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Abstract

Romidepsin (Istodax®, depsipeptide, FR901228, FK228, NSC 630176) is a cyclic peptide, broad-
spectrum, potent histone deacetylase inhibitor, with activity mainly against class | histone
deacetylase enzymes. In this article, we give an overview of the putative modes of action, such as
effects on gene expression, cell cycle regulation, apoptosis induction, DNA repair, protein
acetylation and induction of autophagy. Romidepsin has mainly been developed as a therapy for
hematologic malignancies and is approved by the US FDA for the treatment of cutaneous T-cell
lymphomas. This report outlines the laboratory and clinical development of the compound as a
single agent that has more recently been evaluated in combination with other anticancer
therapeutics, such as proteasome inhibitors.
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Romidepsin (Istodax®, depsipeptide, FR901228, FK228, NSC 630176) (Figure 1), is a
bicyclic tetrapeptide first reported in 1994 as a fermentation product from Chromobacterium
violaceum. Romidepsin was subsequently identified in 1998 as a broad-spectrum histone
deacetylase (HDAC) inhibitor that induces epigenetic modifications, affecting the
acetylation of histones and other proteins, modifying gene expression and altering the status
of cancer cells [1].

Romidepsin is currently being investigated for the treatment of hematologic and solid tumor
malignancies. It was given accelerated approved by the US FDA in November 2009 for the
treatment of relapsed cutaneous T-cell lymphoma (CTCL) and in June 2011 for the
treatment of relapsed/refractory peripheral T-cell lymphoma (PTCL), with both approvals
based on efficacy data from two multicenter, single-arm studies [2,3]. In both histologies,
comparable response rates were observed in the two studies. For example, in CTCL,
objective response rates were 34 and 35%, with an identical complete response (CR) rate of
6% and median response durations of 15 and 11 months, respectively.

This article aims to summarize the development of romidepsin from compound discovery,
through preclinical testing and finally into clinical trials.

General background of HDAC inhibitors

Chromatin modification is an important regulator of gene transcription, and the acetylation
status of histones plays a critical role in this control mechanism [4]. Histone
acetyltransferases (HAT) and HDAC enzymes mediate acetylation and deacetylation of
histones, respectively. In general, increased acetylation of specific residues in histones H3
and H4 is associated with open chromatin, allowing active transcription to occur.
Acetylation is just one of multiple post-translational modifications of histones that affect
gene transcription. Others include methylation, phosphorylation, ubiquitination, sumoylation
and so on. Acetylation appears to provide a general ‘go’ signal, while some of the other
modifications lend more specificity to gene-expression signals. Regulation of acetylation has
been the most widely studied modification and, along with methylation, it has been
translated to the clinic. In the 1970s, a number of naturally occurring and synthetic
compounds possessing weak HDAC inhibitor activity were discovered. These included
sodium butyrate, sodium valproate [5-9] and phenylbutyrate [4] (see [10]). Since then, a
range of considerably more potent, structurally diverse HDAC inhibitors have been
identified. There are currently 18 known HDACs, grouped into four classes based on their
homology to the respective yeast transcriptional control factor sequence [11].

Class I includes HDAC1, 2, 3 and 8 (located within the cell nucleus, isoenzymes
homologous to the yeast RPD3 protein); class Il includes the HDAC4, 5, 6, 7, 9 and 10
(isoenzymes homologous to the yeast HDA1L); and class IV includes HDACL11. Class Il1
HDACsS include the NAD* dependent sirtuin family 1-7 (with homology to yeast Sir2).
While the restricted (nuclear or cytoplasmic) localization of HDACs is widely accepted,
there is some evidence that the localization of HDACs may not be as tightly regulated as first
thought. For example, the class | HDACL1 has been found to also localize to the centrosome
during M phase, in the cytosol of axons during demyelination [12,13] and class |1 shuttles
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between nucleus and cytoplasm; by contrast, class IV generally reside in the nucleus [11,14].
HDAC inhibitors are generally subdivided into six groups based on their chemical structure
and their targets (Figure 1 & Table 1).

It is important to recognize that there are likely to be substantial differences between the
various HDAC inhibitors, owing not only to individual pharmacokinetic properties, but also
on their targets for enzymatic inhibition. Classes I, 1l and 1V require a Zn* molecule in their
active site and are inhibited by HDAC inhibitors, while class 111 HDACs require NAD* as a
coenzyme, and are not affected by HDAC inhibitors [15].

Currently, clinically available HDAC inhibitors have no action on the sirtuin family,
although new molecules such as NAD blockers, cambinol and tenovin 6 have shown promise
in preclinical studies. In addition, there is variability in the capacity of HDAC inhibitors to
induce hyperacetylation of lysine residues on nuclear (class 1) targets as opposed to
cytoplasmic (class 1) targets, such as tubulin, Hsp90, p53, Ku70, STAT-3, RelA/p65, bcr-
abl and HIF-1a., amongst others [16-18].

It remains unclear whether pan-HDAC inhibitors (e.g., panobinostat, vorinostat and
romidepsin), which inhibit both class | and Il HDACs, are clinically more effective than
class I isotype-selective HDAC inhibitors (e.g., MGCDO0103, which is class | inhibitor
selective). Similarly, toxicity profiles differ across the various HDAC inhibitors, even within
a given drug group. The side-effect profile of all HDAC inhibitors includes fatigue, nausea
and diarrhea. Thrombocytopenia is the most common myelosuppressive effect.

General pharmacology of romidepsin

Romidepsin is a pentapeptide and a member of the cyclic peptide family. It is a natural
product, along with other naturally occurring compounds such as trichostatin A,
spiruchostatin A, chlamydocin, and trapoxin A and B [1]. It was first reported in 1994 as a
fermentation product from C. violaceum and identified in a screen for novel products that
would reverse the malignant phenotype of ras-transformed cells to that of their
nontransformed counterparts [19,20]. The National Cancer Institute (NCI) evaluated
romidepsin in the NCI 60 cell line panel in the early 1990s, where it was found to have
potent activity across a broad spectrum of cancer cell types and, based on its unique profile,
was selected for preclinical development [21]. It was subsequently identified as an HDAC
inhibitor in 1998 [1,21]. Since that time, the potent anticancer effects of romidepsin have
been characterized in numerous /in vitro and /n vivo biological systems.

Romidepsin is a nonhygroscopic, white crystalline powder with limited aqueous solubility
and varying solubility in organic solvents [19]. It is highly bound in human serum (94-95%)
and plasma (92-94%). The principal binding protein in human serum is AAG. It was found
in a rodent study to be predominantly metabolized by the liver (79.4% eliminated in bile and
feces) [19,22]. It is thought to be primarily metabolized by the CYP450 family CYP3A4
isoform. In humans, elimination has yet to be fully characterized and no dedicated hepatic or
renal impairment studies have been conducted. The product insert states that, based on a
population pharmacokinetic analysis, mild hepatic impairment does not alter
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pharmacokinetics of romidepsin [23]. Patients with moderate and severe hepatic impairment
should be treated with caution. Renal impairment is not expected to significantly influence
drug exposure, but the effect of end-stage renal disease on romidepsin pharmacokinetics has
not been studied. Phase | PK studies have demonstrated that romidepsin has a time to peak
concentration of 4 h after intravenous (iv.) infusion and a terminal half-life of 2.92 h with a
curve fit suggesting a two-compartment model [19,22]. In nonhuman primates there is
limited CNS penetration (2% of the administered dose), which approaches the 1Cgq of some
tumors [24]. Plasma levels for oral administration were extremely variable, suggesting
multiple absorption sites; an orally active preparation is not yet available for use in humans.

