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ARTICLE INFO ABSTRACT

Histone deacetylase (HDAC) inhibitors such as suberoylanilide hydroxamic acid (SAHA) are
not commonly used in clinical practice for treatment of B-cell lymphomas, although a sub-
set of patients with refractory or relapsed B-cell lymphoma achieved partial or complete
remissions.

Article history:

Received 15 January 2016
Received in revised form

2 June 2016

Accepted 3 June 2016
Available online 9 June 2016

Therefore, the purpose of this study was to identify molecular features that predict the
response of B-cell lymphomas to SAHA treatment. We designed an integrative approach
combining drug efficacy testing with exome and captured target analysis (DETECT). In

this study, we tested SAHA sensitivity in 26 B-cell lymphoma cell lines and determined
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SAHA-interacting proteins in SAHA resistant and sensitive cell lines employing a SAHA
capture compound (CC) and mass spectrometry (CCMS). In addition, we performed exome
mutation analysis. Candidate validation was done by expression analysis and knock-out
experiments.

An integrated network analysis revealed that the Src tyrosine kinase Gardner-Rasheed fe-
line sarcoma viral (v-fgr) oncogene homolog (FGR) is associated with SAHA resistance. FGR
was specifically captured by the SAHA-CC in resistant cells. In line with this observation,
we found that FGR expression was significantly higher in SAHA resistant cell lines. As func-
tional proof, CRISPR/Cas9 mediated FGR knock-out in resistant cells increased SAHA sensi-
tivity. In silico analysis of B-cell lymphoma samples (n = 1200) showed a wide range of FGR
expression indicating that FGR expression might help to stratify patients, which clinically
benefit from SAHA therapy.

In conclusion, our comprehensive analysis of SAHA-interacting proteins highlights FGR as
a factor involved in SAHA resistance in B-cell lymphoma.

© 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

During the past decades, epigenetics has emerged as an
important area in drug discovery. So called “epidrugs” are
defined as drugs that inhibit or activate disease-associated
epigenetic proteins to ameliorate or cure the disease (Ivanov
et al., 2014). Especially inhibitors of histone deacetylases
(HDAC) are considered to be promising anticancer agents. By
regulating acetylation states of histone and several non-
histone proteins, they directly induce modifications in the
cancer epigenome. Thereby, epigenetically silenced genes
are re-expressed eventually resulting in growth arrest or
apoptosis of cancer cells (Carew et al., 2008). Due to this anti-
tumor activity, HDAC inhibitors had a rapid phase of clinical
development as monotherapy and in combination with other
anticancer drugs (Budde et al., 2013; Kirschbaum et al., 2011;
Morschhauser et al., 2015; Ogura et al., 2014; Oki et al., 2013;
Straus et al., 2015; Watanabe et al., 2010). However, a broad
clinical response has been observed in patients with hemato-
logic or solid malignancies ranging from complete remissions
to no response (Chun, 2015).

Suberoylanilide hydroxamic acid (SAHA) (Vorinostat,
Zolinza® (Merck and Co., Inc.)) was the first HDAC inhibitor
approved by the American Food and Drug Administration in
October 2006 for the treatment of a subset of patients with
cutaneous T-cell lymphoma (Mann et al., 2007). Furthermore,
SAHA is also used in clinical trials for patients with other
types of Non-Hodgkin lymphoma (NHL) (Budde et al., 2013;
Kirschbaum et al., 2011; Ogura et al., 2014; Straus et al., 2015;
Watanabe et al., 2010).

NHL is a heterogeneous group of lymphoproliferative neo-
plasms. Two aggressive subtypes of B-cell NHLs are diffuse
large B-cell lymphoma (DLBCL) and Burkitt lymphoma (BL),
which account for 40% and 2% of all NHLs, respectively
(Siegel et al., 2015; Swerdlow et al., 2008). Although survival
of patients with B-cell lymphoma has improved by the addi-
tion of targeted therapies to conventional chemotherapy reg-
imens, a considerable proportion relapse leading to adverse
clinical outcome (Coiffier et al., 2010; Hoelzer et al., 2014;

