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ABSTRACT

Background
The histone deacetylase inhibitor [TF2357 has potent cytotoxic activity in multiple myelo-
ma in vitro and has entered clinical trials for this disease.

Design and Methods

In order to gain an overall view of the activity of [TF2357 and identify specific pathways
that may be modulated by the drug, we performed gene expression profiling of the
KMS18 multiple myeloma cell line treated with the drug. The modulation of several genes
and their biological consequence were verified in a panel of multiple myeloma cell lines
and cells freshly isolated from patients by using polymerase chain reaction analysis and
western blotting.

Results

Out of 38,500 human genes, we identified 140 and 574 up-regulated genes and 102 and
556 down-modulated genes at 2 and 6 h, respectively, with a significant presence of genes
related to transcription regulation at 2 h and to cell cycling and apoptosis at 6 h. Several of
the identified genes are particularly relevant to the biology of multiple myeloma and it
was confirmed that ITF2357 also modulated their encoded proteins in different multiple
myeloma cell lines. In particular, ITF2357 down-modulated the interleukin-6 receptor o
(CD126) transcript and protein in both cell lines and freshly isolated patients’ cells, where-
as it did not significantly modify interleukin-6 receptor f (CD130) expression. The
decrease in CD126 expression was accompanied by decreased signaling by interleukin-6
receptor, as measured by STAT3 phosphorylation in the presence and absence of inter-
leukin-6. Finally, the drug significantly down-modulated the MIRHG1 transcript and its
associated microRNA, miR-19a and miR-19b, known to have oncogenic activity in multi-
ple myeloma.

Conclusions
ITF2357 inhibits several signaling pathways involved in myeloma cell growth and sur-
vival.
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Introduction

Multiple myeloma (MM) is an incurable B-cell malig-
nancy caused by a clonal proliferation of terminally differ-
entiated plasma cells. Over the last years the search for
new agents that specifically target pathways relevant to
plasma cell survival and proliferation has gained impulse
from novel insights into the pathogenesis of MM, includ-
ing the role of specific growth factors such as interleukin
(IL)-6 and insulin-like growth factor 1 (IGF-1), of growth
factor receptors such as fibroblast growth factor receptor
3 (FGFR3), the influence of the microenvironment and the
dysregulation of various signal transduction pathways and
cell cycling.! More recently, an important role for specific
microRNA (miRNA), in particular the miR-17~92 cluster,
in B-cell neoplasms including MM, has gained much sup-
port.”?

Gene regulation has been recognized to depend not
only on transcription factor activation but also on the spe-
cific pattern of chromatin modifications, including histone
acetylation, methylation, phosphorylation and sumoyla-
tion, present in the genome of each cell.’ These patterns
regulate complex biological processes, including cell
growth, apoptosis and immune responses. Histone
deacetylases (HDAC) are a family of at least 18 enzymes
involved in the regulation of the acetylation of histones as
well as other cellular proteins. HDAC inhibitors have
emerged as promising molecules for the treatment of can-
cer, including MM, as well inflammatory diseases.”"

[TF2357 is a recently identified HDAC inhibitor of the
hydroxamate family, which inhibits both class I and class II
HDAC." ITF2357 induces apoptosis of MM and acute myel-
ogenous leukemia (AML) cells and this apoptosis takes place
following induction of p21 and down-modulation of Bcl-2
and Mcl-1 proteins.” ITF2357 has also shown anti-tumor
activity against hepatoma cells in vitro.*® Finally, in vitro
[TF2357 is a particularly potent inhibitor of hematopoietic
colony formation by JAK2""* -bearing progenitor cells from
patients with chronic myeloproliferative neoplasms." When
tested on normal cells, ITF2357 inhibits the production of
pro-inflammatory cytokines such as IL-1, IL-6, tumor necro-
sis factor (INF)-0, and interferon (IEN)-y by peripheral
blood mononuclear cells" and of IL-6 and vascular endothe-
lium growth factor (VEGF) by mesenchymal stromal cells.”
The pro-apoptotic activities of the drug, as well as its capac-
ity to inhibit IL-6 and VEGEF production, suggest that it could
be a useful compound for the treatment of MM and
leukemias. Indeed, it has entered phase I clinical trials for
the treatment of MM, AML, Hodgkin’s lymphoma, as well
as JAK2"*-positive myeloproliferative  neoplasms
(www.clinicaltrials.gov). On the other hand, the drug’s capaci-
ty to inhibit pro-inflammatory cytokines has led to it being
tested in clinical trials on inflammatory diseases such as
idiopathic arthritis and Crohn’s disease.