Romidepsin requires intracellular disulfide bond reduction to mediate structural changes
necessary for its potent activity as an HDAC inhibitor [25]. In contrast to the vorinostat/
panobinostat family of HDAC inhibitors, which comprise hydroxamic acids that act by
chelating zinc in the catalytic pocket resulting in the inhibition of the enzyme, the functional
sulfhydryl group of reduced romidepsin is capable of preferentially interacting with the zinc
in the active site of HDAC1 and HDAC?2 (class I) enzymes. Romidepsin does inhibit HDAC
class Il and IV enzymes, albeit at a higher concentration [25,26], and while the K; of
romidepsin with HDAC6 was 0.0095, similar to that of panobinostat at 0.0015 [26], this has
not translated into effects on the acetylation status of targets of HDACG6 such as tubulin. Of
particular note is that the 1Cxq is greatly reduced following sulfhydryl reduction/activation
(Table 2). This reduction/activation is mediated by glutathione following intracellular uptake
and can actually harness one of the main mechanisms by which cancer cells typically
inactivate many drugs [25]. This metabolic pathway underlines the need to assess the
function of these drugs /n vivo where reduction/activation pathways may be different from /n
vitro effects. However, reduced romidepsin is rapidly inactivated by serum; thus, /n vivo
circulating romidepsin acts as a stable reservoir of drug, which easily gains entry into cells
because of its more hydrophobic properties compared with reduced romidepsin [25].

Overview of HDAC inhibitor mechanisms of action

The precise manner in which HDAC inhibitors exert these biological effects is still under
active investigation in a number of preclinical studies. The current opinion is that these
agents inhibit, to a greater or lesser extent, the activity of class I, Il and IV HDACs, causing
chromatin remodeling and altered gene expression, which results in biological effects that
are deleterious to tumor cell growth and survival. Biological responses of HDAC inhibitors
include inhibition of cell proliferation, induction of apoptosis or autophagy, upregulation of
genes related to cellular differentiation, modulation of immune responses and suppression of
angiogenensis. In this context, several studies suggest that the lethal effects of HDAC
inhibitors toward transformed cells stem from, at least in part, induction of oxidative injury
[27,28], interference with DNA repair [29] and the resulting DNA damage [30].
Furthermore, recent evidence implicating alterations in protein acetylation and induction of
autophagy [31] provides a link between the latter process and the DNA repair program [32].
These observations provide a rationale for combining HDAC inhibitors with radiation,
DNA-damaging chemotherapeutics and proteasome inhibitors, amongst others.
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Effects on the cell cycle

HDAC inhibitors can induce cell cycle arrest at the G1/S checkpoint through increased gene
expression and upregulation of the CDK inhibitor p21WAF1/CIP1 [33,34]. p21 forms
complexes with cyclins D and E, preventing them from coupling with CDK and moving the
cell through the G1/S checkpoint. One mechanism suggested for the upregulation of p21 is
through loss of p21 promoter binding by the Sp1 transcription factor due to its acetylation,
allowing access of Sp3 to the p21 promoter, which could alter gene transcription. This
mechanism allows gene expression with upregulation of p21 and the proapoptotic protein
Bak, suggesting a common mechanism for cell cycle arrest and apoptosis [35].

Effects of HDAC inhibitors on the G2/M phase of the cell cycle appear to be as important,
and perhaps more deleterious than the G1 arrest due to p21 induction. Brazelle et al.
demonstrated that HDAC inhibitor treatment decreased levels of total Chk1 proteins, with a
decrease in the levels of the inhibitory phosphorylation of key cell cycle regulatory proteins
cdc25c¢ and cdc2, with abnormal mitosis and failed cytokinesis [36].

HDAC inhibition results in aberrant mitosis after G1 and, in tumor cells where the G2
checkpoint is defective, these cells are allowed to progress to mitosis. HDAC inhibitors slow
the normal cellular progression through G2/M, with the result being that cells stay in mitosis
up to two and a half times longer than normal. One study reports downregulation of the
cyclin B1 gene, blocking the G2/M transition and suppressing the transcription of PIk1 and
survivin as a mechanism of action [37,38]. HDAC inhibitors prevent the formation of the
normal chromosomal passenger complex. This is most likely owing to disruption of the
normal chromatin structure preventing the binding of HP1, as a pan-specific effect of HDAC
inhibitors rather than one mediated by an HDACG6-a-tubulin interaction [39]. At the point of
mitosis, the mitotic spindle checkpoint is also defective owing to HDAC inhibitor treatment,
which therefore results in cells prematurely exiting mitosis without segregating their
chromosomes, signaling apoptosis [39]. Finally, Robbins ef a/. noted that following
romidepsin exposure not only was HP1 decreased on pericentrometic heterochromatin, but
that there was also reduced pericentrometic Aurora B kinase, reduced phosphorylation of
histone H3S10, and reduced levels of hBUB1, CENP-F and CENP-E in the kinetochores of
treated cells [40].

Despite major changes, these effects are short-lived for two reasons. First, the effects are
rapidly reversed after drug washout due to rapid histone deacetylation. Second, the
disruption of the spindle checkpoint occurs at a higher concentration of HDAC inhibitor and
requires higher levels of hyperacetylation. Thus, as the drug levels come down, the spindle
checkpoint is re-established and aberrant mitosis alone is not enough to induce apoptosis.
This, and the relatively short half-life of less than 3 h (see below), may explain why, in our
clinical experience, the side effects of romidepsin are short-lived following drug cessation
[41]. This has been born out by /n vitro data showing that romidepsin has selective
cytotoxicity toward chronic lymphocytic leukemia (CLL) B cells compared with normal
cells [35].

One study examined effects on cultured ras 1-mutated cells derived from NIH3T3 fibroblast
cells through FACS [20]. Romidepsin arrested the cells in GO/G1 phase, and this effect was
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rapidly reversed after removal of drug. By contrast, in PC-3 (prostate cancer) cells treated
with higher doses of romidepsin, the cell cycle was arrested at the G2/M phase rather than in
the G1 phase. The onset of gene-expression changes preceded that of apoptosis, cell cycle
arrest and differentiation.

Induction of apoptosis

It is now recognized that a key mechanism of action of HDAC inhibitors is through
induction of apoptosis [6,7,8], and a variety of HDAC inhibitors have demonstrated
apoptosis and cell death /n vitro using several lymphoma models [41-48].

The consequence of histone hyperacetylation in tumor cells is an upregulation of
proapoptotic genes (i.e., TRAIL, DR4and 5, Bak, Bax, Apaf-1, Bmf, Bimand TP2) and
downregulation of antiapoptotic genes (i.e., Bcl-2, Bel-xL, Mcl1, XIAP, Survivin, Akt, c-
FLIPand c-RAF) (see [17] and references therein), which are important for HDAC
inhibitor-induced changes in cell survival [34,49-53].