Reeder and Ansell, 2011; Sweetenham et al., 1996). Thus, novel
approaches are urgently needed to improve disease control
and patient’s survival. More specific and therefore less toxic
treatment opportunities would be highly desirable (Chun,
2015). Preclinical and clinical studies with SAHA mono- or
combination therapies showed promising results for the treat-
ment of patients with B-cell lymphoma (Kirschbaum et al,,
2011; Ogura et al., 2014; Richter-Larrea et al., 2010; Watanabe
et al., 2010). Remarkably, response rates of up to 30% were
achieved in patients with relapsed or refractory B-cell lym-
phoma upon SAHA monotherapy, comprising also complete
remissions (Kirschbaum et al.,, 2011; Ogura et al.,, 2014;
Watanabe et al.,, 2010). 70% of patients, however, do not
respond to this treatment. Therefore, it is essential to identify
those patients who will not benefit from HDAC inhibitor ther-
apy in order to prevent ineffective treatment.

These clinical data stimulated us to seek for molecular fea-
tures that help to stratify upfront B-cell lymphoma patients
for SAHA treatment. To this end, we hypothesized (i) that pro-
teins, which directly interact with SAHA, may be involved in
SAHA response and (ii) that the expression and mutation sta-
tus of these direct SAHA targets might be of relevance for
SAHA response.

Direct SAHA interaction partners can be identified by Cap-
ture Compound Mass Spectrometry (CCMS). CCMS is based on
a trifunctional small molecular probe called Capture Com-
pounds (CC). SAHA is attached as selectivity function to a
CC-scaffold that can interact with the target proteins in homo-
geneous phase under equilibrium conditions. The reactivity
function of the CC-scaffold covalently binds the target pro-
teins through photo-induced cross-linking. The sorting func-
tion of the CC-scaffold (e.g. biotin) enables the isolation of
CC-proteins conjugates from complex protein mixtures
(Supplemental Figures. S1 and S2). Finally, captured proteins
are identified using high-resolution mass spectrometry
(Fischer et al., 2011b; Koster et al., 2007).

To comprehensively identify the molecular mechanisms
leading to SAHA resistance we designed an approach that ap-
plies drug efficacy testing with exome and captured target
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analysis (DETECT; Figure 1). In detail, we combined (i) determi-
nation of SAHA sensitivity in 26 B-cell lymphoma cell lines by
flow cytometry (Annexin V/propidium iodide staining) with
(i) analysis of exome mutations, (iii) CCMS of direct SAHA
binders in SAHA resistant versus sensitive B-cell lymphoma
cell lines and (iv) performed an integrated network analysis.
For further candidate validation, we carried out expression
analysis and knock-out experiments. To provide evidence
for clinical relevance, in silico expression and mutation anal-
ysis of published data derived from B-cell lymphoma patients
were performed.

Our DETECT approach led to the identification of SAHA-
interacting protein networks and highlights the Src tyrosine
kinase FGR as a factor mediating SAHA resistance in B-cell
lymphoma.

2. Methods
2.1. Human cell lines and culture

26 human B-cell lymphoma cell lines (16 DLBCL and 10 BL cell
lines) were used in this study, which were obtained from
DSMZ or kindly provided by Georg Lenz. Details about cell
lines and culture conditions are given in Supplemental
Methods (section 1.1) and in Supplemental Table 1.

2.2. SAHA efficacy testing

26 B-cell lymphoma cell lines were seeded in triplicates into 12
well plates at a density of 3 x 10° cells per well and treated
with either vehicle (DMSO) or varying concentrations
(0.03 pM, 0.06 uM, 0.12 uM, 0.25 pM, 0.5 pM, 1 puM, 2 uM, 4 pM,
8 uM, 16 uM, 32 uM) of the HDAC inhibitor SAHA (Cayman
Chemical) for 48 h.

Subsequently, apoptosis was determined by flow cytome-
try (Accuri C6; Becton, Dickinson and Company (BD)) using
the APC Annexin V Apoptosis Detection Kit with propidium
iodid (PI) (Biolegend) according to the manufacturer’s instruc-
tions. Data were analyzed employing Accuri C6 software (BD).
The inhibitory concentration ICso was defined as the concen-
tration of SAHA needed to decrease cell viability by 50%.
Data were analyzed using Prism 6 (GraphPad Software, Inc.).

Drug Efficacy Testing | | Exome ‘ |Captured Targets |
N\ ¥ v

I Integrated network analysis I

v

Validation

Detection of factors involved in drug resistance

Figure 1 — DETECT workflow. In order to detect factors responsible
for drug resistance, drug efficacy testing, exome mutation analysis and
the determination of direct drug targets using CCMS are employed.
An integrative network analysis of these data reveals potential
candidates. Subsequently candidates are validated.