Although some of the effects of ITF2357 at the molecular
level have already been identified, such as p21 induction
and down-modulation of Bcl2 and Mcll expression,” an
overall analysis of the genes whose expression is modified
by ITF2357 has not yet been performed. We, therefore,
planned genome-wide screening of transcripts that are
induced or repressed by ITF2357 treatment. We chose a
human MM cell line as the target and relatively early time
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points, 2 and 6 h, in order to identify the first gene subsets
induced or repressed by the drug.

Design and Methods

Reagent and cells

ITF2357 (diethyl-[6-(4-hydroxycarbamoyl-phenyl carbamoy-
loxymethyl)-naphthalen-2-yl methyl]-ammonium chloride; mono-
hydrate; Italfarmaco, patent WO 97/43251, US 6034096) was syn-
thesized by Italfarmaco (Milan, Italy) and its purity confirmed by
high performance liquid chromatography.

All MM cell lines were grown in Iscove’s modified Dulbecco’s
medium (Cambrex Bio Science, Verviers, Belgium) with 10% fetal
calf serum (Euroclone, Wetherby, West Yorkshire, UK), 2 mM gluta-
mine (Euroclone) and 110 pM gentamycin (PHT Pharma, Milan,
Italy). In the case of the IL-6-dependent line CMA-03, 10 ng/mL
recombinant human IL-6 (Biosource International) was added.
Mononuclear cells were isolated after informed consent from the
bone marrow or peripheral blood of MM or plasmacytoma patients,
respectively, and plasma cells purified (290% purity) by positive
selection with anti-CD138 magnetic beads (Miltenyi Biotec, San
Diego, CA, USA).

Gene expression profiling and microarray data analysis

Exponentially growing KMS18 cells were cultured in the presence
or absence of 0.25 pM ITF2357 in triplicate flasks for 2 or 6 h. After
washing, cell pellets were resuspended in TRIzol Reagent (Life
Technologies, Inc., Rockville, MD, USA). Total RNA was then puri-
fied using the RNeasy® total RNA Isolation Kit (Qiagen, Valencia,
CA, USA). Preparation of biotin-labeled cRNA, hybridization to
GeneChip® Human Genome U133 Plus 2.0 Arrays (Affymetrix
Inc., Santa Clara, CA) and scanning of the chips (/G Scanner,
Affymetrix Inc.) were carried out according to the manufacturers’
protocols. The images were processed and array normalization was
performed using Affymetrix® GeneChip Operating Software
(GCOS) 1.4. The supervised gene expression analyses were per-
formed using the Gene@Work software platform as previously
described."” Full support and a § value of 0.0001 were chosen for the
analysis. Average fold change (FC) and zg score thresholds were
fixed at 2 and 2.5, respectively, and were expressed using the
untreated group as baseline. The selected probe list was visualized
by means of DNAChip Analyzer (dChip) software.'® The function-
al analysis of the selected lists was conducted using NetAffx
(Affymetrix at htips://www.affymetrix.com/analysis/netaffx/) and the
Database for Annotation, Visualization and Integrated Discovery
(DAVID) Tool 2008 (U.S. National Institutes of Health at
http://david.abce.ncifcrf.gov/), using the functional annotation cluster-
ing tool. Only Gene Ontology, Biological Process, and Molecular
Function terms were selected as annotation categories and high clas-
sification stringency was set for the analysis.

Quantitative real-time polymerase chain reaction analysis

For measurements of p21, CD126 and SDC1, cDNA was synthe-
sized using 500 ng of purified RNA and the Superscript Reverse
Transcriptase II (Invitrogen) followed by RNase H treatment. Real-
time polymerase chain reaction (PCR) analysis was performed using
the standard primer sets from SABiosciences (Frederick, MD, USA).
Amplification was performed on an iCycler iQ system using the iQ
SYBR Green PCR Supermix (Bio-Rad). The relative expression of
genes in treated and untreated samples was calculated using 18S
tRNA as the normalization gene.
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To measure the expression of miR-19a and miR-19b, total RNA
was extracted with TRIzol Reagent (Life Technologies) and not fur-
ther purified. Total RNA (50 ng) was reverse-transcribed and then
subjected to real-time PCR using reagents from the TagMan®
MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA) and TagMan® MicroRNA Assays. RNA samples
were normalized on the basis of the Z30 TagMan® MicroRNA
Assays-Control. MIRHG1 expression was analyzed as described
elsewhere,” using 50 ng of cDNA equivalents and gene-specific
primers and probe: forward 5-TTTTTACTAATTTTGTGTACTTT-
TATTGTGTCGATGT-3, reverse 5'- CACTITAGTGCTACA-
GAAGCTGTCA-3, probe FAM-ACCAGGCAGATTCT-NEQ
(Custom TagMan® Gene Expression Assay, Applied Biosystems). A
GAPDH-specific Pre-Developed Assay Reagent (Applied
Biosystems) was used as the internal control. Quantitative real time
PCR (Q-RT-PCR) amplifications were performed on an Applied
Biosystems 7900 Sequence Detection System, and run in duplicate
from each reverse transcriptase reaction. miRNA and gene expres-
sion were quantified relatively using the 2*“ method (Applied
Biosystems User Bulletin No. 2), and expressed as the amount of tar-
get transcript, normalized to the housekeeping gene and relative to
the untreated sample.