Romidepsin has been shown to induce apoptosis in a number of cell lines, especially if
combined with other antitumour agents. One study demonstrated that mantle cell lymphoma
(MCL) cells and follicular lymphoma cells exposed to romidepsin alone showed minimal
apoptosis. However, when the direct apoptosis pathway was activated by coincubation with
CD95 or TRAIL, there was marked synergistic induction of apoptosis by facilitating the
formation of an active DISC, leading to the rapid activation of caspase-8 [54]. Romidepsin
has been shown to cause a dose-dependent increase of caspase-induced apoptosis due to
selective involvement of the TNF receptor pathway, initiating caspase 8 and effector caspase
3. Caspase activation is accompanied by downregulation of cFLIP, competitive inhibitor of
caspase 8, but with no evidence of upregulation of Fas death ligand expression.

The observation that romidepsin operates via a caspase 8-mediated process in human CLL
cells is relevant, as this pathway is not activated by any other therapeutic agents currently
used. Other antiapoptotic proteins, including Bcl-2, Mcl-1 and XIAP, showed no change
[55].

In CLL cells treated with a combination of romidepsin and proteasome inhibitor bortezomib
there was an increase in the expression of BIM, a BH3-only proapoptotic protein, and
reduced levels of antiapoptotic proteins, such as Bcl-xL, Al, XIAP, clAP1, c-FLIP and
ICAM-1 [56]. By contrast to the combination of bortezomib with belinostat, bortezomib/
romidepsin coadministration did not increase tubulin acetylation (mediated by HDAC6). The
combination of either HDAC inhibitor with bortezomib prevented HDAC inhibitor-mediated
kB activation by RelA acetylation (NF-xB family transcription factor) and nuclear
accumulation of NF-xB and its activation. IKK inhibitors block RelA acetylation in cell
exposed to HDAC inhibitor mediated by IkBa., resulting in a significant increase in CLL
tumor cell kill. When the myeloma cell line U266 was treated with romidepsin at 0.1 umol/I
for 24 h, there was a similar pattern of decrease in antiapoptotic proteins BCL-2, Bcl-xL and
MCL-1 at 24 h [57]. The response of the proapoptotic protein BAX to romidepsin was
interesting, in that it was reduced in U266 cell lines and increased in primary myeloma cells.
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With respect to T-cell lymphomas, where clinical responses are regularly observed (see
below), in vitro studies demonstrate that response to romidepsin in the HUT78 human CTCL
cell line is associated with induction of histone acetylation, increased p21WAF1/CIP1
expression and detection of markers of apoptosis, rather than cell cycle arrest [58].
Cotreatment with a caspase inhibitor significantly inhibited apoptosis, although not
completely, again implying that both caspase-dependent and -independent processes
contribute to the cell death effects of romidepsin.

Effects of romidepsin on gene expression

In an attempt to identify genes involved in the growth suppression effects of romidepsin,
total RNA from three romidepsin-sensitive cell lines, lymphoma (U-937), prostate cancer
(PC-3) and renal cancer (ACHN), were used /n vitro, and analyzed using the Affymetrix FL
GeneChip. Of the 7070 genes examined for response to romidepsin, 105 genes were
commonly induced and 100 genes were commonly repressed by romidepsin. Genes
commonly upregulated included p21WAFI1/ Cipl, IL-8and caspase 9; examples of
commonly downregulated genes were MAPK and cyclin A2. Many of these genes encode
proteins with key regulatory roles in signal transduction, growth arrest and apoptosis [49].

Treatment with romidepsin was also demonstrated to upregulate expression of the I1L-2
receptor, the target for denileukin diftitox, a fusion toxin combining the receptor component
of IL-2 with diphtheria toxin with clinical activity in CTCL [58]. Romidepsin was indeed
shown to increase the sensitivity of HUT78 cell line to denileukin diftitox with a synergistic
increase in apoptosis [59]. The same study showed romidepsin to increase expression of the
MDRI gene, and it was noted that cells selected for resistance overexpressed P-gp.

Resistance was reversed with P-gp inhibition, and so theoretically romidepsin may induce its
own mechanism of resistance [60]. Increased MDR1 expression and P-gp activity have also
been shown in both normal (sixfold increase in MDR1) and malignant (eightfold increase in
MDR1) peripheral blood mononuclear cells (PBMCs) in patients receiving romidepsin
during clinical trials at the NIH [59]. Cells selected for resistance to romidepsin in the
presence of a P-gp inhibitor do not have increased P-gp expression; and alternate methods of
resistance must also exist [60].

Post-translational targets of acetylation

There is a growing body of evidence to show that as well as altering histone acetylation and
thus gene expression, HDAC inhibitors are able to induce effects via post-translational
acetylation of proteins. Choudhary et a/. have demonstrated that suberoylanilide hydroxamic
acid (SAHA,; vorinostat) is able to induce acetylation of a wide variety macromolecular
complexes involved in a broad spectrum of cellular process such as autophagy, the cell cycle
and nuclear transport [61]. For example, p53 may be activated by the acetylation of at lysine
residues 320 and 373, and induces apoptosis via PIG3 and NOXA [62], while inhibition of
HDACS6 induces Ku70 acetylation, which releases Bax and again triggers apoptosis [63]. In
addition, Robert et a/. have attempted to link the effects on the DNA-damage response to
autophagy via acetylation protein of multiple proteins such as Sae2, Cdk1, Ku, MRN, BIm2
and Rfal [32]. We have shown that complex processes such as proplatelet formation and
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platelet budding resulting in thrombocyopenia, one of the dose-limiting toxicities of
romidepsin and other HDAC inhibitors, are due to increased phosphorylation of the myosin
light chain. HDAC inhibition with either romidepsin or panobinostat reduced levels of the
Rho-GTPases, CDC42, Racl and RhoA [64]. These effects may be mediated via either
acetylation of HSP90, which in turn lead to a reduction in the levels of binding partners by
increased degradation [65], or hyperacetylation of HSP70, which prevents the assembly of
HSP90-client protein complexes [66,67]. These effects on chaperone protein binding may
help unravel other downstream effects of HDAC inhibition.

In vitro preclinical studies

Cytotoxic activity

The cytotoxic activity of romidepsin has been explored in a large number of human cancer
cell lines including leukemia, lymphoma, renal, colon, stomach, lung, ovarian and prostate
cancer cell lines [19,20]. The data in Table 3 demonstrates that romidepsin may have activity
in a variety of hematological and solid tumor types. Romidepsin cytotoxicity was evaluated
by determining cell viability at the end of a 72-h incubation period and demonstrates
antiproliferative activity, with mean 1Cgq ranging from 0.55-9.19 nM/ml.

