visualized on 1% agarose gels with ethidium bromide
(Sigma).

Immunohistochemical analysis
Cell lines were cultured in the presence of 0.1% DMSO, 0.5 μM or 1.0 μM SNDX-275, and
vorinostat for 72 hours. In some experiments, the hypomethylating agent, 5-aza-20-
deoxycytidine (Decitabine; Sigma-Aldrich), was used as a positive control After incubation,
cells were harvested and resuspended in PBS (Sigma-Aldrich), mounted onto glass slides
(Shandon Cytospin 4 Cytocentrifuge; Thermo Scientific, Waltham, MA), and then fixed
with 4% paraformaldehyde (BD Cytofix; BD Biosciences, Sparks, MD). Cells were
subsequently permeabilized by using 0.3% Triton-X-100 (Gibco) for 5 minutes followed by
incubation with Digest ALL1 (Zymed, San Francisco, CA) for 10 minutes at 37°C. To block
endogenous peroxidase activity, cells were treated with 3% hydrogen peroxide (Sigma). We
used PowerVision kits (ImmunoVision Technologies, Daly City, CA) according to the
manufacturer’s recommendation for immunohistochemical analysis. Briefly, slides were
first incubated in pre-block/diluent for 30 minutes followed by incubation with MAGE-A4,
PRAME, SSX2, NY-ESO-1, and survivin antibody (AbCam, Cambridge, MA), and diluted
1:50 in dilutant for 1 hour at room temperature. We used anti-mouse/anti-rabbit horseradish
peroxidase to detect positive cells, followed by enzymatic conversion using the chromogenic
substrate 3,3′-diaminobenzidine (DAB). A control picture of the slide was taken without the
use of antibodies.

Statistical methods, isobologram, and combination index calculation
The effectiveness of the drugs used in the present study, and of combinations of these drugs,
was analyzed with use of Calcusyn Software (Biosoft, Ferguson, MO). The combination
index and isobologram plot were calculated according to the Chou-Talalay method [24, 25].
A Combination Index (CI) value of 1 indicates an additive effect between two drugs.
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Combination Index values <1 indicate synergy, and the lower the value, the stronger the
synergy. In contrast, Combination Index values >1 indicate antagonism. Effects of certain
conditions on cell proliferation, apoptosis, and cytokine production were performed in three
independent experiments in triplicate. The two-tailed Student t test was used to estimate
statistical significance of the differences in results from the three experiments. The level of
significance was 0.05 if marked with * and was 0.005 if marked with **.

Results
SNDX-275 shows antiproliferative activity in a dose- and time-dependent manner and
increases histone H3 acetylation and p21 expression

We investigated the in vitro effect of SNDX-275 in HL-derived cell lines (HD-LM2, L-428,
KM-H2), ALCL cell lines (KARPAS 299, SUP-M2, SUP-DHL-1), and MCL cell lines
(Mino, Jeko-1, SP53) to determine its antiproliferative activity. These cell lines were
cultured with DMSO (0.1%) or SNDX-275 (0.1–2 μM) for 24 to 72 hours; cell viability was
determined by MTS assay, which revealed antiproliferative activity in a dose- and time-
dependent manner. Among HL-derived cell lines, HD-LM2 and L-428 were more sensitive.
Among ALCL cell lines, KARPAS 299 showed remarkable sensitivity, whereas MCL cell
lines were less sensitive (Fig. 1A). The more sensitive cell lines (HL: HD-LM2, L-428;
ALCL: KARPAS 299) had IC50 values in the submicromolar range, whereas the rest had
values in the micromolar range (Fig. 1B). HL-derived cell lines were co-cultured with either
DMSO (0.1%) or SNDX-275 (0.1–2 μM) for 48 hours, and Western-blot analysis was
performed.

A common feature of HDACi’s is their ability to acetylate histones, resulting in the
restoration of the expression of tumor suppressor genes, such as p21 [11]. We therefore first
examined the effect of SNDX-275 on histone H3 acetylation and p21 expression.
Acetylation of histone H3 was first seen at a 0.1 μM concentration at 48 hours, which was
associated with p21 expression. Expression of HDAC1 was used as a positive control (Fig.
1C).

