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Despite the proven clinical antineoplastic activity of histone deacetylase inhibitors (HDACI), their effect has been
reported to be lower than expected in B-cell lymphomas. Traditionally considered as “epigenetic drugs”, HDACI
modify the acetylation status of an extensive proteome, acting as general lysine deacetylase inhibitors (KDACI),
and thus potentially impacting various branches of cellular metabolism. Here, we demonstrate through
metabolomic profiling of patient plasma and cell lines that the KDACI panobinostat alters lipid metabolism and
downstream survival signaling in diffuse large B-cell lymphomas (DLBCL). Specifically, panobinostat induces
metabolic adaptations resulting in newly acquired dependency on the choline pathway and activation of PI3K
signaling. Thismetabolic reprogramming decreased the antineoplastic effect of panobinostat. Conversely, inhibi-
tion of these metabolic adaptations resulted in superior anti-lymphoma effect as demonstrated by the combina-
tion of panobinostat with a choline pathway inhibitor. In conclusion, our study demonstrates the power of
metabolomics in identifying unknown effects of KDACI, and emphasizes the need for a better understanding of
these drugs in order to achieve successful clinical implementation.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Despite the promising activity of histone deacetylase inhibitors
(HDACI) in the management of T-cell lymphoma subtypes (Apuri and
Sokol, 2016), their relatively low efficacy in unselected patients with
diffuse large B-cell lymphoma (DLBCL) (Crump et al., 2008) uncovers
the need for a better understanding of their biological effects to success-
fully implement this class of drugs in clinics.

Traditionally considered as “epigenetic drugs” due to the impact of
histone acetylation on the modulation of chromatin structure and sub-
sequent transcription regulation (Hebbes et al., 1988), HDACI affect
the acetylation of a plethora of non-histone proteins (Choudhary et al.,
2009), and can therefore be more appropriately reffered to as lysine
deacetylase inhibitors (KDACI). Acetylation of non-histone substrates
can have various effects on function, stability and localization of pro-
teins. For example, the administration of KDACI to DLBCL cells can si-
multaneously result in increased acetylation and inhibition of Hsp90

and BCL6, and furthermore in acetylation and activation of p53
(Bereshchenko et al., 2002; Cerchietti et al., 2010; Rao et al., 2009).

Acetylation state is tightly balanced through reactions catalyzed by
lysine acetyltransferases and lysine deacetylases (KDAC). The interplay
between acetylation and deacetylation of proteins is crucial for various
important mechanisms that maintain cellular andmetabolic homeosta-
sis (Choudhary et al., 2014). However, the precise metabolic conse-
quences of changes in the acetylation state of non-histone proteins are
still understudied in patients. Given the interconnection between pro-
tein acetylation and metabolism, we hypothesized that the characteri-
zation of metabolic effects of KDACI in DLBCL patients will uncover
pathways relevant for lymphoma survival and potentially identify
novel targets for combination therapies.

Metabolomics is a powerful tool to profile small molecules in biolog-
ical specimens. Themetabolome has been regarded as the link between
genotype and phenotype (Fiehn, 2002), and represents a readout of the
current state of an organism (Kaddurah-Daouk et al., 2008).

Here, by performing metabolomic profiling, we revealed that the
KDACI panobinostat administered to DLBCL patients alters lipid metab-
olism impacting, in particular, choline metabolism. In DLBCL cell lines,
panobinostat induces metabolic adaptations that lead to activation of
the PI3K pathway inducing a newly acquired dependency on choline
metabolism for survival. In a xenograft DLBCL model, we then prove
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that inhibition of choline or PI3K pathways results in increased anti-
lymphoma effect of panobinostat.

2. Materials and Methods

2.1. Metabolomics

We analyzed plasma from a sub-set of 24 DLBCL patients enrolled in
the phase 2 trial NCT01238692 with the approval of the Weill Cornell
Medicine IRB. Untargeted metabolomics measurements on plasma
were performed by Metabolon Inc., NC, USA. Briefly, measurements
were performed by ultra-high-performance liquid-phase chromatogra-
phy and gas-chromatography separation, coupled with tandem mass
spectrometry. Each metabolite was annotated with a) one of seven
major biochemical super-pathways (“amino acid”, “peptide”, “lipid”,
“energy”, “carbohydrate”, “nucleotide” and “cofactors & vitamins”),
and b) one sub-pathway (Table S1). Metabolites classified as “xenobi-
otic” and those with unknown identity were omitted for this study.
Treatment effects for each metabolite were assessed using paired
t-tests. False discovery rate (FDR) control according to Benjamini and
Yekutieli (Benjamini and Yekutieli, 2001) was used to correct for multi-
ple hypothesis testing. Volcano plots were generated by plotting
the log2 fold change of metabolite levels against FDR values for the
differences.