Immunofluorescence by flow cytometry

Cells were plated at 0.5x10%/mL (cell lines) or 1x10°mL (patients’
samples) in the presence or absence of 0.1-0.5 WM ITF2357. After 24
h of culture at 37 °C, the cells were collected, washed and stained
with phycoerythrin (PE)- or fluorescein isothiocyanate (FITC)-conju-
gated antibodies: CD126-PE, CD130-PE, CD28-PE, CD40-FITC and
CD138-FITC (BD Biosciences, San José, CA, USA) or appropriate
isotype controls. For MHC class I chain-related protein A (MICA),
unconjugated mouse monoclonal antibody was used (R&D
Systems, Minneapolis, MN, USA) with FITC labeled secondary anti-
body (BD Biosciences). Stained cells were analyzed using a FACScan
Instrument, collecting at least 5000 events/sample using Cell-Quest
software (BD Biosciences). Dead cells were excluded from all the
analyses from the forward and side scatter plots.

Western blotting

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and western blotting were performed according to standard
procedures using total cellular extracts. The following antibodies
were used after blocking in 5% non-fat milk: polyclonal anti-
pSTAT3 (Tyr705), STATS (Cell Signaling Technology Inc., Danvers,
MA, USA), FGFR3 and actin (Santa Cruz, Heidelberg, Germany).
Signals were detected by chemilumiscence using ECL (Amersham-
Pharmacia Biotech, Cologno Monzese, Italy).

Statistical analyses
Statistical significances were calculated using the Student’s 1 test.

Results

Genome wide analysis of genes modulated by ITF2357 in
the KMS18 multiple myeloma cell line

In order to identify genes whose expression was modulat-
ed early by ITF2357 in MM cells, we performed gene
expression profiling on the KMS18 cell line treated for 2 and
6 h with 0.25 uM ITF2357. A total of 410 probe sets, corre-
sponding to 140 up-regulated (Online Supplementary Table
S1) and 102 down-regulated genes (Online Supplementary
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Table S2), and 1,612 probe sets, corresponding to 574 up-
regulated (Online Supplementary Table S3) and 556 down-reg-
ulated genes (Online Supplementary Table S4), were identified
by supervised analysis at 2 and 6 h, respectively. In view of
the relatively high number of genes that were found to be
modulated by ITF2357 treatment, particularly at 6 h, we
used the DAVID Functional Annotation Clustering Tool in
order to identify the functional categories that were most
significantly modulated. The analysis identified 48 annota-
tion clusters of genes modulated at 2 h and 103 clusters
modulated at 6 h. Table 1 shows the most significant anno-
tation clusters, with enrichment scores greater than 2 (9
clusters at 2 h and 15 clusters at 6 h).

At 2 h, involvement of genes related to transcription reg-
ulation was most evident (about 30% of genes, present in
clusters 1, 5, 6 and 8, Table 1). The individual genes compos-
ing cluster 1 (transcription regulation) and modulated at 2 h
are shown in more detail in Figure 1. Their pattern of
expression at 6 h is also shown in the same figure. These
genes included a relevant number of zinc finger transcrip-
tion factors, most of them carrying the Kruppel motif C2H2.
We also detected modulated genes related to chromatin
modification processes such as ARID4A, JARID1B, which

Table 1. Functional annotation clustering analysis of genes modulat-
ed by ITF2357 at 2 and 6 h.