2.3. Cellular protein extraction and CCMS experiments

Cells were lysed in buffer containing 20 mM HEPES/NaOH pH
7.4, 250 mM sucrose, 5 mM MgCl,, 1 mM DTT, 0.5% (w/v) n-
dodecyl-B-maltoside supplemented with complete™ protease
inhibitor cocktail (Roche) and benzonase using a glass—glass
douncer. The extracts were cleared by centrifugation for
30 min at 100,000 x g. The protein content was determined us-
ing the bicinchoninic acid assay (BCA) method (Smith et al,,
1985).

Synthesis and characterization of the SAHA-CC
(Supplemental  Figure S1) and CCMS experiments
(Supplementary Figure S2) were performed as previously
described (Fischer et al., 2011b).

Briefly, 114 pg of total protein was used for each sample.
The SAHA-CC and free SAHA as competitor were employed
at a final concentration of 10 uM and of 56 uM, respectively.
Capture assays, competition control samples, and bead con-
trols (without CC) were prepared in hexaplicate from four
SAHA resistant and four SAHA sensitive cell lines.

Experimental conditions for CCMS were designed to iden-
tify both high and moderate affinity SAHA binding proteins.
Buffer conditions were chosen that most likely native pro-
tein—protein interactions were preserved throughout all steps
of the experiment. Under these conditions, primary SAHA
binders can be specifically captured along with their protein—-
protein interaction partners.

The captured proteins were proteolyzed and subjected to
analysis by nanoflow liquid chromatography-tandem mass
spectrometry (nLC-MS/MS). For the identification and quanti-
fication of protein intensities across the different samples
from the different cell lines, the software package MaxQuant
was used, applying the label-free quantification option (Cox
and Mann, 2008). Further details on dose-dependent CCMS ex-
periments, cross-competition studies, kinase assay, nLC-MS/
MS, data acquisition and analysis are described in
Supplemental Methods (sections 1.2—1.6).

2.4. Whole-exome sequencing, data analysis and
validation

Whole-exome library preparation and sequencing of the 26 B-
cell lymphoma cell lines was performed as described (Chen
et al., 2013). Briefly, exome capture was carried out using the
SeqCap EZ Exome Library 2.0 kit (Roche/Nimblegen) and 100
bp single-read sequencing was performed on a HiSeq2500
(Mumina). 82% of the coding region was covered at least
30x. Data were analyzed as previously reported and described
in detail in the Supplemental Methods section 1.7 (Chen et al.,
2013). Whole-exome sequencing data were deposited at the
European Genome-phenome Archive (EGA, http://www.ebi.a-
c.uk/ega/), which is hosted by the EBI under the accession
number EGAS00001001463. Randomly chosen nucleotide vari-
ations (n = 69) were validated by PCR and Sanger sequencing
as described (Chen et al., 2013).

2.5. Integrated network analysis

To construct a protein—protein interaction network of all pro-
teins detected in the SAHA capture experiments, we used


http://www.ebi.ac.uk/ega/
http://www.ebi.ac.uk/ega/
http://dx.doi.org/10.1016/j.molonc.2016.06.001
http://dx.doi.org/10.1016/j.molonc.2016.06.001
http://dx.doi.org/10.1016/j.molonc.2016.06.001

MOLECULAR ONCOLOGY 10 (2016) 1232—-1244

1235

StringDB (Franceschini et al., 2013). Medium confidence inter-
actions (>0.4) were taken into account, if they were not solely
based on text mining methods.

To incorporate the exome data, we considered a ranking of
possible effects of mutations as defined by the Ensembl anal-
ysis group (Supplemental Table S2) and determined which
gene carries more detrimental mutations in SAHA resistant
compared to SAHA sensitive cells (Flicek et al., 2014;
McLaren et al., 2010). Only mutations with a frequency of
less than 15% in the 1000 genomes project were considered
to remove common variations. Different attributes from CC-
enrichment and whole exome analysis were mapped to the
graph and visualized using Cytoscape (Shannon et al., 2003).