For cell metabolomics, the DLBCL cell line OCI-Ly1 was treated with
1 μMof panobinostat for 12 h.Metabolomics analysis was performed on
the same LC/GC–MS platform as the plasma data. Each sample was nor-
malized by dividing raw values by cell protein contents, assessed via
Bradford assays performed by Metabolonc Inc. Statistical analysis was
performed analogously to the plasma analysis, with two-sample t-
tests to compare treated and untreated groups (Table S2).

2.2. Reagents

Panobinostat, AZD8186, GDC-0941, CUDC-907 and the compounds
from the screened library (Table S3) were from Selleckchem. CK37
was from EMD Millipore. Phosphatidic acid was from Avanti Lipids.
Choline chloride was from Sigma.

2.3. Cell Culture

Humandiffuse large B-cell lymphoma (DLBCL) cell linesOCI-Ly1 and
OCI-Ly7 were grown in Iscove's modified Eagle medium and 10% fetal
bovine serum (FBS) (20% for OCI-Ly7) supplemented with 1% penicillin
G and streptomycin, 1% L-glutamine, and 1% HEPES. Toledo and SU-
DHL-8 were grown in medium containing 90% RPMI-1640 and 10%
FCS supplemented with 1% penicillin G and streptomycin, 1% L-gluta-
mine, and 1% HEPES. Cells were maintained in a 37 °C, 5% CO2, humidi-
fied incubator. All cell lines were purchased from the American Type
Culture Collection or obtained from the Ontario Cancer Institute, and
regular testing for Mycoplasma sp. and other contaminants and cell
identification by single nucleotide polymorphism were conducted.

2.4. Cell Viability Assays

Growth inhibition 50 (GI50) was determined by a fluorescence
assay using 7-hydroxy-3H-phenoxazin-3-one 10-oxide (CellTiter-Blue,
Promega) according to the manufacturer's protocol. Cell viability was
determined by employing a fluorescence-based assay that relies in
live-cell protease activity (CellTiter-Fluor, Promega) following theman-
ufacturer's protocol. All fluorescence measurements were performed in
a Synergy4 microplate reader (BioTek).

Caspase assays. Caspase-3 and -7 activity was assessed using the
Apo-ONE caspase 3/7 assay (Promega) following themanufacturer's in-
structions with measurement of fluoresence emission in a Synergy4

microplate reader (BioTek). Caspase activity was normalized by the
cell number determined by CellTiter-Fluor (Promega).

2.5. Transient Transfection

OCI-Ly1 cells (2.5 × 106 cells/well) were transfected by electropora-
tion (Amaxa, Lonza AG) in presence of 100 nM of CHKA siRNA
(CHKAHSS140690 and CHKAHSS140691, Invitrogen).

2.6. Real-Time Reverse Transcriptase-PCR

Total RNA was purified using TRIzol Reagent (Thermo Fisher Scien-
tific) following manufacturer's instructions and resuspended in
RNAse-free water. cDNA was synthesized using high capacity RNA-to-
cDNA kit (Applied Biosystems). SYBR Green FastMix was from Quanta
BioSciences. Primer sequences can be found in Table S4.