Annotation Representative Enrichment
cluster n. annotation terms score’
Genes modulated at 2 h

1 Regulation of transcription 12.32
2 Regulation of biological process 11.97
B Cellular metabolic process 481
4 Negative regulation of cell growth 3.95
5 Chromatin architecture 349
6 Negative regulation of transcription 3.46
7 Regulation of cell growth 3.36
8 Positive regulation of transcription 2.78
9 Metal ion binding 247
Genes modulated at 6 h:

1 Nucleotide binding 4.68
2 Chromosome modification and architecture 4.55
3 Metabolic process 3.84
4 Kinase activity 3.84
5 Mitosis 340
6 Phosphorylation 3.34
7 Regulation of biological process 3.32
8 Cell death 3.06
9 Phosphate metabolic process 3.00
10 GTP binding 2.93
11 ATP binding 2.63
12 Protein modification process 2.58
13 Regulation of transcription 246
14 Histone modification 241
15 Induction of apoptosis 2.11

“Only annotation clusters with an enrichment score >2 are represented and the
associated annotation terms were manually selected.
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interact with RB in transcriptional repression,'®"” and down-

regulation of three subunits of the histone acetyltransferase
complex NuA4 (EPC1, EPC2 and ING3).” Interestingly, a
significant number of genes involved in transcription regula-
tion modulated by ITF2357 encode proteins known to reg-
ulate cell growth: in particular, the MYC oncogene was
down-regulated about 3-fold. The tumor suppressor genes
ING1 and ING2 were up-regulated whereas the transcrip-
tional repressors E2F6 and E2F8 were repressed (Figure 1).
At 6 h we found 15 annotation clusters with an enrich-
ment score greater than 2. The clusters at this time point
were more diversified than at 2 h and included categories
related to cell cycling/mitosis (cluster 5), apoptosis (clusters
8 and 15), protein kinase activity (clusters 4 and 6), as well
as transcription regulation (clusters 13 and 14) and chro-
matin structure (clusters 2 and 14) (Table 1). Given the
known biological effects of ITF2357, the modulation of sin-
gle genes modulated at 6 h and related to cell cycle/mitosis
and apoptosis are presented in more detail in Figure 2A-B.
Among the genes involved in cell cycling, we found a num-
ber of genes related to cyclins. The cyclin inhibitors
CDKN1A (p21), CDKN1C (p57), CDKN2B (p15) and
CDKN2D (p19) as well as cyclins CCNG2 and CCND3
were up-regulated by ITF2357, whereas CDKN1B (p27) and
the cyclin-dependent kinases CDK10, CDK3 were
decreased. Other modulations of note were the strong
induction (12-fold) of RASSF4, a gene for a RAS-associated
protein that induces cell cycle arrest and apoptosis,” of the
BCL6 proto-oncogene that acts as a transcriptional repressor
recruiting a histone deacetylase-repressing complex,” and of
GAS1, a gene associated with growth arrest™ (Figure 2A).
The cluster of modulated genes that control the apoptot-
ic process includes APAF1, responsible for activation of pro-
caspase-9,* DAPK1 a positive mediator of cell death
induced by IEN-y* and several genes belonging to the TNF
pathway (CD40, TRAF5, TNFRSF19, TNFSF9 and

GADD45B) (Figure 2B).

Analysis of cytokine and immune-related genes

Given the known role of ITF2357 in regulating the expres-
sion of cytokines and growth factors important for cancer
growth and its clinical activity in inflammatory conditions,
we carried out a more detailed analysis of genes related to
immunity and inflammation and modulated by ITF2357.
The majority of these were modulated at 6 h (19 up- and 25
down-regulated), three of them were also modulated at 2 h
(CEBPG, PTGER4 and ELF3), while NPD and LAX1 were
significantly up- and down-regulated, respectively, only at 2
h (Figure 2C). Among the genes down-modulated at 6 h we
noted those encoding for several pro-inflammatory
cytokines (LTA/TNF-B, IL-12A, IL-16, IL-17D and IL-23A),
growth factors (IGF1) and receptors (CD28, IL-6R, IL27RA,
TNFRSF17, BTLA, CCR2, FGFR3, MET). Most other modu-
lated genes related to immunity were transcription factors
(CEBPG, CEBPB, NM1, POU2AF1 and NFIC). Several of the
modulated genes have been implicated in MM biology, as
discussed below.

Validation of the gene expression profile data

We next validated selected modulated genes by quantita-
tive PCR. The mRNA for SDC1 (Syndecan 1, CD138) was
down-modulated by 70% and 85% in the presence of 0.25
UM ITF2357 in the KMS18 cell line at 6 and 24 h, respective-
ly, as expected from the gene chip data. Similar data were
obtained in the H929 MM cell line (Figure 3A). CD126 (IL-
6Ro) mRNA was decreased by 42 and 70% at 6 and 24 h
respectively in KMS18 cells and by 73 and 83% in the H929
cell line at the same time points (Figure 3B). In contrast, p21
mRNA was induced by ITF2357, with 4- and 11-fold
increases in KMS18 cells at 6 and 24 h, respectively, also in
agreement with gene chip analysis (Figure 3C).