Effects on angiogenesis

The ability to suppress angiogenesis by decreasing the expression of VEGF as well as
enhancement of the host immune system may also play a role in the therapeutic response of
HDAC inhibitors [16-18]. It is currently unclear which of these biological effects
predominate for the anticancer responses seen with HDAC inhibitors. The expression of
angiogenesis factors, such as VEGF and basic FGF, are important for tumor
neovascularization and growth. Romidepsin decreased the expression of VEGF mRNA by
51% after 12 h in PC-3 cancer prostate cells that were sensitive to romidepsin, but not in
ACHN renal cancer cells that had been selectively cultured to be insensitive to romidepsin
[68]. Under hypoxic conditions (mimicking conditions of angiogenesis /n vivo), VEGF
transcription is regulated by HIF-1. Activity of HIF-1 is primarily determined by hypoxia-
induced stabilization of HIF-1a,, a component subunit of HIF-1. Exposure to romidepsin at
the onset of hypoxia completely inhibited the time-dependent increase in expression of
VEGF mRNA from 4 to 16 h, as seen in control cells. When romidepsin was added 4 h after
the onset of hypoxia, the expression level of VEGF mRNA was inhibited at 8 and 16 h. No
changes were observed in the expression of HIF-1a mRNA under either treatment schedule.
Romidepsin induced accumulation of acetylated histones in chromatin associated with the
VEGF gene promoter. The highest level of acetylation of histone H3 and H4 was in the P2
region of the VEGF promoter, a region including the HIF-1 binding site, which plays an
important role in regulating the expression of VEGF mRNA. In the I1 region, increased
acetylation was observed for histone H3 but not histone H4. No increases were seen for
either histone H3 or H4 in the E3 region. These findings suggest that romidepsin causes
histone acetylation of VEGF promoter regions, particularly in the P2 region. It remains
unclear whether HIF-1a is a direct target for acetylation by romidepsin [69]. However,
HDAC inhibitors may also limit angiogenesis by inducing degradation of HIF-1a by altering

Epigenomics. Author manuscript; available in PMC 2020 August 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harrison et al.

Autophagy

Page 9

its interactions with HSP90 and HSP70 mediated by HDACG6 [70] (as discussed in section
‘Post-translational targets of acetylation’).

Autophagy is a primary mechanism through which mammalian cells can capture and
degrade protein aggregates, and has been implicated in the pathophysiology of a number of
disease process such as Parkinson’s disease, and other neuro- and myo-degenerative
disorders [71]. Aggresomes form when the ubiquitin proteasome system is overwhelmed
with misfolded protein, such as following proteasome inhibition, and protein aggregates are
actively transported on microtubules by a process requiring dynein/dynactin motors and
HDACS (tubulin deacetylase). Mature autophagosomes form when the aggresome fuses with
the lysosome. Autophagy induced by HDAC inhibitors involves inhibition of both HDAC1
and HDACSG [72,73]. Although activated romidepsin has some direct activity against
HDACS (Table 2), there is no in vitro evidence that romidepsin can effect intracellular
acetylation of tubulin (in contrast to nonselective HDAC inhibitors such as belinostat) [56].
Whether romidepsin can affect HDACG6 /n vivois a subject of ongoing study. It has been
suggested that romidepsin can induce autophagy in malignant rhabdoid tumor cells mediated
by AIF translocation into the nucleus while also inducing apoptosis and necrosis in cell lines
and dose-dependent antitumor responses in tumor-bearing animals [74]. The cytotoxicity
was significantly increased by cotreatment with chloroquine, which disrupts autophagy.
Whether the activity of romidepsin in this model is because of the observed increase in
autophagy, or through nonapoptotic cell death despite the activation of a protective
mechanism, remains to be proven.

Synergistic cytotoxicity with other agents

Dai et al. reported that romidepsin interacts in a highly synergistic manner with bortezomib
in cultured as well as in primary, patient-derived CLL cells [56]. The mechanism by which
HDAC inhibitors interact synergistically with proteasome inhibitors such as bortezomib is
likely to be multifactorial, and may involve promotion of oxidative injury [75], disruption of
aggresome function [76] and induction of endoplasmic reticulum stress [77]. Notably,
bortezomib blocked romidepsin-induced activation of NF-xB in these cells, accompanied by
downregulation of the NF-xB-dependent antiapoptotic proteins Bcl-xL and XIAP. As
described in the case of CLL cells, synergistic interactions between romidepsin and
bortezomib have also been observed in multiple myeloma (MM) cells. For example, as
shown in Figure 2A, very low concentrations of romidepsin and bortezomib (e.g., <5 nM),
when combined, dramatically increased apoptosis in U266 and 8226 myeloma cells. Similar
effects were observed in primary CD138" myeloma cells, but not in their CD138"
counterparts (Figure 2B), suggesting differential effects within subcompartments of the
myeloma clone. Notably, the combination displayed marked lethality toward
dexamethasone- (Figure 3A) and bortezomib-resistant (Figure 3B) myeloma cells [GrRANT s,
DAI Y, UNPUBLISHED DATA]. In addition, Khan et a/. showed similar levels of apoptosis in U266
myeloma cells following treatment with romidepsin 0.01 umol/l (43%), melphalan 10 umol/Il
(44%) versus control (28%), and synergistic apoptosis when treated with both agents (73%)
[57].
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In vivo preclinical studies

Effects on apoptosis

It is becoming clear that HDAC inhibitors of different structural classes have very different
patterns of activity through varying interactions with the cellular apoptosis machinery. This
has been elegantly illustrated by Newbold et a/., using the Ep-Myc lymphoma model system,
where romidepsin can induce apoptosis in Ey-Myc lymphomas in vitroand in vivo [78]. The
ability to genetically manipulate Eu-Myc lymphomas has allowed identification of key
apoptotic proteins and pathways necessary for romidepsin-induced apoptosis. Like other
HDAC inhibitors tested in this model, romidepsin mediated apoptosis via the intrinsic
(mitochondrial) apoptotic pathway rather than the extrinsic (death receptor) pathway.
However, unlike other HDAC inhibitors, where their effects /n vitroand in vivo were
completely suppressed by overexpression of prosurvival Bcl-2 proteins, romidepsin had the
unique ability to overcome this resistance mechanism.

Unlike vorinostat, romidepsin was able to kill lymphoma cells that overexpressed the
prosurvival protein Bcl-2. In addition, romidepsin improved the survival of mice with both
Eu-Myc and Bcl-2-overexpressing lymphoma [78]. By contrast, overexpression of Bel-xL
blocked romidepsin activity, suggesting that these proteins may have distinct roles in
particular physiologic conditions, such as chemotherapy resistance, owing to their complex
interactions with other proteins involved in determining the balance between pro- and anti-
apoptosis [79].

In other lymphoma mouse xenograft models, romidepsin prolonged survival in severe
combined immune deficient mice harboring human lymphoma U-937 tumors; with a median
survival of 30.5 and 33 days compared with a median of 20 days for a control group.
Furthermore, two out of the 12 treated mice lived past the observation time of 60 days, and
associated /n vitro studies demonstrated G1 and G2/M arrest with differentiation and
apoptosis. The G1 arrest was associated with CDK inhibitor p21WAF1/CIP1 upregulation
due to acetylation of the CDKN1A promoter regions [80].