2.7. Immunoblotting

Protein concentrations were determined using the BCA kit (Pierce
Biotechnology) according to themanufacturer's instructions. Protein ly-
sates (15–40 μg) were electrophoretically resolved by SDS/PAGE, trans-
ferred to PVDF (polyvinylidene difluoride) membrane, and probedwith
the indicated primary antibodies: Anti-Choline Kinase α (D5X9W)
(1:500, 13,422; Cell Signaling), Anti-Acetyl-Histone H3 (Lys9/Lys14)
(1:1000, 9677; Cell Signaling), Anti-Phosphate Cytidylyltransferase 1
(1:1000, 109,263, Abcam). Membranes were then incubated with a
1:5000 dilution of a peroxidase conjugated corresponding secondary
antibody (sc-2004 and sc-2005, Santa Cruz Biotechnology). Equal load-
ing of the protein samples was confirmed by α-tubulin (1:25,000,
ab4074; Abcam) blotting. We used ECL Western Blotting Substrate
(Pierce Biotechnology) according to the manufacturer's instructions
and the blots were visualized by autoradiography. Quantitative densi-
tometry analysis of western blot bands was performed employing
Image J version 10.2 (NIH). The normalized relative densities were cal-
culated relative to the expression of α-tubulin.

2.8. Screening Analysis

Compound screening was conducted in a 96 well format and the ef-
fect with or without panobinostat pretreatment was evaluated against
425 targeted compounds. Viability was assessed after 48 h based on
rezazurin reduction by cells using Cell titer blue. The data was linear-
ized, normalized to in-plate controls, and the differential effect was
computed as the difference between the observed effect with
panobinostat and the effect with vehicle, i.e. positive differential effect
denotes compounds that aremore effectivewith panobinostat pretreat-
ment. In order to gauge the degree of the effect, meaning, to determine
whether an effective drug becomes more effective (higher effect), or a
non-effective drug becoming effective we computed a deviation score.
The deviation score is defined as the mean-normalized variance be-
tween vehicle and panobinostat treatments, approximating to the CV,
computed based on the equation below:

DAB ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dif AB

2
q

μAB

where DAB is the deviation score of panobinostat vs. vehicle, DifAB is the
defferential effect, and μAB is the mean of the effects observed in
panobinostat vs. vehicle treated.

2.9. Mice Studies

All animal procedures were approved by The Research Animal Re-
source Center of the Weill Cornell Medicine Adult (6- to 8-week-old,
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male, weighting average of 20 g) severe combined immunodeficiency
(SCID) mice were purchased from Charles River Laboratory and subcu-
taneously injected in the left flank with 10 × 106 low-passage human
DLBCL OCI-Ly1 cells. Tumor size was monitored every other day
employing electronic digital calipers. Tumor volume was calculated
using the equation: tumor volume = (lenght × width2) × 0.5. Treat-
ment schedules are described in Results section. The panobinostat
dose (6.2 mg/kg) was determined considering the oral dose adminis-
tered to the patients in the clinical trial (30 mg) (Assouline et al.,
2016) by calculating the animal equivalent dose (AED) as described in
(Nair and Jacob, 2016). The CK37 dose was chosen in the light of the
work published by Xiong et al. where 4 mg/kg of CK37 was adminis-
tered daily for 8 days, showing a tumor reduction effect on amurine xe-
nograft T-lymphomamodel without signs of gross toxicity (Xiong et al.,
2015). Panobinostatwas dissolved in DMSO and administered intraper-
itoneally in 5% dextrose in water in a 1:4 ratio (final volume of 200 μL).
CK37 was dissolved in DMSO and administered intraperitoneally (final
volume of 50 μL). Mice were weighed every other day. At the end of
the experiment, the mice were euthanized by CO2 inhalation.