2.6. Protein extraction and Western blot analyses

Protein extraction and Western blot analysis were performed
as described previously (Dimitrova et al., 2014). The primary
antibodies used for Western blot analysis were anti-FGR
(clone 1B12; Abnova) and anti-beta actin (AC-15; Abcam).
The secondary goat anti-mouse IgG/HRP antibody was pur-
chased from Dako (P0447) and the donkey anti-rabbit IgG/
HRP antibody from GE Healthcare Life Sciences (NA9340).
Western blot bands were quantified with the FusionCapt
Advance software (Vilber Lourmat).

2.7. RNA isolation, cDNA synthesis and real-time
reverse transcriptase (RT) polymerase chain reaction (PCR)

RNA was isolated and cDNA synthesized as described previ-
ously (Joosten et al., 2013). Real-time RT PCR was performed
with SYBR Green PCR-Master Mix (Applied Biosystems) by a
StepOnePlus real-time PCR system (Applied Biosystems) using
the PCR parameters recommended by the manufacturer. The
housekeeping gene GAPDH was amplified in parallel with
FGR (FGR: forward: 5-GGCCCGGCCTGCAT-3'; reverse: 5'-
TTGATGGCCTGAGAGGAGAAG-3; GAPDH: forward: 5'-
AGGTGGAGGAGTGGGTGTCGCTGTT-3; reverse: 5'-
CCGGGAAACTGTGGCGTGATGG-3'). Primers were purchased
from Eurofins MWG. Relative mRNA quantification was calcu-
lated using the comparative AACt method (Bookout and
Mangelsdorf, 2003). A two-sided Mann Whitney U test was
employed to test significant differences in FGR expression be-
tween SAHA resistant and sensitive cell lines.

2.8.  FGR knock-out by CRISPR/Cas9

Knock-out of the FGR gene was done by CRISPR/Cas9 mediated
double strand breaks leading to insertions/deletions after
repair via the non-homologous end-joining pathway (Cong
et al.,, 2013; Mali et al., 2013). The heterogeneous genotype of
the FGR locus in the resulting cell populations was analyzed
by amplicon sequencing. Methodical details are provided in
Supplemental Methods (section 1.8).

2.9. In silico FGR expression and mutation analysis in
B-cell lymphoma patients

For the analysis of publicly available gene expression data sets
of B-cell lymphoma samples (n = 1200) the R2 application was

used (R2: Genomics Analysis and Visualization Platform
(http://r2.amc.nl)) (Dave et al., 2006; Hummel et al., 2006;
Richter et al., 2012; Scholtysik et al., 2015; Visco et al., 2012).
For compilation of published tumor associated somatic nucle-
otide variations in B-cell lymphoma samples (n = 413) the cos-
mic database (v74) was employed (Forbes et al., 2015).

3. Results

3.1.  Determination of SAHA resistant and sensitive B-
cell lymphoma cell lines

26 B-cell lymphoma cell lines were treated with increasing
concentrations of SAHA for 48 h. Cell lines with IC50 values
>2.5 uM SAHA were classified as resistant and cell lines with
IC50 values <2.0 uM SAHA as sensitive. Cell lines with IC50
values between 2.0 and 2.5 uM were classified as intermediate.
Classification was based on the average plasma concentration
of SAHA in patients (2.5 uM) (Iwamoto et al., 2013). According
to these categories, we identified 11 SAHA resistant, 3 inter-
mediate and 12 SAHA sensitive B-cell lymphoma cell lines
(Table 1). The ICso of the most resistant cell line (CA-46; ICso:
470.4 uM SAHA) differed from the ICso of the most sensitive
cell line (OCI-Lyl; ICso: 0.5 pM SAHA) by three orders of
magnitude.

Table 1 — Categorization of 26 B-cell lymphoma cell lines in
resistant, intermediate and sensitive based on their SAHA I1C50

values. IC50 values were calculated using Prism6 (GraphPad
Software, Inc.).

SAHA Cell line IC50 (uM SAHA)

Resistant CA-46* 470.40
Daudi* 282.60

DG-75* 117.70

Raji* 19.74

Blue-1 11.72

Namalwa 7.00

DND-39 5.76

HT 4.63

BL-70 3.93

Carnaval 3.56

WSU-DLCL2 3.52

Intermediate Kis-1 2.49
SU-DHL-4 2.27

OCI-Ly7 2.15

Sensitive OCI-Ly2 1.98
WSU-FSCCL 1.82

HBL-1 1.62

U2932 1.61

SU-DHL-6 1.48

Granta-452* 1.28

BL-2 1.18

OCI-Ly3 1.14

BL-41* 1.13

TMDS8* 0.96

OCI-Ly10 0.61

OCI-Ly1* 0.50

*cell lines used for CCMS analysis.
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3.2. CCMS based SAHA interaction profiles in SAHA
resistant and SAHA sensitive cell lines

Following the hypothesis that alterations in the capture pro-
files of proteins or protein complexes interacting with SAHA
contribute to the differential SAHA response of the cells, we
profiled the four most SAHA resistant and four of the most
SAHA sensitive cells lines for SAHA-binding proteins by CCMS.