Since biologically relevant changes are likely to require
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Figure 1. Effect of ITF2357 on genes related to transcription regulation included in the annotation cluster 1 after 2 h of treatment. The aver-
age fold change in expression level of treated versus untreated control at 2 and 6 h is shown for each gene. Genes are ranked according
to their fold change at 2 h of treatment. The probe set with the highest z:score was selected whenever more than one recognized the same
gene. * indicates genes that were also significantly modulated at 6 h.
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protein activity, we also validated [TF2357-mediated modu-
lation of several immune-related genes at the protein level in
KMS18 cells. In particular, we observed a reproducible
induction by ITF2357 of CD40 positive cells (11-20% over
control) and MICA (10-25%), consistent with gene chip
data (Figure 3D). As expected, we also found reproducible
decreases in CD28 (23-30%), CD126 (15-17%), SDC1 (17-
32%) (Figure 3D) and FGFR3 protein expression (46-78%)
(Figure 3E) in KMS18 cells treated for 24 h with the drug.

ITF2357 down-modulates CD126-mediated signaling
Given the well established importance of IL-6 signaling in
MM, we further analyzed the role of ITF2357 on IL-6R
expression in a panel of cell lines. Of seven MM cell lines
analyzed, all stained positive for CD126 in the absence of
ITF2357 treatment, with percentages of expression ranging
from 8.1 to 98%. Only in one case (KMS11) was CD126
expression very weak (1.6%) (Online Supplementary Table
S5). Similarly the IL-6R B chain (CD130) involved in signal
transduction was expressed in all MM cell lines, although in
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two of them, KMS18 and CMA-03, expression was rather
weak (8.7 and 4.2%, respectively) (Online Supplementary
Table S5). We then analyzed the effect of ITF2357 on
CD126 and CD130 expression in several MM cell lines. As
shown in Figure 4A, ITF2357 induced a marked decrease in
CD126 expression in all cell lines examined (P<0.001), with
an EDs varying from 0.1 to 0.3 pM. The FACS histograms
of treated and control H929 cell line are shown in Figure 4B
as an example. The effect of ITF2357 was specific for
CD126 since other markers, in particular CD130 and
CD54, were not modified by the drug at concentrations of
up to 0.5 M in any of the cell lines analyzed (Figure 4B and
data not shown). Furthermore down-modulation of CD126
in the IL-6-dependent MM cell line CMA-03 occurred in
both the presence and the absence of exogenous IL-6
(Figure 4C).

We then determined whether CD126 down-modulation
in MM was accompanied by decreased STATS signaling in
response to exogenous IL-6. MM cell lines were cultured in
the presence or absence of 0.5 WM ITF2357 for 24 h and then
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Figure 2. Effect of ITF2357 on genes involved in cell-cycling, apoptosis and immunity. The average fold change in expression level of treat-
ed versus untreated control at 2 and 6 h is shown for each gene. Genes related to cell cycling (A), apoptosis (B) and immunity/inflamma-
tion (C) are ranked according to their fold change at 6 h of treatment. The probe set with the highest z: score was selected whenever more
than one recognized the same gene.* indicates genes that were also significantly modulated at 2 h. +in panel C indicates genes specifi-
cally modulated at 2 h.
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Figure 4. Effect of ITF2357 on CD126 expression and function in MM cells. (A) MM cell lines were treated with increasing concentrations of
ITF2357 for 24 h and stained with CD126-PE or control antibody. The percentage CD126 stained cells relative to untreated control are
shown. All cell lines were analyzed in two independent experiments. (B) The H929 MM cell line was treated with medium (gray profile), 0.1
UM (thin lines) or 0.5 UM ITF2357 (thick lines) for 24 h. Cells were then stained with CD126-PE, CD130-PE or control antibodies, as indicat-
ed, and analyzed on the FACS. (C-F) The indicated MM cell lines (C-D) or purified CD138" cells from a MM patient (Pt MM3, E-F) were treat-
ed for 24 h in the absence (continuous line) or presence (broken line) of 0.5 uM ITF2357 and then recombinant human IL-6 was added dur-

three patients. Most cell lines were analyzed in two independent experiments.

ing the last 30 min of culture. Cells were then stained with CD126-PE antibody and analyzed on the FACS (C,E). Total cell extracts were ana-
lyzed in western blots for the indicated proteins (D,F). The data are representative of six different cell lines and freshly isolated cells from

haematologica | 2010; 95(2)




stimulated for 30 min with recombinant human IL-6.
Extracted proteins were analyzed by western blotting for
total and phosphorylated STAT3 (Tyr705). The results of
two representative cells lines, CMA-03 and KMS18, of six
are shown in Figure 4D. A variable but detectable level of
basal phosphorylated STATS (p-STAT3) could be detected in
the absence of IL-6 in all cell lines and this was, as expected,
up-regulated by IL-6 treatment, by a mean of 15-fold
(P<0.001). Interestingly ITF2357 treatment for 24 h reduced
basal p-STATS in all cases. Indeed, in four of the six cell
lines, basal p-STAT3 became undetectable after ITF2357
treatment. [TF2357 also reduced IL-6-induced p-STAT3 by a
mean of 82% (£16%) in the six cell lines (Figure 4D and data
not shown). This reduction was highly significant (P<0.001).
In contrast, total STAT3 was not significantly modified in
any of the cell lines (Figure 4D and data not shown).