A significant survival advantage following romidepsin treatment has also been demonstrated
in Epstein—Barr virus-transformed lymphoblastoid cell tumors in mice, where 90% survival
was seen at 30 days compared with 20% in the control group [81]. Romidepsin-mediated
apoptosis was associated with a 12-fold increased level of active caspase 3; however, some
apoptosis persisted despite z-VVAD-fmk treatment to inhibit caspase activity. Romidepsin-
resistant cells expressed higher levels of LMP1 and nuclear NF-kp than romidepsin-sensitive
cells. It is of note that apoptosis was inducible by NF-kp inhibition. These data imply that
the apoptosis induced by romidepsin in this model is via caspase-dependent and -
independent pathways. Conversely, this was not the case in the Epstein—Barr virus-positive
Burkitt lymphoma tumors, where there was no associated improvement in survival [79,81].
In MCL xenograft model lines with t(11,14)(q13,32) translocations, romidepsin was able
slow tumor growth, induce H3 hyperacetylation and downregulate levels of Bcl-2, Bel-xL
and Mcl-1, inducing apoptosis via the mitochondrial pathway, in a dose-dependent fashion
and demonstrate synergy with bortezomib [82].
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Solid tumor efficacy

There are some encouraging /17 vivo mouse model data suggesting that romidepsin has
significant effects on the growth of various solid tumors [19,55,58,80,83-85]. The effects
that HDAC inhibitors have on gene expression may also impact the interpretation of
conventional measurements of tumor response. In a prostate cancer model romidepsin
modulated the expression of prostate specific antigen (PSA) mRNA in a biphasic manner in
LNCaP cells, with a slight increase (60% relative to control) at concentrations of 0.36 and
0.72 nM. At concentrations of 1.44 nM and above, romidepsin decreased secretion of PSA
in a concentration-dependent manner and reached the lowest point at 5.79 nM,
approximately the 1Cgg of romidepsin to induce growth delay. The levels of PSA secreted
within 48 h changed in a pattern similar to PSA mRNA expression in response to
romidepsin. HDAC inhibitors may change the expression of genes controlling the level of
tumor markers, such as serum PSA levels in prostate cancer, which then may not
appropriately reflect changes in tumor burden. However, the suppression of PSA secretion
was evident prior to the inhibition of cell growth and did not correlate with its cytotoxicity.
As previously mentioned, there is evidence of activity against malignant rhabdoid tumors
with increased levels of histone acetylation, apoptosis and caspase-independent cell death /n
vitro at romidepsin concentrations of 0.7-3.7 nM at 72 h [74]. There was also a significant
reduction in mean tumor volume in mice bearing human tumors at day 12 when dosed at 1.2,
2.5 and 5 mg/kg on days 0, 4 and 8, respectively.

Early clinical studies

Effect on acetylation

Three Phase | clinical studies described the use of romidepsin in a total of 90 adult patients
[22,86,87]. The first two studies investigated escalating doses of a 4-h iv. infusion of
romidepsin in 70 patients with advanced refractory solid neoplasms, and confirmed an
increase in histone acetylation in circulating mononuclear cells, with maximal acetylation
occurring at the end of the infusion [22,86]. Sandor et a/. recorded an maximum tolerated
dose (MTD) of 17.8 mg/m2 on a day 1 and 5 schedule [22], while Marshall et a/. defined the
MTD at 13.3 mg/m? on a day 1, 8 and 15 schedule every 28 days [86]. Subsequent Phase I
trials used this latter schedule. In the most recent pharmacodynamic Phase | study, targeting
an /in vivo dose at which acetylation of histone proteins H3 and H4 increased by 100% /n
vitro, Marshall et al. demonstrated that the MTD achieved in patients with advanced cancer
was 13 mg/m? as a 4-h iv. infusion on days 1, 8 and 15 of a 28-day cycle [86]. Toxicity
prevented repeated dosing, although all patients achieved this minimum effective
pharmacological dose. The terminal elimination half-life at this dose was estimated to be
3.67 h. Serial assessment of histone acetylation, using immunohistochemistry correlated
with HDAC inhibition, with HDAC activity declining to 24.6% of baseline immediately
after treatment and returning to 59% of baseline 24 h after treatment [87]. Romidepsin has
subsequently been evaluated in seven other Phase Il clinical trials [88—93]. These studies
used a dose of 13 or 14 mg/m? administered as a 4-h iv. infusion on days 1, 8 and 15 of a 28-
day cycle in a variety of hematologic and solid malignancies.
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In the Phase I clinical studies, the dose-limiting toxicities observed included fatigue,
gastrointestinal disturbances (nausea and vomiting) and anorexia [22,86,87]. Cytopenias,
most commonly transient thrombocytopenia, were also noted. The mechanism underlying
the observed thrombocytopenia is currently unclear, but as with other novel agents such as
bortezomib, the pattern of recovery suggests that these are not due to direct
myelosuppression and may be caused by defects in platelet release mediated by alterations
in phosphorylation of myosin light chain [64].

Early concerns about cardiac toxicity were raised owing to ECG abnormalities observed in
preclinical animal studies. These were chiefly an increase in heart rate, thought to be a class
effect of HDAC inhibitors. Therefore, clinical trials have included intensive ECG and
ejection-fraction monitoring of patients receiving romidepsin along with careful patient
selection, excluding those with a significant cardiac history, and the utilization of aggressive
electrolyte replacement to reduce risk of QTc prolongation [94]. Cardiac monitoring of 42
patients enrolled and treated with romidepsin in a Phase 11 trial demonstrated asymptomatic
T-wave flattening (grade 1) or ST-segment depression (grade 2) in over 50% of ECGs.
Abnormalities were not associated with elevation of cardiac troponin or alterations in left
ventricular function on multiple gate acquisition scans or echocardiography. In addition,
post-treatment ECGs had a mean corrected QT-interval prolongation of 14.4 ms compared
with baseline using the Bazett correction [43]. Furthermore, long-term follow-up has not
revealed any late-onset cardiac events in these patients. In a presentation at the 2009
American Society Hematology Annual Meeting by Cabell ef a/. ECGs from 110 patients
with advanced malignancies participating in three clinical studies using romidepsin at 14
mg/m? on days 1, 8 and 15 of a 28-day cycle were evaluated by blinded, independent
assessors [95]. Romidepsin was shown to have only a slight effect on the QT interval
corrected heart rate using Fridericia’s formula (QTcF) of 5.0 ms (90% ClI: 2.3-7.7) with a
mean increase of 2.7 ms (90% CI: 0.2-5.3) in QTcF following the administration of
antiemetics alone. There was no relationship between romidepsin concentration and changes
in QTcF, but an increase in mean heart rate of 10.1 + 9.0 bpm after romidepsin
administration, with a return to baseline by 24 h was related to romidepsin concentration.
The conclusion of this study was that these changes were below the level of clinical and
regulatory concern. However, it is prudent to ensure that potassium and magnesium levels
are maintained within normal limits prior to treatment with romidepsin, especially in
conditions such as CTCL, which are associated with lower levels [96], and to avoid the
concomitant use of other drugs that are known to prolong the QTc. These precautions are
included in the romidepsin package insert [23].

Disease-specific clinical studies

Lymphoproliferative disorders

T-cell lymphoproliferative disorders—In 2001, responses in four patients with T-cell
lymphoma were reported in a Phase | trial conducted at the NCI at dose levels of 12.7 or
17.8 mg/m? of romidepsin on days 1 and 5 of a 21-day cycle [97]. It is of note that two
patients with refractory Sézary syndrome (the leukemic form of CTCL) had a rapid decrease
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in Sézary cells with improvement in skin erythema and edema. Another patient with
extensive tumors had a partial response (PR), and a further patient with refractory PTCL and
heavy skin infiltration had a durable CR. Sézary cells isolated from patients after treatment
had increased histone acetylation (Table 4).