We compiled alist of 315 candidate proteins that directly or
indirectly interact with SAHA. This list contained previously
described bona fide targets of SAHA (HDAC1, 2, 3, 6, 8, members
of the HDAC1/2 complexes, ISOC1 and ISOC2) and a large
number of novel proteins with unknown relation to HDACs
(Supplementary Table S3A) (Bantscheff et al., 2011; Fischer
et al,, 2011b). Out of the 315 proteins compiled in our initial
list, 129 were either predominantly enriched from SAHA
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Figure 2 — FGR is a candidate for SAHA resistance in B-cell lymphoma. A: Within the integrated network of captured proteins and whole exome
sequencing data the node color and size indicate fold changes towards SAHA resistant (red) or sensitive (blue) cell lines in the CCMS experiments,
white nodes indicate no relevant fold change (logFC < 1), the transparency expresses the p-value. Diamond shaped nodes mark gene products that
carry a more detrimental mutation as defined by the Ensembl analysis group in any of the SAHA resistant cell lines (Flicek et al., 2014). Edge
opaqueness expresses protein interaction confidence. FGR showed significantly higher binding in all resistant cell lines during protein capture and
carried more detrimental mutations in some resistant cell lines (3/11). Data were visualized using Cytoscape. The full graph is available as
Supplemental Figure S3. B: Normalized mass spectrometric protein intensities for FGR across SAHA CCMS assay with and without SAHA
competition across four SAHA resistant and four sensitive cell lines. The higher FGR enrichment by the SAHA-CC in resistant cell lines
compared to sensitive cell lines was significant (p = 9.6 X 10~ 7). Regarding SAHA resistant cell lines, FGR enrichment was significantly higher
in the SAHA CCMS assay with competitor as compared to SAHA capture assay without competitor (*p < 0.05; **p < 0.001). Assay: SAHA
CCMS assay without competitor, Competition: SAHA CCMS in the presence of a 5.6-fold excess of unmodified SAHA as competitor. FGR
protein intensities were determined by nLC-MS/MS followed by label-free quantification and data normalization.


http://dx.doi.org/10.1016/j.molonc.2016.06.001
http://dx.doi.org/10.1016/j.molonc.2016.06.001
http://dx.doi.org/10.1016/j.molonc.2016.06.001

MOLECULAR ONCOLOGY 10 (2016) 1232—-1244

1237

resistant (n = 117) or from SAHA sensitive (n = 12) cell lines
(Supplemental Table S3B).

3.3. Integrated network analysis reveals FGR as a
candidate involved in SAHA resistance

To assess the functional context of significant SAHA binders,
we generated a protein—protein interaction network from
the 315 candidate proteins, which yielded 125 proteins that
interact with each other (Supplemental Figure S3). Interest-
ingly, in the largest connected subnetwork, a membrane asso-
ciated and cytoplasmic network comprising mainly Src
kinases (FGR, HCK, LYN), G-proteins and their regulators
(GNAI1, GNAI2, GNAI3, GNG7, GNAZ, GNAS, GNB1, RGS14
and RGS19) was linked to nucleus-associated HDAC-com-
plexes through the STAT-pathway (Figure 2A, Supplemental
Figure S3). The integration of our exome data into this
network revealed three proteins (FGR, RGS14, and PAG1),
which carry more detrimental mutations according to the
Ensembl analysis group in a small number of resistant cell
lines (FGR: 3/11; RGS14: 2/11, PAGI1: 1/11) (Figure 2A;
Supplemental Figure S3; Supplemental Tables S4 and S5)
(Flicek et al., 2014; McLaren et al., 2010). Among these proteins,
FGR showed the highest and most significant (p = 9.6 x 1077)
CCMS enrichment in resistant cells compared to sensitive
cells (Figure 2B; Supplemental Table S3). Taken together, our
integrated network analysis identified networks of resistance
mechanisms rather than single recurrent mutation. The high-
ly significant CCMS intensity profile of FGR in all resistant cell
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lines prompted us to investigate the role of FGR in SAHA
resistance.