We then examined whether the drug also affected freshly
isolated MM samples. In all three cases analyzed, MM cells
expressed CD126 and more weakly CD130 (Online
Supplementary Table S5). Purified CD138" myeloma cells
were treated for 24 h with 0.5 uM ITF2357. The drug down-
modulated CD126 expression both in the presence and
absence of exogenous IL-6 (Figure 4E) and diminished the
STATS response to IL-6 by a mean of 87% (Figure 4F and
data not shown). Also in this case inhibition was observed in
all three cases and was statistically significant (P<0.01).

These data demonstrate that the down-modulation of
CD126 expression by ITF2357 has functional consequences,
since it markedly diminishes the response to exogenous IL-
6, measured as STAT3 phosphorylation, in both MM cell
lines and patients’ cells.

ITF2357 down-modulates expression of MIRHG1 and
associated miR-19a and miR-19b

In the course of gene chip analysis, we observed that one
of the modulated transcripts was C130rf25 (also called
MIRHGH1), located at locus 13q31.3, and known to host the
miR-17~92 cluster, a cluster of microRNA that has onco-
genic activity in MM cells.” The MIRHG1 transcript was
modulated at both 2 and 6 h in the gene chip analysis (Figure
5A). Given the potential importance of this locus, we vali-
dated these data by quantitative PCR using a MIRHG1-spe-
cific probe in KMS18, H929 and KMS12 cell lines treated for
6 h with 0.5 WM ITF2357. As shown in Figure 5B, there was
strong down-modulation (range, 61% to 93%) of the
MIRHG1 transcript in all three cell lines. We also analyzed
expression of two selected miRNA, the miR-19a and miR-
19b transcripts, belonging to the miR-17~92 cluster. ITF2357
down-modulated these two miRNA specifically, in all cell
lines tested, with levels of inhibition ranging from 25 to
57% (Figure 5C, P<0.05 for miRNA-19a in KMS18 and
KMS12 cell lines and P<0.01 for miRNA-19b in all cell lines).

We conclude that [TF2357 down-modulates the MIRHG1
mRNA transcript as well as miR-19a and miR-19b located
within this locus.

Discussion
In order to identify the possible mechanism of action of

[TF2357 in MM, we analyzed the global gene expression
profile of the KMS18 cell line treated with the drug. We
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identified 242 and 1,130 genes modulated by ITF2357 at 2
and 6 h, respectively. Several genes were validated at the
RNA and protein level. Interestingly, genes modulated at 2
h mostly belong to the transcription regulation family
(about 30% of modulated genes), whereas those regulated
at 6 h are involved in a wider range of functional categories,
including cell growth and apoptosis. This suggests that a pri-
mary effect of ITF2357 is to modulate transcription regula-
tors, which in turn directs expression of other genes leading,
for example, to cell cycle arrest and cell death.

ITF2357 regulated numerous genes involved in the cell
cycle and apoptosis. More specifically, the drug repressed
MYC and several CDK, and up-regulated the tumor sup-
pressors ING1 and ING2,” as well as several cyclin kinase
inhibitors, including p21. ITF2357 also up-regulated several
pro-apototic proteins, most notably APAF1, which was
induced by more than 7-fold. Although APAF-1 was not fur-
ther analyzed in MM cells, we and others have observed its
induction by HDAC inhibitors in other cell types” (LL and
]G, unpublished data). Most notably, APAF-1 has been shown
to play a role in the mitochondrial apoptosis pathway and
caspase 9 activation induced by several HDAC inhibitors.”
Thus APAF-1 up-regulation may also be involved in the pre-
viously demonstrated ITF2357-mediated caspase 9 cleav-
age."” Although a genome-wide comparison is not possible,
the gene pattern modulated by 1TF2357 is in line with that
previously observed in MM1 cells treated with other HDAC
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Figure 5. Effect of ITF2357 on expression of MIRHG1 and miR-19a
and miR-19b. (A) Average fold change of MIRHG1 expression in the
KMS18 cell line, 2 and 6 h after treatment with 0.25 uM ITF2357,
as determined by microarray analysis. (B,C) Relative expression of
MIRHG1 (B) and miR-19a and miR-19b (C) in KMS18, H929 and
KMS12 cell lines as determined by Q-RT-PCR 6 h after treatment
with 0.5 uM ITF2357. Data shown are the means and standard
errors of at least two experiments performed in duplicate.
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inhibitors.”* Indeed several genes shown here, such as
CD138, CD126, IGF1, TNFRSF1, MYB, CDK3, CDK1B,
CDK1A (p21), CDKN1C (p57), CDKN2D (p19) and APAF1,
have been previously identified to be modulated in MM
cells by the pan-HDAC inhibitor SAHA.” Interestingly,
CDK1A, CDKN1C, CDKN1B (p27), MYC, BID and CD138
have also been described to be modulated in MM cells by
the class I specific HDAC inhibitor valproic acid.*” A full
understanding of the role of the various HDAC isoforms in
regulating specific sets of genes does, however, await fur-
ther analyses with isoform-specific inhibitors using identical
cellular targets and time points.