Subsequently, two Phase |1 studies investigated romidepsin in patients with CTCL after at
least one prior systemic therapy. Piekarz et al. reported final results of 71 patients with
advanced CTCL treated in the multicenter NCI study of romidepsin administered as a 4-h
infusion on days 1, 8, and 15 of a 28-day cycle with a starting dose of 14 mg/m? [3]. The
overall response rate (ORR) was 34%, with four CRs and 20 PRs, as well as 21 patients with
stable disease (SD). The duration of responses improved with increased depth of response,
and the median response duration for all patients was 13.7 months. One of the striking
features of romidepsin is the very long duration of response extending beyond 3 years in
some patients, including some after drug discontinuation. One patient remained in CR after
5.5 years off therapy. Common nonhematologic adverse events included fatigue, nausea,
vomiting, anorexia and thrombocytopenia.

Bates et al. found a significant correlation between global H3 histone acetylation at 24 h and
Cmax: AUC and clearance [98]. Furthermore, patients with major responses were more likely
to have higher levels of acetylated histones at this time point. RNA analysis of both normal
and malignant circulating PBMC:s in this trial demonstrated increased histone acetylation.
Interestingly, increased expression of MDR1 in PBMCs was observed, consistent with
preclinical studies, which demonstrated that romidepsin can increase MDR1 gene
expression, while cells selected for resistance overexpress P-gp. This would imply that
romidepsin may actually induce its own mechanism of resistance, and further studies into
this phenomenon are required. However, the induction was transient, and RNA from biopsy
samples obtained in patients with resistant disease did not show increased MDR1
expression. Interestingly, a microarray analysis was performed to examine specific CTCL
signature genes (which have been recognized to differentiate between Sézary syndrome and
leukemic forms of CTCL [99]). Preliminary data suggest that this signature is reversed
following romidepsin treatment [100]; confirmatory studies are ongoing.

Favorable responses in CTCL (Figure 4 & 5) were confirmed in a multinational study of 96
patients [2]. The ORR was 34%, as measured by a severity-weighted assessment tool, with
CRs observed in six patients and PRs in 24 patients, as well as SD in 26 patients.
Romidepsin was active in all disease compartments and across all disease stages. The
median time to response was 2 months, median duration of response was 15 months and
median time to progression was 8 months. Clinically significant pruritus relief was seen in
43% (28 out of 65) of patients with moderate-to-severe pruritus at baseline, irrespective of
objective response. Common adverse events included nausea, asthenia, vomiting, anorexia,
hypomagnesemia and pyrexia. Overall, romidepsin has significant and durable single-agent
activity in CTCL.

\ery encouraging responses to romidepsin have also occurred in patients with PTCL.
Piekarz et al. reported an ORR of 38% with romidepsin as a single agent in 45 patients,
including eight CRs and nine PRs. The median duration of response for all patients was 9
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months (range: 2-74 months) [101]. Responses were observed independent of prior therapy,
including stem cell transplant. In addition, responses were observed in a variety of subtypes
of PTCL, including not otherwise specified PTCL, ALK-negative anaplastic large-cell
lymphoma, y-86 T-cell lymphoma and enteropathy-associated T-cell lymphoma. A larger
international study in 131 heavily pretreated PTCL patients refractory to at least one prior
line reported an ORR of 25%, including 19 (15%) with CRs/complete response unconfirmed
and a median duration of response of 17 months (13.4 months in those who achieved CR/
complete response unconfirmed). Treatment was complicated by grade =3 thrombocytopenia
(24%), neutropenia (20%) and infections (19%) [102].

B-cell lymphoproliferative disorders—The pharmacodynamic study in patients with
CLL and acute myeloid leukemia (AML) was performed by Byrd ef a/. with the aim of
achieving an /n vivo dose that increased acetylation of histones H3 and H4 by 100% /n vitro
[87]. Although no formal CR or PR occurred in ten CLL patients, antitumor activity was
noted, including one patient who experienced tumor lysis syndrome with a drop in
peripheral blood lymphocytosis from 303 x 10%/1 to 125 x 109I. The seven other patients
who had high peripheral blood white cell counts all had a reduction in leukocyte counts with
an average reduction of 58% (range: 45-76%), while another patient had a reduction in
lymphadenopathy.

These observations are encouraging investigators to examine the activity of romidepsin in
combination with other agents in malignancies such as MCL. In a preclinical study Paoluzzi
et al. investigated the cytotoxicity of two HDAC inhibitors, romidepsin and belinostat, in
combination with bortezomib in HBL2, Granta519 and Jekol MCL cell lines [103].
Romidepsin was approximately 100-fold more potent than belinostat and the combination of
belinostat (100-1000 nM) or romidepsin (1-40 nM) with bortezomib (3-4 nM) showed
synergism in all cell lines. Further investigations suggest that these effects are modulated via
cyclin D1 and p27.

Based upon preclinical studies suggesting synergy between romidepsin and bortezomib in
CLL, a Phase I trial has recently been initiated (Massy Cancer Centre trial number: MCC-
X05240, NCT00963274 [201]) for patients with refractory/progressive CLL, small
lymphocytic lymphoma, indolent non-Hodkgin’s lymphoma or PTCL. In this trial,
escalating doses of bortezomib, beginning at 0.7 mg/m? will be administered weekly three-
times each month in conjunction with a 4-h iv. infusion of romidepsin beginning at a dose of
5 mg/m2. Parallel correlative studies will be performed to determine if pharmacodynamic
effects observed /n vitro occur in CLL cells following /n7 vivo administration of these agents.

The combination of romidepsin with standard chemotherapeutic agents is also the subject of
ongoing clinical studies. For example, Dupuis et a/. are investigating the use of romidepsin
in combination with R-CHOP chemotherapy for the treatment of newly diagnosed diffuse
large cell lymphoma [104]. The use of romidepsin in conjunction with anti-CD20
antibodies, such as rituximab, is particularly interesting given that HDAC inhibitors increase
CD20 expression in mouse lymphoma cells [105].

Epigenomics. Author manuscript; available in PMC 2020 August 31.


https://clinicaltrials.gov/ct2/show/NCT00963274

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harrison et al.

Page 15

Multiple myeloma

There is one clinical trial of single-agent romidepsin 13 mg/m?2 in 13 MM patients. Although
no clinical responses were observed, some patients with SD had demonstrable falls in
monoclonal protein [106]. Indeed, several groups have studied HDAC inhibitors
preclinically in combination with bortezomib, demonstrating that this combination
synergistically induces apoptosis, mitochondrial injury, radical oxygen species generation
and oxidative injury in human leukemia and myeloma cells, by targeting the aggresome and
proteosome, respectively [75,108-110]. An ongoing Australian Phase I/11 trial is examining
the combination of romidepsin with bortezomib and dexamethasone in heavily pretreated
myeloma patients, and has demonstrated good tolerability in the 25 patients treated to date,
with two CRs, seven very good PRs, six PRs, three minimal responses and one SD [40].
Median time to progression was 7.2 (95% CI: 5.5-19.6) months and median overall survival
was over 36 months. Seven of these patients had previously been treated with bortezomib.