3.4. Characterization of the SAHA-FGR interaction

To the best of our knowledge, FGR has never been reported
before to interact with SAHA. Therefore, we characterized
SAHA binding to FGR in more detail.

First, we determined FGR binding strength to SAHA. To this
end, a series of CCMS experiments with Raji cell lysate were
performed, at which the protein input was constant, but the
SAHA-CC concentration varied from 0 to 10 uM across 14
different concentrations. The normalized mass spectrometric
intensities of each individual protein across capture assays at
the different concentrations of SAHA-CC determined by nLC-
MS/MS yielded protein intensity profiles for each protein. The
analysis of these intensity profiles revealed two clusters of
proteins with (i) high (half-maximal capturing between 250
and 500 nM SAHA-CC) and (ii) moderate affinity (half-maximal
capturing between 1 and 10 uM SAHA-CC). The high affinity
cluster contained 24 proteins including several HDACs (e.g.
HDAC1 and HDAC6) and HDAC protein interaction partners
(Supplemental Figure S4). FGR was assigned to the moderate
affinity cluster containing 78 proteins (Supplemental
Figure S5). For FGR, half-maximal capturing occurred at a
CC-concentration of ~2.5 puM compared to HDAC1 and
HDAC6 with ~350 nM, and ~500 nM, respectively
(Figure 3A). To estimate the apparent binding strength of
SAHA to FGR, we determined the SAHA concentration
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Figure 3 — Characterization of the SAHA-FGR interaction. A: Binding of the SAHA-CC to FGR based on CCMS titration experiment with Raji
protein lysate. Half-maximal capturing of FGR by the SAHA-CC occurred at FGR = ~2.5 uM, HDAC1 ~ 375 nM, HDAC6 ~ 500 nM. B:
Dose-dependent competition of FGR with SAHA based on CCMS competition titration experiment at a fixed CC-concentration of 2.5 pM with
Raji protein lysate. Half-maximal competition occurred at FGR = 5.10 pM, HDAC1 = 970 nM, HDAC6 = 1.40 uM. The results of A and B
suggest that SAHA binds to FGR with moderate affinity. C: Streptavidin-horseradish peroxidase Western blot showing specific biotinylation of
recombinant FGR (FGR-GST) by the SAHA-CC and dasatinib-CC (positive control). The specific biotinylation by the SAHA-CC (final

concentration 6.25 pM), which was abolished by the competitor (SAHA, final concentration 100 pM), indicates direct binding of SAHA to FGR.
In the reference experiment, the dasatinib-CC was used at 1.25 pM, and dasatinib (competitor) at 100 pM. Western blots were documented using a

G:BOX F3 Fluorescence Imaging System (Syngene).
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required for half-maximal competition of the SAHA-CC-
binding at a fixed SAHA-CC concentration of 2.5 uM. Half-
maximal competition of the SAHA-CC binding to FGR occurred
at a SAHA concentration of 5.1 uM compared to HDAC1 and
HDAC6 with 0.97 uM, and 1.4 pM respectively (Figure 3B).
These data confirmed that FGR is a SAHA binder with moder-
ate affinity.

To prove direct binding of SAHA to FGR, we carried out
CCMS experiments with purified human recombinant FGR.
The SAHA-CC comprised a photo-inducible cross-linking
and a biotin-sorting functionality. In case of direct SAHA bind-
ing, FGR should become biotinylated upon UV-induced cross-
linking of the SAHA-CC. This biotinylation should be abol-
ished in the presence of an excess of SAHA as competitor.
As positive control and competitor, we used a dasatinib-CC
and dasatinib respectively, since dasatinib is a known FGR in-
hibitor, which directly binds FGR with high affinity (Fischer
et al., 2011a; Karaman et al., 2008). Employing Western blot
analysis, we showed direct cross-linking of SAHA-CC to FGR,
which was abolished in the presence of SAHA comparable to
the positive dasatinib control (Figure 3C). Thus, SAHA binds
directly to FGR.