SNDX-275 induces apoptosis through the intrinsic apoptosis pathway by down-regulating
XIAP

To determine whether antiproliferative activity of SNDX-275 works through apoptosis,
Annexin-V/PI staining and FACS analysis was performed with or without DMSO (0.1%) or
SNDX-275 (1 μM) for 72 hours. A representative example of three independent experiments
is shown (Fig. 2A). The average percentages of Annexin-V/PI–positive cells with
SNDX-275 (HD-LM2: 67.52%; L-428: 57.08%; KM-H2: 54.31%) were significantly higher
than were percentages of Annexin-V/PI–positive cells with or without DMSO (HD-LM2:
7.49%, 7.67%; L-428: 7.34%, 8.23%; KM-H2: 3.83%, 4.33%) (**p < 0.005) (Fig. 2B).

We also analyzed several components of the apoptosis pathway. Caspase 9 cleavage,
observed at a 0.1–1.0 μM concentration, was associated with the down-regulation of XIAP
and caspase 3. However, the caspase 8 level remained unchanged, suggesting that the
intrinsic apoptosis pathway is responsible for PARP cleavage and hence apoptosis. These
data are in accordance with the MTS results showing that HD-LM2 and L-428 are more
sensitive cell lines and that KM-H2 is the less sensitive (Fig. 2C).

SNDX-275 decreases antiapoptotic Bcl-2 protein family expression, Bcl-2 inhibitors
enhances synergistically the effect of SNDX-275

Induction of apoptosis by HDACi’s has been linked to alterations in gene expression,
resulting in down-regulation of antiapoptotic and up-regulation of proapoptotic proteins
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[26]. Similarly, our data demonstrated that levels of antiapoptotic Bcl-2 and Bcl-xL were
decreased at a concentration of 2 μM SNDX-275 after 48 to 72 hours of incubation.
Interestingly, Mcl-1 and proapoptotic Bax remained unchanged (Fig. 3A). The
overexpression of Bcl-2 in hematological malignancies can be the reason for poor
therapeutic outcome [27], which provides the rationale for combining Bcl-2 inhibitors with
SNDX-275. Hence, combination studies were performed with the MTS assay using DMSO
(0.1%), SNDX-275 (0.1–2 μM), and either Bcl-2 inhibitor ABT-737 (0.01–0.2 μM) or
obatoclax (0.1–2 μM); furthermore, either gemcitabine (0.001–0.02 μM) or bortezomib
(0.001–0.02 μM) were used for 72 hours.

All three cell lines at every investigated concentration level were found to be synergistic
with ABT-737, thus showing that HDACi’s and Bcl-2 inhibitors make a reasonable
combination. Similarly, obatoclax showed synergism at every investigated concentration
level in KM-H2, at two conditions in HD-LM2 (SNDX-275 1 μM + obatoclax 1 μM and
SNDX-275 2 μM + obatoclax 2 μM), and at one condition in L-428 (SNDX-275 2 μM +
obatoclax 2 μM). With gemcitabine and with bortezomib, much poorer synergism was seen.
Only at one condition in L-428 (SNDX-275 0.5 μM + gemcitabine 0.005 μM) and at all
conditions in KM-H2. With bortezomib, synergy could be seen at one condition in HD-LM2
(SNDX-275 2.0 μM + bortezomib 0.02 μM) and at two conditions in KM-H2 (SNDX-275
0.5 μM + bortezomib 0.005 μM and SNDX-275 1.0 μM + bortezomib 0.01 μM).
Combinations are considered synergistic when Combination Index (CI) values are less than
1 (Table 1).

We wanted to further demonstrate that combinations with Bcl-2 inhibitors work the same
way as SNDX-275 alone. Hence, we used the end-concentrations of the MTS assay studies
(SNDX-275: 2 μM; obatoclax: 2 μM; ABT-737: 0.2 μM) and performed Western-blot
analysis. Similar to results seen with use of SNDX-275 alone, caspases 9 and 3, PARP
cleavage was finally observed, thus confirming our hypothesis, although weaker cleavage
could be seen both in the case of obatoclax alone and in combination with SNDX-275 than
with ABT-737 (Fig. 3B).

SNDX-275 has an impact on cytokines/chemokines, which leads to a more favorable Th1
response

It is well-known that HL has a dysregulated cytokine background, which helps to maintain
an environment in which effective immune response against Hodgkin Reed- Sternberg
(HRS) cells cannot be achieved [28]. Hence, to examine whether SNDX-275 can affect this
cytokine production, we measured the level of several major cytokines/chemokines with a
Human Thirty-Plex Antibody bead kit in the presence of DMSO (0.1%) or SNDX-275 (0.1–
2 μM) for 48 hours. The level of cytokine IL-12 p40-70, which promotes Th1 cell
differentiation, increased significantly. Also, levels of chemokines IP-10 and RANTES,
which are responsible for Th1 recruitment, increased significantly. IP-10 is a ligand for
CXCR3, whereas RANTES is a ligand for both CCR3 and CCR5. IL-4, which is required
for Th2 cell differentiation, decreased significantly, as did IL-13, the key growth factor of
HRS cells. The Th2 chemokine TARC also decreased significantly (**p < 0.005).
Collectively, these data demonstrated that all investigated cytokines and chemokines
responsible for Th1 immune response increased, whereas those required for Th2 response
decreased (Fig. 4).