3. Results

3.1. Panobinostat Induces Changes in CirculatingMetabolites in Lymphoma
Patients

To determine the metabolic effects of KDACI in cancer patients we
conducted metabolomics of lymphoma patients treated with
panobinostat. Plasma samples were obtained from refractory or re-
lapsed DLBCL patients enrolled in a phase II study (Assouline et al.,
2016) that aimed to evaluate the efficacy of panobinostat vs.
panobinostat and rituximab administered according to the schedule
shown in Fig. 1a. Untargeted metabolomics was performed in plasma
samples (i.e. exo-metabolomics) taken before and after the first cycle
of treatment (Fig. 1a, right). After normalization, we compared pre-
and post-panobinostat samples for differentially abundant metabolites.
We identified 53 metabolites that significantly changed between these
time points with a false discovery rate (FDR) b 0.05 (Fig. 1b and Table
S1). Among the up-regulated metabolites we identified several sulfated
steroids and bile acids, which are part of xenobiotic metabolism path-
way. Similarly, we found an increase in gamma-glutamyl aminoacids
that could represent the transferring of gamma-glutamyl functional
groups to amino acid acceptors in the gamma-glutamyl cycle of xenobi-
otic detoxification (Williamson et al., 1982). These changes of endoge-
nous plasma metabolites are likely the result of the extensive
biotransformation induced by panobinostat (Clive et al., 2012) and
KDACI-dependent induction of membrane transporters (Hauswald et
al., 2009). Among the down-regulated metabolites, we identified sev-
eral amino acids such as the branched chain amino acids (BCAA) gluta-
mate and aspartate that are involved in liver transamination reactions,
as well as the atypical amino acid betaine. The significant decrease in
plasma betaine (Fig. 1c), a non-proteinogenic amino acid, suggests a po-
tential alteration in lipidmetabolism (Lever et al., 2011). Betainederives
from the oxidation of choline, which is a component of the phosphati-
dylcholine pathway, a key phospholipid constituent of cell membranes
(Li and Vance, 2008). Since it has previously been demonstrated that
panobinostat alters the lipidmetabolism of Niemann-Pickmutant fibro-
blasts in vitro (Pipalia et al., 2011), we therefore investigated the effect
of panobinostat on phospholipid metabolism in DLBCL cells.

3.2. Panobinostat Induces Choline Pathway Dependency in DLBCL Cells

Alteration of plasma betaine in patients receiving panobinostat
could impact systemic lipid metabolism, thereby potentially affecting
DLBCL cells. To characterize the metabolic effects of panobinostat in
lymphoma cells, we conducted cellular metabolomics (i.e. endo-meta-
bolomics) in the DLBCL cell line OCI-Ly1 before and 12 h after

panobinostat treatment. We found that panobinostat induced changes
in amino acid metabolism (histidine, lysine, polyamine and creatine
metabolism), carbohydrate metabolism (glycogen and fructose,
manose, galactose, starch and sucrosemetabolism), nucleotidemetabo-
lism (pyrimidine metabolism), and lipid metabolism (polyunsaturated
fatty acid, glycogen, long chain fatty acid, monoacylglycerol and
lysolipid metabolisms). At pathway level, the entire group of lipid me-
tabolism was significantly changed (p b 0.02 and FDR b 0.1, Fig. S1
and Table S2). Specifically in the betaine-choline pathway, panobinostat
induced up-regulation of choline (p b 0.05), cytidine diphosphate
(CDP)-choline (p b 0.003) and the phosphatidylcholine derivative 1-
oleoylglycerophosphocholine (p b 0.0003, Fig. 2a). Choline phosphate
levels did not change significantly after treatment (Fig. 2a). These
changes in cellular metabolomics mirrored those identified in the
plasma of DLBCL patients, suggesting that the decrease in betaine
plasma levels in patients is likely due to an increased demand of choline
metabolites in lymphoma cells.

To investigate whether lymphoma cells are more avid on choline
metabolites after KDAC inhibition, we first measured messenger RNA
expression of key enzymes belonging to the choline pathway in OCI-
Ly1 panobinostat-treated cells. We found an increase of choline kinase
alpha (CHKA) expression at 3 and 6 h and of phosphocholine
cytidytransferase (PCYT1A) at 6 h, while the other enzymes did not sig-
nificantly change under these conditions (Fig. 2b). Accordingly, protein
expression of CHKA increased at 3 and 6 h while PCYT1A protein ex-
pression increased at 6 h (Fig. 2c).

To determine whether these changes induce a functional depen-
dence on choline metabolism for survival, we treated a panel of DLBCL
cell lines (OCI-Ly1, OCI-Ly7, Toledo and SU-DHL-8) with vehicle or
panobinostat for 48 h followed by the CHKA inhibitor CK37 (Clem et
al., 2011) for another 48 h (Fig. 2d, top). We reasoned that if
panobinostat-treated cells were more reliant on CHKA for survival, we
should observe a decrease in the GI50 of CK37. Indeed, DLBCL cell
lines showed an increased sensitivity to the CHKA inhibitor after treat-
ment with panobinostat (Fig. 2d, bottom), indicating that panobinostat
treatment induced a newly acquired dependency on the choline path-
way in the fraction of surviving DLBCL cells. To determine if this depen-
dency relied on the uptake of exogenous choline, we assessed growth of
OCI-Ly1 cells in tissue culture medium with or without choline for 24 h
followed by 10 nM of panobinostat (or vehicle) andwe determined the
viability after 48 h. Panobinostat was more effective in cells grown in
medium without choline, which suggests that activation of the choline
pathway relies on the uptake of exogenous choline (Fig. 2e).