To test whether SAHA is capable of inhibiting FGR kinase ac-
tivity, we performed an FGR kinase activity inhibition assay
comparing dasatinib with SAHA. While dasatinib inhibited
FGR kinase activity in a low nM-range, SAHA was not able to
inhibit FGR kinase activity even at the highest concentration
tested (10 pM; data not shown). Accordingly, direct binding of
SAHA to FGR can only be explained by a direct binding of
SAHA to FGR via a binding site different from dasatinib. To
this end, we tested whether the FGR binding sites for SAHA
and dasatinib differ from each other. We conducted CCMS ex-
periments using the SAHA-CC and performed competition ex-
periments with either SAHA or dasatinib employing a CA-46
cell lysate. While SAHA largely abolished capturing of FGR by
the SAHA-CC, capturing of FGR was only negligibly affected by
dasatinib (Supplemental Figure S6). The data further support
that SAHA binds FGR directly and specifically, but that the
SAHA binding site is different from the dasatinib binding site.

3.5. FGR expression status distinguished SAHA
resistant from SAHA sensitive cell lines

Since FGR showed the highest and most significant CC-
enrichment in resistant cells compared to sensitive cells, we
analyzed FGR RNA/protein expression in our B-cell lymphoma
cell line panel (n = 26). FGR protein expression was clearly
higher in SAHA resistant cell lines compared to SAHA sensi-
tive cell lines (Figure 4A, Supplemental Table S6). In line
with this, FGR RNA expression analysis in both groups
revealed that the difference in FGR expression between resis-
tant and sensitive cell lines was significant (p = 1.0 x 107°)
(Figure 4B). Thus, FGR expression is a strong indicator for
SAHA resistance.

3.6. FGR knock-out leads to increased SAHA sensitivity
in FGR non-mutated cell lines

To functionally validate the relation between FGR expression
and SAHA resistance, three SAHA resistant cell lines (Daudi,

Raji and DG-75) were chosen to knock-out FGR via CRISPR/
Cas9 targeting. While Daudi and Raji have a non-mutated
FGR gene, DG-75 harbors a heterozygous FGR mutation in its
tyrosine kinase domain (c.1459/C>A). The resulting cell popu-
lations were composed of a heterogeneous genotype at the
targeted locus with efficient FGR knock-out in Daudi (91%
INDELs), and DG-75 (84.9% INDELs), while Raji only showed
51.8% INDELs (Figure 5A; Supplemental Table S7).

All cell lines were treated with different concentrations of
SAHA (0—32 uM) to determine ICsy values. The lack of FGR
clearly increased the sensitivity of Raji and Daudi to SAHA
compared to control cells (Raji: 19.5 uM — 6.0 pM; Daudi:
287.2 pM — 55.9 uM; Figure 5B). Interestingly, the FGR mutated
DG-75 cells showed no increase in SAHA sensitivity
(117.5 uM — 132.5 pM; Figure 5B).

3.7. FGR expression and mutation status in B-cell
lymphoma patient samples

The expression of FGR in silico was analyzed in publicly avail-
able datasets of 1200 B-cell lymphoma patients using the R2
application (Figure 4C) (Hummel et al., 2006; Richter et al.,
2012; Scholtysik et al., 2015; Visco et al., 2012). The expression
of FGR in B-cell lymphoma samples was distributed over a
wide log range within the analyzed cohorts. This indicates
that differences in FGR expression could potentially be used
for a stratification of B-cell lymphoma patients prior to
SAHA treatment.

We also analyzed publicly available sequencing data from
413 B-cell lymphoma patient samples (Forbes et al., 2015).
Only one of the samples harbored a mutation in FGR, which
indicates that FGR mutations are very rare in primary B-cell
lymphoma.

4. Discussion

The HDAC inhibitor SAHA showed encouraging clinical
response rates in patients with refractory or relapsed B-cell
lymphoma after SAHA monotherapy (Kirschbaum et al,
2011; Ogura et al., 2014; Watanabe et al., 2010). Unfortunately,
the majority of patients do not respond to this type of therapy
posing the question for the underlying mechanisms. There-
fore, the understanding of these molecular resistance mecha-
nisms could pave the way to stratify patients that benefit from
a HDAC inhibitor therapy and thus improve the efficacy of
these promising drugs.

We hypothesized that the therapeutic effect of a drug is
mainly based on the expression and mutation status of drug
target proteins. To this end, we designed a novel approach
combining drug efficacy testing with whole-exome data and
captured target analysis (DETECT) to identify factors involved
in drug resistance (Figure 1).