Gene arrays have long been used to identify genes that are
altered in MM cells and have contributed significantly to the
understanding of MM pathogenesis, prognosis and differen-
tial response to drugs.” Although a detailed comparison of
our results with those of previous authors is beyond the
scope of this work, we identified several genes modulated
by ITF2357 which are specifically related to plasma cell and
MM biology. The expression of CD28 on malignant plasma
cells correlates with a poor prognosis and disease progres-
sion in MM?¥ and the direct activation of the receptor by
anti-CD28 monoclonal antibody suppresses plasma cell pro-
liferation.® FGFR3 is a target gene of the t(4;14) chromoso-
mal translocation occurring in 15% of MM and it, too, is
related to a poor prognosis.***® Furthermore FGFR3 expres-
sion promotes MM proliferation in cooperation with IL-
6.7 Thus it is interesting to note that we found that both
FGFR3 and CD126 were down-modulated by ITF2357 and
the down-regulation was verified at the protein level. Other
modulated genes of interest are the hepatocyte growth fac-
tor receptor MET, a potent myeloma growth and survival
factor,” TNFRS17 (BCMA) involved in B-cell lineage matu-
ration and its ligand BAFF that protects MM cells from
apoptosis.” CEBPB is an IL-6-dependent protein, critical for
cell cycling, apoptosis and induction of metastasis in some
tumors and is thought to play a role in regulation of genes
whose transcription is affected by cyclin D1 overexpres-
sion.” POU2AFI, a B-cell specific transcriptional co-activa-
tor associated with OCT1 and OCT?2, is involved in the
control of expansion and maintenance of mature B cells and
promotes growth of MM plasma cells through the transac-
tivation of BCMA.”*® The down-modulation of IGF-1, a
molecule that has been implicated as an autocrine growth
factor in MM, is also of note.** We also found modulation
of several genes involved in TNF pathways, including

Pleiotropic anti-myeloma activity of ITF2357 -

CD40. CDA40 is expressed in a large fraction of MM patients
and its activation promotes growth/survival of MM cells
and their adhesion to both fibronectin and bone marrow
stem cells, with the consequent secretion of IL-6 and other
cytokines.” Anti-CD40 monoclonal antibody has significant
anti-tumor activity against MM cells, providing a specific
antibody-mediated therapy for MM cells expressing
CD40, and suggesting the possibility of combined thera-
pies, since CD40 protein expression was found to be up-reg-
ulated by ITF2357. Similarly, we observed that the expres-
sion of the MICA gene and protein are up-regulated in the
presence of ITF2357. MICA is expressed on bone marrow
plasma cells from patients with MM and monoclonal gam-
mopathy of undetermined significant, making the MM cells
more sensitive to the cytotoxic effect of natural killer cells.”

Exposure of the neoplastic B-cell line studied here to
[TF2357 also resulted in repression of a set of ‘inflammato-
ry’ cytokines and receptors. This is of interest since HDAC
inhibitors have been known for several years to have anti-
inflammatory properties*"*** and ITF2357 inhibits produc-
tion of several pro-inflammatory cytokines by lipopolysac-
charide-stimulated peripheral blood cells in vitro and in vivo."
The inhibition by ITF2357 of inflammatory gene expression
is in agreement with the recently suggested role of chro-
matin modification, including acetylation of histones and
transcription factors, in regulating inflammatory genes.””™
More specifically, current models suggest that histone
acetyltransferase remodeling complexes such as NuA4,
SWI/SNF and Mi-2b may determine the chromatin structure
of these genes and their responsiveness to external inflam-
matory stimuli.®% It is, therefore, intriguing to note that
ITF2357 modulated several genes belonging to such com-
plexes, particularly those for NuA4 (EPC1 and EPC2 and
ING3).