3.3. Panobinostat Induces PI3K Pathway Dependency in DLBCL Cells Via
CHKA Activity

To identify possible pathways fueled by the increased choline path-
way activity, we first screened for pathway co-dependency. To this end
we treated OCI-Ly1 cells with panobinostat for 48 h followed by expo-
sure to a library of 425 targeted compounds covering 162 target families
(Table S3). We calculated and ranked the differential effect, and evalu-
ated the influence on cell proliferation of these compounds in cells
treated with panobinostat vs. vehicle. Analysis showed that 109, 268
and 48 compounds respectively, were less, equal and more effective in
panobinostat-treated cells (Fig. 3a, left). Among the 48 compounds
with increased effect (i.e. with potential co-dependency with choline)
in panobinostat-treated cells we found inhibitors of the
phosphatidylinositide 3-kinase (PI3K) and the mitogen-activated pro-
tein kinase (MAPK) pathways such us the AKT1/2/3 inhibitor
GSK690693, and the MEK1 and ERK1/2 inhibitor Selumetinib, respec-
tively. In addition, several other inhibitors were found to target path-
ways intimately related to the PI3K and/or MAPK pathways (HIF
prolyl-hydroxylase inhibitors, antagonists of the lysophpsphatidic acid
receptor, inhibitors of the interaction eIF4E/eIF4G, insulin like growth
factor receptor inhibitors, cMet inhibitors and VEGFR2 inhibitors). The
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library of 425 compounds contains 7 related to the PI3K/MAPK path-
ways (1.65%). From the 48 active compounds, 4 related to the PI3K/
MAPK pathways (8.3%), representing a significant enrichment of these
targets (Fisher's test p = 0.0003). Interestingly, the screening also un-
covered an increase in the effect of molecules that target lipid metabo-
lism (cholesteryl ester transfer protein, free fatty acid receptor and
adipose triglyceride lipase inhibitors), or inhibitors with targets of li-
pidic nature (e.g. the thromboxane A2 synthetase inhibitor Ozagrel)
(Fig. 3a, center). Finally, we selected the targets of those hits with a dif-
ferential effect and deviation score greater than or equal to those
established by the CHKA inhibitor CK37 (differential effect ≥ 13.5; devi-
ation score ≥ 0.12). This list of targets were uploaded into Ingenuity
PathwayAnalysis,which resulted in a network illustrating the interrela-
tion of targets highly represented in the PI3K/AKT, ERK/MAPK andphos-
pholipase C (PLC) pathways (Fig. 3a, right).

We independently analyzed the acquisition of PI3K andMAPK path-
way dependencies by comparing the GI50 of inhibitors of AKT
(CCT128930 and GSK690693) and MEK1/2 (PD184352 and U0126) in
OCI-Ly1 cells previously treated with 10 nM of panobinostat (vs. vehi-
cle) for 48 h. In addition, we tested the differential effect of inhibitors
of PI3Kβ/δ (AZD8186), since δ is a highly expressed isoform in lymphoid
tissues (Vanhaesebroeck et al., 1997) and found critical for activation,
proliferation and survival of B cells (Okkenhaug et al., 2002). We
found a more pronounced differential effect for the PI3Kβ/δ and AKT2
inhibitors (Fig. 3b), suggesting that panobinostat induces mostly PI3K
dependency.

Next, we determine whether CHKA activity is required for acquiring
PI3K dependency upon KDAC inhibition. Thus, we administered
panobinostat to OCI-Ly1 cells transfected with CHKA siRNA and treated
them with the PI3K inhibitor AZD8186. Indeed, AZD8186 decreased

Fig. 1.Metabolic profiling reveals changes in cholinemetabolismof DLBCL patients treatedwith panobinostat. (a) Treatment arms (left) and treatment schedule (right) of the phase 2 trial.
Blood samples were collected prior and post panobinostat in both arms. (b) Volcano plot showing circulating metabolites that significantly changed their levels after panobinostat
treatment. (c) Box plot of plasma betaine determined for each patient pre and post panobinostat treatment.