Effect of SNDX-275 is limited to the expression of CTAs
Previous studies demonstrated that epigenetic modulatory agents, including
hypomethylating drugs and HDAC inhibitors, can induce the expression of CTAs (also
called cancer germ-line antigens) in a variety of tumors, but little is known of the ability of
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HDAC inhibitors to promote CTA expression in HL.[29] [30]. We therefore investigated the
effect of SNDX-275 on the expression of common CTAs. SNDX-275 slightly induced the
expression of MAGE-A4 in L-428 and of survivin in HD-LM2 (Fig. 5A), but had no
significant effect on SSX2 or NY-ESO-1 expression (Supplemental figure 1). In contrast,
the pan HDAC inhibitors vorinostat and panobinostat variably induced the expression of
these CTAs (Supplemental figure 1). Immunohistochemical analysis showed that neither a
0.5 μM (data not shown) nor a 1.0 μM concentration of SNDX-275 or vorinostat induced the
expression of the investigated proteins MAGE-A4, PRAME, or survivin (Fig. 5B).
However, vorinostat promoted the expression of NY-ESO-1 in the HD-LM2 cells
(Supplemental figure 1). When the hypomethylating agent decitibine was used as a control,
it was more potent in inducing SSX2 and NY-ESO-1 in the HD-LM2 cells (Supplemental
figure 1).

Discussion
Because HDACs regulate a variety of cell functions that are involved in cell survival, cell
cycle progression, angiogenesis, and immunity, they are considered to be promising targets
for cancer therapy, including lymphoma [31–41]. In the current study, we provided pre-
clinical rationale for evaluating the HDAC inhibitor SNDX-275 (entinostat) in patients with
relapsed HL

SNDX-275 showed a potent antiproliferative activity in a time- and dose-dependent manner,
which is comparable to our recent experience with MGCD0103 [42]. SNDX-275
antiproliferative activity was primarily mediated by activating the intrinsic caspase pathway
and induction of apoptosis. A similar effect was recently observed with other HDAC
inhibitors, including vorinostat [43] and MGCD0103 [44]. This effect was augmented by
downregulating the inhibitor of apoptosis protein, XIAP.

Targeting the Bcl-2 pathway remains to be a major interest, since the overexpression of
these proteins can be the reason of resistance of several hematological malignancies [27,
46]. Therefore we combined SNDX-275 with Bcl-2 family inhibitor ABT-737, which is
reported to bind to Bcl-2, Bcl-xL and Bcl-w in various preclinical models. [47–49]
Interestingly, SNDX-275 decreased the expression level of Bcl-2 and Bcl-xL, but had no
significant effect on Mcl-1 or Bax. These favorable effects, coupled with the reported
mechanisms of ABT-737 and obatoclax, resulted in an enhanced caspase 3 and PARP
cleavage and synergistic antiproliferative effects. In contrast, the synergistic interaction
between SNDX-275 and gemcitibine or bortezomib was not as obvious, perhaps due to their
potent single agent efficacy against HL cell lines.

In addition to its direct antiproliferative activity, our results demonstrate that SNDX-275
may also influence tumor growth and survival by altering the balance of cytokines and
chemokines in the HL microenvironment, and by enhancing tumor antigens that may
promote a favorable antitumor immune response [28, 50]. SNDX-275 increased the
production of interleukin (IL)-12, which is responsible for Th1 cell differentiation, and
decreased the production of IL-13 and IL-4, which promote Th2 differentiation.
Furthermore, SNDX-275 altered the balance between chemokines that are involved in
attracting Th2 cells to HL microenvironment, including, IP-10 and RANTES, and TARC.
These changes in the microenvironment were associated with upregulation of a variety of
CTAs, although to a less degree when compared with other HDAC inhibitors.