Berensen et al. have reported interim results from a clinical trial examining the activity of
romidepsin and bortezomib without dexamethasone in a Phase 11 study of a 1-h infusion of
romidepsin in patients with MM [110]. Out of the five patients who have been enrolled to
date, two that had relapsed following other bortezomib-containing regimens achieved
minimal responses after two cycles. Two patients experienced grade 3 thrombocytopenia.
Although the numbers are small these studies have shown encouraging safety of the shorter,
1-h romidepsin infusions, with no ECG changes reported in relation to the rapid infusion.

Other combination studies are in progress, including the Phase I/11 study of lenalidomide
and romidepsin in relapsed and refractory MM, CTCL and Hodgkin’s disease by Foss and
Harrison from Yale Cancer Centre and Peter MacCallum Cancer Centre (FDA IND 11541,
NCT pending). There is a clear rationale for potential synergies using this combination in
that both agents induce cell death through caspase 8-mediated and other mechanisms; both
induce p21 and cell cycle arrest; both agents have antiangiogenic effects; and both are likely
to interfere with PI3BK—-Akt signaling. One particularly attractive aspect of this combination
is the potential for synergistic immunological effects, particularly related to T-cell
polarization, NK cell activation, STAT signaling and cytokine production.

Myeloproliferative disorders

Out of ten patients with AML in the Phase | study by Byrd et a/., none achieved CR or PR,
although one patient experienced tumor lysis syndrome [87]. Another study with 11 patients
with AML/MDS reported one patient with CR and six patients with SD [111]. Correlative
studies showed a modest but rapid increase in apoptosis, and changes in myeloid maturation
marker expression, although no consistent changes were observed in histone H3 and H4
acetylation levels. In a study reported by Odenike, 20 patients were stratified into two
cohorts based on the absence or presence of chromosomal abnormalities known to recruit
HDAGCs, including those involving CBF [112]. Romidepsin 13 mg/m?2 was administered iv.
over 4 h on days 1, 8 and 15 of a 28-day cycle. Although there were no CRs by standard
criteria, antileukemic activity was observed in five out of seven patients, with two patients
clearing bone marrow blasts and another three patients achieving a >50% decrease in bone
marrow blasts. Furthermore, in the cohort with chromosomal abnormalities known to recruit
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HDACS, there was a significant increase in MDR1 (p = 0.005), p15 (p = 0.01) and p14 (p <
0.0001) expression at 24 h, suggesting that romidepsin may have differential antileukemic
and molecular activity in CBF AML. We await studies examining the use of this agent in
combination with other chemotherapeutic, immunomodulatory or demethylating drugs.

Solid tumors

Preclinical data have shown significant activity of romidepsin against solid tumor cell lines.
Despite this, clinical responses have been disappointing to date. Schrump et al. reported
initial results from a Phase 11 trial of romidepsin (17.8 mg/m?2) on days 1 and 7 of two 21-
day cycles in 19 patients with refractory lung cancer [113]. Myelosuppression was dose
limiting in one individual and no significant cardiac toxicities were observed. There were no
objective responses; however, disease stabilization was noted in nine patients.

Similar observations have been noted in early-phase clinical studies of romidepsin in
patients with refractory renal cell carcinoma [114], colorectal cancer (four out of 25 patient
achieved SD as best response) and prostate cancer [115,116]. Following these results, and
the promise of drug combination studies in hematologic malignancies, a small number of
studies have been initiated with romidepsin in combination with traditional
chemotherapeutic drugs and newer agents. Doss et al. reported initial results of a Phase |
trial of romidepsin in combination with gemcitabine in patients with pancreatic and other
advanced solid tumors [117]. The initial romidepsin/gemcitabine dose level was 10/800
mg/m? on days 1, 8 and 15 of a 28-day cycle; however, owing to excessive hematologic
toxicity, the romidepsin dose was decreased to 7 mg/m? and the day 8 dose was omitted,
allowing dose escalation of romidepsin to 12 mg/m? and gemcitabine 800 mg/m? on days 1
and 15. Nonhematologic toxicities have been mild to moderate, mainly nausea, vomiting and
fatigue. One patient with ovarian cancer achieved a minor response and SD lasting >4 cycles
was noted in 12 patients (five pancreatic, four breast cancer, one non-Hodgkin’s lymphoma,
one ovarian cancer and one ampullary cancer).

The explanations for the lack of clinical responses in solid tumors are currently unclear, but
may include differences in both the cell and the microenvironment. For example, HDAC
inhibitors have been demonstrated to exert differential activities against cells that over- or
under-express pro- and anti-apoptotic molecules, such as p53 and Bcl-2, among many
others. Specific HDAC expression in cancer cells may also affect clinical responses to
HDAC inhibitors, with reports suggesting that high class | HDAC expression is associated
with advanced, proliferative solid tumors and adverse clinical outcome. Most preclinical
work in solid tumors at present aims to identify effective combination therapies. We recently
reported synergy between romidepsin (or belinostat) and cisplatin (or etoposide) in small-
cell lung cancer cells [118]. Combination therapies may target apoptotic pathways as noted
above, DNA damage pathways (HDAC inhibitors interfere with DNA repair), and
degradation pathways. In addition therapies may target markers of differentiation, often
induced by exposure to HDAC inhibitors. Induction of CD30, CD25 or the sodium iodide
symporter would be examples of this strategy.
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Conclusion & future perspective

To date we have seen the registration of romidepsin for the treatment of CTCL and PTCL,
which has enabled researchers to unravel many potential mechanisms by which HDAC
inhibitors exert their therapeutic effects in tumor cells as well as uncover novel insights via
investigations in to the mechanisms of toxicity. Over the next 5 years we would hope that
romidepsin and other HDAC inhibitors will prove their efficacy alone or in combination with
traditional chemotherapeutics and other novel agents in other tumor types, such as PTCL,
myeloma Hodgkin’s disease and B-cell lymphomas. The increasing use of correlative
studies built into clinical trials will uncover potential biomarkers that may predict response
or increase our understanding of the effects of this class of drugs on tumor cells, the
microenvironment and the immune system; and how this impacts on therapeutic response.
Furthermore, we would hope to finally understand whether selective or global inhibition of
HDACSs induce preferential therapeutic effects.
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Executive summary

. Histone deacetylase (HDAC) inhibitors such as romidepsin have shown great
promise in initial preclinical and early clinical studies.

. HDAC inhibitors target not only internal cell processes such as gene
expression, the cell cycle and apoptosis, but also the tumor environment
through effects on angiogenesis and surrounding cell infiltrates.

. It is clear that the potent HDAC inhibitor romidepsin is an effective agent
against T-cell lymphomas in general, cutaneous and peripheral T-cell
lymphomas in particular, and has been approved by the US FDA for these
indications. Furthermore, complete responses have been observed, with some
responses lasting for many months to years.

. In myeloid diseases, there is some early evidence that romidepsin may have
some disease activity against certain molecular subgroups, and the use of
combination strategies appears attractive.

. Although clinical responses in solid tumors have been disappointing, there
may yet be a role for romidepsin in combination with other agents, and this is
currently being investigated.

Synergistic effects with other agents

. Preclinical studies have already shown that the exciting prospect of synergy
between HDAC inhibitors and chemotherapy appears promising. Future
strategies will be needed to explore romidepsin in combination with
chemotherapies and other novel agents.

. Although there is only modest single-agent activity in myeloma, combination
therapy trials with romidepsin and agents such as bortezomib are supported
by promising clinical studies.