Fig. 2. Panobinostat treatment prompts choline pathway dependency on DLBCL cell lines. (a) Levels of choline intracellular metabolites measured pre and post panobinostat treatment in
the DLBCL cell line OCI-Ly1. P-Cho phosphocholine, CDP-Cho cytidine 5′-diphosphocholine, Pht-Cho phosphatidilcholine, SLC4 Solute Carrier Family 44, CHKA choline kinase alpha, PCYT1A
Phosphate Cytidylyltransferase 1A, CHPT1 Choline Phosphotransferase 1, CHDH Choline Dehydrogenase, BADH Betaine-aldehyde dehydrogenase. (b) Changes in mRNA levels of choline-
related enzymes inOCI-Ly1 cells treated with 120 nM of panobinostat (c) Representative western blots for choline kinase alpha (CHKA), phosphate cytidylyltransferase 1 (PCYT1A) and
acetyl-histone H3 (H3-Ac) from OCI-Ly1 cells treated with 120 nM panobinostat for 3 and 6 h (left). Quantification of the CHKA and PCYT1A protein levels after treatment (right).
(d) Change of GI50 of the CHKA inhibitor CK37 in four DLBCL cell lines after exposure for 48 h to vehicle (black dots) or panobinostat (blue dots) accordingly to the schedule shown
on top. (e) Change in cell growth of OCI-Ly1 cells in medium with and without choline upon treatemnt with vehicle (DMSO) or panobinostat 10 nM according to the schedule shown
on top. In panels B, C, D and E, data are represented as median ±SEM.
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viability of cells treated with panobinostat in siRNA control, but this ef-
fect was completely rescued in cells transfected with siRNA CHKA (Fig.
3c), demonstrating that choline kinase activity is required to induce

PI3K dependency upon KDAC inhibition. Choline kinase commits cho-
line to integration into phosphatidylcholine (Ueland, 2011), which in
turn it can be cleaved by phospholipases to produce several lipids
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second messengers such as phosphatidic acid (Buchanan et al., 2005).
Since it is known that phosphatidic acid is a key activator of the PI3K
pathway in cancer cells (Yalcin et al., 2010), we speculated that the ac-
quired PI3K dependency could be triggered by the synthesis of phos-
phatidic acid through the choline pathway. Indeed, we were able to
rescue both choline and PI3K pathway dependencies by exogenous
phosphatidic acid addition, determined by viability and caspase-3/-7
activation (Fig. 3d).

Remarkably, the co-dependencies revealed by the screeningwere in
accordancewith our cell metabolomics data. The already-mentioned al-
terations in lipid metabolism detected in panobinostat treated cells
were also uncovered by the screening, and since PI3K-AKT signaling
plays an important role in stimulating de novo lipid synthesis (Lien et
al., 2016), we speculate that this alteration in lipid metabolism could
be a readout of PI3K pathway activation. Additionally, the alteration de-
tected in pyrimidinemetabolism, and the significant decrease observed
in glycogenmetabolism (Fig. S1 and Table S2) could be also the result of
a metabolic reprograming executed by the PI3K pathway (Ben-Sahra et
al., 2013; Lien et al., 2016).

3.4. The Anti-Lymphoma Effect of the Dual Inhibitor CUDC-907Relies on the
Induction of PI3K Dependency through Choline Pathway Activation

Our data demonstrates that DLBCL cells surviving panobinostat ad-
ministration are more reliant on the choline and PI3K pathways,