Perhaps the most important modulated gene related to
both inflammation and MM pathogenesis is CD126, the IL-
6 receptor. IL-6 is an important MM growth factor and
CD126 membrane expression has prognostic significance in
the disease.” We demonstrated here the functional signif-
icance of CD126 down-modulation by ITF2357, with
decreased CD126 expression at the protein level in the MM
cell lines and freshly isolated plasma cells from patients. The
effect on CD126 protein expression was specific, and other
surface proteins, such as the signaling molecule CD130
(gp130) or the adhesion molecule CD54, were not affected
by ITF2357. More importantly, down-modulation of CD126
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Figure 6. ITF2357 has pleiotropic
effects on several signaling pathways
relevant to MM biology The different
mechanisms by which ITF2357 may
affect MM growth, as deduced from this
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led to a decreased response to IL-6 signaling, assessed by
STATS3 phosphorylation. This would be of particular impor-
tance for MM cells dependent upon IL-6 for growth. In addi-
tion, in all MM cell lines analyzed, exposure to ITF2357 led
to decreased basal expression of p-STAT3 in the absence of
exogenous IL-6. This could be due to inhibition by ITF2357
of an autocrine IL-6 loop, such as in U266 cells which
secrete IL-6. In non-IL-6 producers, [TF2357 may inhibit
other stimulatory signals that induce STAT3 phosphoryla-
tion. Interestingly we have observed that many AML cell
lines and freshly isolated AML samples express CD126 and
that [TF2357 down-modulated this protein and diminished
the STAT3 response to exogenous IL-6 also in AML cells JG
and VB, unpublished data). Such data suggest that the phe-
nomenon described here may be common to several cancer
cell types. This is of interest given the growing evidence for
a role of IL-6 and its receptor in neoplastic progression in a
wide variety of cancers.”

A very novel mechanism described here by which
ITF2357 may affect MM growth is the inhibition of expres-
sion of miR-19a and miR-19b. These two microRNA belong
to the miR-17~92 cluster, which is localized within the
MIRHG1 locus (also called C130rf25) on chromosome
13g31.3 and has been strongly implicated in tumorigenesis
in B-cell neoplasms, including MM, as well as other cancer
cell types.”*® Indeed deletion of miR-17~92 leads to a block
in B-cell proliferation and development, whereas its over-
expression induces B-cell hyperproliferation and autoim-
mune disease.’ This miRNA cluster is frequently amplified
in diffuse large cell lymphomas of the germinal center sub-
type.*” More recently, miR-19a and miR-19b have been
directly implicated in myeloma pathogenesis.” Indeed these
miRNA have been shown to be up-regulated in MM
patients’ cells and cell lines compared to normal plasma
cells. Furthermore miR-19a and miR-19b antagonists sup-
pressed MM tumor growth in nude mice.” We found in this
study that ITF2357 down-modulated both the non-protein
coding host gene MIRHG1, and its associated miR-19a and
miR-19b transcripts. In B cells, miR-19a and 19b have been
shown to repress SOCS1 protein, an inhibitor of the JAK-
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STAT pathway, the pro-apoptotic protein BIM, the cell cycle
regulators E2F1 and PTEN, as well as the p21 protein.?

Collectively our data demonstrate that ITF2357 has
pleiotropic activities, several of which may contribute to its
anti-myeloma activity, as summarized in Figure 6. ITF2357
inhibits secretion of growth and angiogenic factors, in par-
ticular IL-6 and VEGE, by bone marrow stromal cells.” An
additional mechanism proposed here is the down-modula-
tion of CD126 leading to decreased response to exogenous
or endogenous IL-6. This combined action on the cytokine
and its receptor should inhibit IL-6 signaling most effective-
ly. In addition to the IL-6 axis, ITF2357 modulates several
genes implicated in MM growth and apoptosis, including c-
MYC, FGFR3, APAF-1, p21, miR-19a and miR-19b.>"
Current data from the literature suggest that some of these
effects may be linked. For example ¢-MYC is known to
modulate miR-17~92. Thus MYC down-modulation may
mediate miR-19 repression and this in turn may enhance
p21 protein expression.” These effects are likely to explain,
at least in part, the cell cycle block and induction of apop-
tosis by the drug. In conclusion, although it is likely that
ITF2357 will be best combined with other drugs for a fully
effective treatment of MM, extensive characterization of
the pleiotropic effects of the drug, as described here, should
help in designing the best combination strategies in the
context of MM.
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