Collectively, our results indicate that SNDX-275 has a favorable antiproliferative activity by
a direct induction of cell death in HL cells, in addition to an indirect effect on the
microenvironment and immunity. Based on these favorable pre-clinical activities, we
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initiated a phase II study of SNDX-275 to determine its safety and efficacy in patients with
relapsed classical HL.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Antiproliferative activity of SNDX-275 in Hodgkin lymphoma (HL). Anaplastic large cell
lymphoma (ALCL) and mantle cell lymphoma (MCL) cell lines. (A) SNDX-275 exerted its
antiproliferative effect in a dose- and time-dependent manner. All cell lines were incubated
with DMSO (0.1%) or increasing doses of SNDX-275 (0.1–2 μM) for 24 to 72 hours, and
cell viability was determined with use of the MTS assay. Values represent a mean of at least
3 experiments ±SEM. (B) IC50 values of 9 cell lines, incubated with SNDX-275 for 72
hours. (C) Molecular effects of SNDX-275 treatment in HL cell lines. HD-LM2, L-428, and
KM-H2 cells were incubated with DMSO (0.1%) or SNDX-275 (0.1 to 2 μM) for 48 hours,
and intracellular proteins were determined by Western blotting. SNDX-275 increased
histone H3 acetylation and up-regulated p21 protein expression from 0.1 μM concentration.
HDAC1 was used as a positive control. Protein loading was verified by β-actin.
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Figure 2.
SNDX-275 induces apoptosis in Hodgkin lymphoma (HL) cells lines HD-LM2, L-428, and
KM-H2. (A) Cells were incubated with DMSO (0.1%) or SNDX-275 (1 μM) for 72 hours,
and apoptotic cells were determined by Annexin-V-FLUOS/propidium iodide (PI) staining
and FACS analysis. Viable cells are shown in the lower left quadrant. Percentages in the
upper right quadrant indicate Annexin-V/PI–positive cells. A representative example of
three independent experiments is shown. (B) A summary of 3 independent experiments
±SEM demonstrating ratio of Annexin-V/PI–positive cells versus DMSO or RPMI.
Differences shown are significant (**p < 0.005). (C) Cells from HL cell lines HD-LM2,
L-428, and KM-H2 were incubated with DMSO (0.1%) or SNDX-275 (0.1 to 2 μM) for 48
hours, and intracellular proteins were determined by Western blotting. The intrinsic
apoptosis pathway was activated by down-regulating the antiapoptotic X-linked inhibitor or
apoptosis (XIAP) protein, which was associated with activation of caspases 9 and 3. Protein
loading was verified by β-actin.
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Figure 3.
Effect of SNDX-275 on Bcl-2 family proteins as a single agent and in combinations. (A)
Cells from HL cell lines HD-LM2, L-428, and KM-H2 were incubated with DMSO (0.1%)
or SNDX-275 (2 μM) for 48 to 72 hours, and intracellular proteins were determined by
Western blotting. SNDX-275 down-regulated the expression of antiapoptotic Bcl-2 and Bcl-
xL, without altering the level of Mcl-1 or Bax. Protein loading was verified by β-actin. (B)
Molecular effects of incubating HL cells with combinations of SNDX-275 (2 μM) and
obatoclax (2 μM) or ABT-737 (0.2 μM) for 72 hours; intracellular proteins were determined
by Western blotting. The intrinsic apoptosis pathway is involved similarly to SNDX-275
alone. Caspases 9 and 3, and PARP cleavage can be seen; however, cleavage is weaker with
obatoclax alone and in combination with SNDX-275 than with ABT-737. Protein loading
was verified by β-actin.
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Figure 4.
Effect of SNDX-275 on cytokine/chemokine production. By using a Human Thirty-Plex
Bead Kit, cytokine/chemokine production was analyzed for the effect of DMSO (0.1%) or
SNDX-275 (0.1 to 2 μM). SNDX-275 increased levels of IL-12 p40-70, IP-10, and
RANTES, and decreased levels of IL-13, IL-4, and TARC, thus favoring Th1-type
cytokines/chemokines. Changes in the level of cytokines/chemokines are significant (**p <
0.005).
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Figure 5.
Expression of cancer/testis antigens (CTAs) in Hodgkin lymphoma (HL) cell lines with
histone deacetylase inhibitors (HDACi’s) SNDX-275 and vorinostat. HL cell lines HD-
LM2, L-428, and KM-H2 were cultured with HDACi’s SNDX-275 and vorinostat at a
concentration of 0.5 μM and 1.0 μM for 72 hours. CTA expression was analyzed by reverse
transcriptase–polymerase chain reaction and immunohistochemically. (A) HDACi’s induced
the expression of MAGE-A4 in L-428 and survivin in HD-LM2 at the RNA level. (B) At the
protein level, immunohistochemical analysis showed that none of the investigated CTAs
were changed.
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