providing amechanistic background for the synergistic antitumor activ-
ity known for the combination of KDAC and PI3K inhibitors (Ozaki et al.,
2010;Wozniak et al., 2010). Moreover, it could explain the rationale for
testing KDAC/PI3K dual inhibitors, such as CUDC-907 (Qian et al., 2012).
Specifically, we postulate that CUDC-907 induces a choline pathway de-
pendency through its KDACI moiety, which is then therapeutically
exploited by the inhibition of PI3K. To test this,we determined the effect
on OCI-Ly1 viability of the PI3Kβ/δ inhibitor AZD8186, the PI3Kα/δ
inhibitor GDC-0941 (which contains the scaffold present in the
CUDC-907), and CUDC-907 (Fig. 4a, left), administered either alone
or in combination with panobinostat. Panobinostat was adminis-
tered concurrently with the PI3K inhibitor instead of pretreating
the cells first with the KDACI, in order to mimic the effect of CUDC-
907. Both PI3K inhibitors decreased the viability of OCI-Ly1 cells
when given in combination with panobinostat but not when given
alone, and the effect was comparable to the hybrid inhibitor CUDC-
907 (Fig. 4a, center). The decrease in viability associated with in-
crease in the activity of caspases 3 and 7 (Fig. 4a, right). This suggests
that, at least in terms of cell viability, the PI3K inhibitory moiety of
CUDC-907 acts similar to the either PI3K inhibitor. Finally, silencing
choline pathway in OCI-Ly1 cells by employing siRNA CHKA resulted
in a loss of CUDC-907 activity, determined by viability and caspase-
3/-7 activation (Fig. 4b). Thus, our data suggests that the anti-lym-
phoma effect of the hybrid molecule CUDC-907 partially relies on
the activation of the choline pathway.

Fig. 3. Choline pathway dependency is linked to the activation of the PI3K pathway in the DLBCL cell line OCI-Ly1. (a) Deviation score vs. the effect differential illustrates the distribution
and the number of compounds having enhanced susceptibility with (magenta) andwithout (blue) panobinostat pretreatment (left). Distribution and number of compoundswithin each
category are denoted above the plot. Inset shows key targets representing high differential effect and deviation score (center). Network illustrating key interactions based on the targets of
the 48 compounds identified to have greater effect than the CHKA inhibitor CK37 (right). Panobinostat pretreatment consisted in 10 nM exposure for 48 h. All compounds of the library
were tested at 10 μM final concentration. (b) GI50 at 48 h of PI3K andMAPK inhibitors in OCI-Ly1 cells pretreatedwith vehicle (black dots) or 10 nMpanobinostat (blue dots) for 48 h. (c)
Viability (bottom) of OCI-Ly1 cells transfected with CHKA siRNA, pretreated with vehicle or 10 nM panobinostat, and exposed to 100 μM of the PI3K inhibitor AZD8186 for 24 h after
pretreatment (top). (d) Viability (top) and caspase 3/7 activity (bottom) of OCI-Ly1 cells pretreated with vehicle or 10 nM panobinostat for 48 h, and then treated with 10 μM of the
CHKA inhibitor CK37 (CHKAi) (left) or 100 μM of the PI3K inhibitor AZD8186 (right), with or without 100 μM phosphatidic acid (Ph. Acid) for the specified times. Data are represented
as median ±SEM.

Fig. 4. CUDC-907 effect relies on the induction of PI3K dependency through choline pathway activation. (a) Viability (center) and caspase-3/7 activity (right) of OCI-Ly1 cells after 24 h at
the specified treatments (120 nM panobinostat or 10 μMof AZD8186, GDC-0941 or CUDC-907). (b) Viability (left) and caspase-3/7 activity (right) of OCI-Ly1 cells transfectedwith CHKA
siRNA and treated for 24 h with 100 μM of CUDC-907. Data are represented as ±SEM.
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3.5. Therapeutic Exploitation of the Choline PathwayDependency Results in
DLBCL Reduction in Mice

Aiming to explore the therapeutic potential of the revealed choline
pathway dependency induced by panobinostat in DLBCL, we adminis-
tered vehicle (n = 5), panobinostat 6.2 mg/kg (equivalent to a 30 mg
oral dose administered to the patients) (n = 5), CK37 4 mg/kg (n = 5),
or their combination (n = 5) to mice bearing chemotherapy refractory
DLBCL OCI-Ly1 cell line xenografts. When xenografts reached around
100 mm3, mice were randomized into four groups and treated following
the schedule shown on Fig. 5a. Compared to the vehicle-treated mice,
panobinostat and CK37 alone did not show any effect on tumor volume.
Interestingly, their combination significantly suppressed tumor growth
(p = 0.03, 0.03 and 0.01 at days 12, 14 and 16, respectively, Fig. 5a).
There was no evidence of toxicity based on body weight (Fig. 5b).