. Romidepsin alone or in combination with bortezomib appears to have clinical
activity in B-CLL and further trials are underway.

Toxicity profile

. The initial concerns regarding cardiac toxicity, specifically prolongation of
the QT interval related to romidepsin, have been addressed by thorough
monitoring of patients participating in the early clinical trials.

. Recent evidence suggests that if electrolytes are maintained in the high
normal range and drugs that are known to prolong the QT interval are
avoided, there is no increased risk to patients.

. Other toxicities appear to be minimal, with fatigue, gastrointestinal effects
and transient myelosuppression, particularly thrombocytopenias, being the
most common.
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. No long-term adverse effects of the clinical use romidepsin have yet been

shown; however, the follow-up period remains relatively short, therefore
continued caution is advisable until results of prolonged exposures are known.

Epigenomics. Author manuscript; available in PMC 2020 August 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Harrison et al. Page 27

—H
O ,O
N\

Ho H Aliphatic acids
Hydroxamic acids H Velproio acid
Panobinostat

O
Cyclic peptides Na
H, Romidepsin ©F
N
o H
AR A e
" H
N\ o N(K L ﬁk N~
'\{ “H S . —
H X H
s > (e}
H
o N
“H
(e}
H

ZI
| H H
s A b
= N~ °N N
| " g ®
\N _N
o)

Benzamides Sirtuin (NAD blockers)
Mocetinostat Nicotinamide
Figure 1.
Structure of romidepsin and examples from other classes of histone deacetylase inhibitors in
clinical use.
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Figure 2. Romidepsin synergistically interacts with bortezomib to induce apoptosis in human

myeloma cells.

(A) Human myeloma U266 and RPMI 8226 cells were exposed (48 h) to 2-3 nM FK228 in
the absence or presence of 3-4 nM Btzmb (Valcade), after which the percentage of Annexin
V* (apoptotic) cells were determined by flow cytometry. (B) Primary CD138* multiple

myeloma cells were isolated from bone marrow sample of an patient with multiple

myeloma. CD138" and CD138" cells were then treated for 24 h with 3 nM FK228 + 3 nM

Btzmb, after which apoptosis were assessed by Annexin V-FITC staining and flow

cytometry.

Btzmb: Bortezomib; Ctrl: Control; FK228: Romidepsin; MM: Multiple myeloma.
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Figure 3. The romidepsin-bortezomib regimen overcomes drug-resistance in human myeloma

cells.

(A) Dexamethasone-sensitive (MM.1S) and -resistant (MM.1R) human myeloma cells were
exposed (24 h) to 1 nM FK228 + 2 nM Btzmb, after which the percentage of Annexin V*
(apoptotic) cells were determined by flow cytometry. (B) Btzmb-resistant cells (U266/PS-R)
were generated by culturing U266 cells in gradually increasing concentrations of Btzmb up
to 12 nM. U266/PS-R cells were treated for 48 h with 2 nM FK228 in the absence or
presence of 5-15 nM Btzmb, after which apoptosis was assessed by Annexin V-FITC

staining and flow cytometry.
Btzmb: Bortezomib; Ctrl: Control; FK228: Romidepsin.
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Figure 4. Patient with y-8& subtype peripheral T-cell lymphoma enrolled in a Phase Il trial.
The patient had partial remission after two cycles and remained in the study for an additional

eight cycles.
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Baseline: 2 June 2004

Cycle 6: 10 November 2004

Figure 5. Patient with Sézary syndrome, stage I11A disease.
This patient was treated in a Phase |1 clinical study for 3 years, for a total of 35 cycles, best

response achieved was partial response.
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Table 1.

Histone deacetylase inhibitor structure and targets.

HDAC inhibitor group

Examples

HDAC targets

Hydroxamic acids

Trichostatin A
\orinostat (SAHA)
Belinostat (PXD101)
Panobinostat (LBH589)

Class I and Il

Cyclic peptides

Trapoxin B — tetrapeptide
Spiruchostatin A — pentapeptide
Romidepsin — pentapeptide (Istodax®- depsipeptide)

Class | (£ class Il and IV effects)

Benzamides Entinostat (MS-275, SNDX-275) Class |
C1994
Mocetinostat (MGCD0103)

Electrophilic (heterocyclic) ketones  Trifluoromethyl ketones Class Il

a-ketoamides

Class I, Il and 111?

Aliphatic acid

Phenylbutyrate
Valproic acid

Class |

NAD blockers

Nicotinamide
Derivatives of NAD
Dihydrocoumarin
Naphthopyranone
2-hydroxynaphaldehydes

Class I11 (sirtuin)

HDAC: Histone deacetylase; SAHA: Suberoylanilide hydroxamic acid.
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Table 2.

Increased potency of reduced (activated) romidepsin.

Enzymes 1C50(nNM)
Romidepsin  Activated romidepsin ~ Vorinostat (SAHA)
HDAC1 111.4 7.0 175.8
HDAC2 295.8 28.4 39.4
HDAC3 462.4 103.0 316.2
HDAC4 465.6 95.7 860.3
HDAC5 567.0 79.6 87.8
HDAC6 1175.0 32.6 70.0
HDAC7 2472.0 278.6 107.6
HDACS8 413.0 34.3 437.5
HDAC9 6577.0 2729.0 252.3
HDAC10 1172.0 368.1 1276.0
HDAC11 169.0 64.1 183.2

SAHA: Suberoylanilide hydroxamic acid.

Data supplied by Gloucester Pharmaceuticles Inc. and performed by Epigentek 2007.
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Table 3.

Cytotoxic activity of romidepsin in human cell lines.

Cell type Cell lines Mean 1Cso(nM/ml)
Leukemia, lymphoma CCRF-CEM, THP-1, ML-3, HL-60, JOSK-1, K562, JOK-1 and U-937  6.07
Renal cell carcinoma OUR10, ACHN and A-498 9.19
Prostate cancer PC-3 and DU-145 2.98
Colon adenocarcinoma  SW-480, Colo201 and HT-29 2.98
Lung cancer PC-10, NCI-H69, A549, PC-9, PC-1, PC-10, ADH and LX-1 2.46
Breast cancer MCF-7 and ZR-75-1 1.20
Stomach cancer MKN28 and MKN74 1.67

Romidepsin cytotoxicity was evaluated by determining cell viability at the end of a 72-h incubation period.

Data supplied by Gloucester Pharmaceuticals.
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Table 4.

Clinical trials of single-agent romidepsin in lymphoproliferative disorders.

Study (year) Phase Disease Patients(n) Responses Ref.

Byrd et al.(2005) | CLL 10 No PR/CR (see text) [87]
Whittaker et a/(2010) 11 CTCL 9 6 CR: 27 PR: 45 SD 2]
Piekarz et al.(2009) 1 CTCL 71 4 CR; 20 PR; 26 SD [3]
Piekarz et a/(2011) Il PTCL 45 8 CR: 9 PR; 5SD [101]
Niesvizky eral(2011) 1l MM 12 118D [106]

CLL: Chronic lymphocytic leukemia; CR: Complete response; CTCL: Cutaneous T-cell lymphoma; MM: Multiple myeloma;

PR: Partial response; PTCL; Peripheral T-cell lymphoma; SD: Stable disease.
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