We assessed apoptosis and proliferation by TUNEL (terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling assay)
assay and immunohistochemistry for Ki67, respectively, on tumor spec-
imens. The stained area with apoptotic cells was significantly higher in
mice treated with the combination compared to the other cohorts
(Fig. 5c, left). The number of cells with high Ki67 was lower in mice
treated with the combination vs. the other groups (Fig. 5c, right). Over-
all, these data suggest that targeting the choline pathway with a CHKA
inhibitor could be an effective strategy to increase the anti-lymphoma
effect of KDACIs.

4. Discussion

Lysine deacetylase inhibitors have emerged as a promising approach
to improve current lymphoma treatment. While our understanding of

Fig. 5. Combined treatment with panobinostat and CK37 results in tumor growth reduction on OCI-Ly1 xenografts. (a) Treatment doses and schedule (left) and tumor growth curves
(right) for mice receiving vehicle, panobinostat, CK37 or both drugs. (b) Mouse weight curves for all the four cohorts. (c) Quantitative plots (top) and representative images (bottom)
from the OCI-Ly1 mice tumors at day 16, assayed for apoptosis by TUNEL (left) and for proliferation by Ki67 immunostaining (right). Data are represented as median ±SEM.
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their effects on chromatin status has improved over the past years,
whether and how these enzymes affect cellular functions beyond tran-
scription remains uncharted territory. Due to the activity of KDAC on
proteins involved in metabolic pathways, we investigated metabolic
changes induced by the KDACI panobinostat in DLBCL patients. We pos-
tulated that metabolomic profiling of KDACI effects in patients would
provide further insights into the biological effects of this class of drugs,
potentially revealing pathways relevant for lymphoma survival and
therapeutic exploitation.

As a first discovery step of metabolic changes, we measured plasma
metabolite levels in DLBCL patients before and after panobinostat-treat-
ment. We identified a significant decrease in the concentration of circu-
lating betaine, a metabolite from the choline pathway. This pointed to a
higher requirement of choline in the tumor cells and thus a possible
change in lipid metabolism through a higher activity of the choline
pathway. Cell metabolomics experiments confirmed this notion.

Although activated choline metabolism is acknowledged as meta-
bolic hallmark of cancer cells (Glunde et al., 2011), little is known
about KDACI effects on this pathway. Aiming to find biomarkers
of response to KDACI by employing noninvasive imaging
(typically magnetic resonance spectroscopy), an increase in the
phosphocholine levels has previously been detected when treating
cells and/or xenografts with KDACI such as LAQ824, SAHA or
belinostat (Sankaranarayanapillai et al., 2006; Chung et al., 2008;
Beloueche-Babari et al., 2012;Ward et al., 2013). These represent inter-
esting observations that run counter to conventional knowledge, since
typically an increase of choline-containing compounds has been associ-
ated with cell transformation while a decrease is observed after cyto-
toxic treatment. Despite the controversial nature of these findings,
only little mechanistic exploration had been performed. For example,
some authors described an increase in choline uptake due to increased
expression of the transporter SLC44A1 after KDACI-treatment (Ward et
al., 2013), and/or an increase in the CHKAexpression (Beloueche-Babari
et al., 2012, Ward et al., 2013).

In our work, we revealed that this alteration in choline metabolism
represents a survival mechanism to panobinostat through activation
of the PI3K pathway in lymphoma cells. This finding is of translational
relevance, as it points towards a strategy of targeting the choline path-
way after KDACI treatment. In this regard, our in vivo DLBCLmodel sup-
ported this therapeutic strategy, as demonstrated by a significant
reduction of tumor growth in mice treated with panobinostat and the
CHKA inhibitor CK37. Additionally, we demonstrated that this depen-
dencymight represent themolecularmechanism behind the anticancer
activity of KDAC/PI3K hybrid inhibitors.

In conclusion, by applying metabolomics profiling we partially un-
covered themechanism behind the well-documented synergistic activ-
ity of KDAC and PI3K inhibitors in vitro and in vivo (Rahmani et al.,
2003; Rahmani et al., 2005; Ozaki et al., 2010; Wozniak et al., 2010;
Rahmani et al., 2014) andwewere thus able to shed light on themolec-
ular basis behind the activity of the dual-inhibitor CUDC-907 (Qian et
al., 2012). With all, our work reveals the impact of KDACI on metabo-
lism, and uncovers the need to investigate the biological effects, beyond
translation, of this class of drugs in order to be able to successfully im-
plement them in the clinical setting.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2018.01.014.
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