Here, we used DETECT to unravel SAHA resistance mecha-
nisms in a panel of 26 B-cell lymphoma cell lines as a model
system for the molecular mechanisms in B-cell lymphoma.
While several studies have investigated mechanisms of
HDAC resistance, so far direct binding proteins of SAHA
were not examined in this context (Fantin et al., 2008; Fiskus
et al., 2008; Garcia-Manero et al., 2008; Ierano et al., 2013;
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Figure 4 — FGR expression. A: Western blot analysis of B-cell lymphoma cell lines (n = 26) revealed that FGR expression is higher in SAHA
resistant cell lines compared to intermediate and sensitive cell lines. B-actin was used as a loading control. Fusion software (Peqlab Biotechnologie
GmbH) was employed to analyze Western blot bands. Narrow gaps indicate separately performed blots. B: Real-time RT-PCR analysis of B-cell
lymphoma cell lines (n = 26) showed a higher expression of FGR in SAHA resistant cell lines compared to intermediate and sensitive cell lines.
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Figure 5 — Functional validation of FGR involvement in SAHA resistance. A: FGR knock-out (KO) in Raji, Daudi and DG-75 was confirmed by
Western blot analysis. Compared to control (untransfected) cells, all three FGR knock-out cell lines showed an efficient knock-out of FGR. B-
actin was used as a loading control. Fusion software (Peqlab Biotechnologie GmbH) was used to analyze Western blot bands. B: SAHA IC50
values for control and FGR knock-out cell lines were determined. Raji and Daudi (non-mutated FGR) showed an increase in SAHA sensitivity
after FGR knock-out, whereas DG-75 (FGR mutation ¢.C1459A) had no change in SAHA sensitivity after FGR knock-out. IC50 values were
calculated using Prism6 (GraphPad Software, Inc.).

Khan et al., 2010; Kim et al., 2015; Lee et al., 2011; Munster to nucleus-associated HDAC-complexes through the STAT-
et al.,, 2009; Thompson et al., 2013). Furthermore, previous pathway (Figure 2A and Supplemental Figure S3). Remarkably,

studies analyzing direct SAHA binding proteins did not focus mutations in FGR and its interaction partner RGS14 occurred
on SAHA resistance mechanisms (Bantscheff et al.,, 2011; in the same SAHA resistant cell lines (DG-75, HT)
Fischer et al., 2011b; Salisbury and Cravatt, 2007). (Supplemental Table S4). Although multiple resistance factors
Our SAHA sensitivity testing of B-cell lymphoma cell lines are most likely involved in this SAHA relevant network, we
led to the identification of 11 SAHA resistant and 12 SAHA sen- focused on the role of FGR in SAHA resistance since it showed
sitive cell lines. Both, BL and DLBCL cell lines were present in the highest and most significant CCMS enrichment.
SAHA sensitive and resistant groups. However, the BL cell First, we provided evidence of direct binding of SAHA to
lines showed the higher ICsy values (Table 1). Overall, the FGR and showed that the SAHA binding site for FGR must be
observation of resistant and sensitive cell lines nicely reflects different to the binding site of the FGR inhibitor dasatinib,
the occurrence of responding and non-responding B-cell lym- which binds to the catalytic pocket. However, the exact site
phoma patients. of SAHA binding to FGR remains unclear (Figure 3).
SAHA CCMS data of four SAHA resistant and four SAHA Next, we analyzed FGR expression in the 26 B-cell lym-

sensitive cell lines led to the identification of 315 SAHA bind- phoma cell lines (Figure 4 A/B; Supplemental Table S6). In
ing proteins. Combining the CCMS data with whole exome line with our CCMS data, SAHA resistant cell lines showed a
data of all 26 cell lines revealed a membrane associated and higher FGR expression and the difference in FGR expression
cytoplasmic subnetwork, comprising mainly membrane- between resistant and sensitive cell lines was significant for
associated Src kinases (FGR, HCK LYN) and G-proteins, linked RNA and protein expression with p-values of 1.0 x 107° and

GAPDH was used for normalization. Note: Carnaval and Kis-1 showed increased CT values for GAPDH, which distort the quantitative FGR
expression. Thus, the average CT value for GAPDH (19.9) was used to normalize Carnaval and Kis-1. Relative mRNA quantification was
calculated using the comparative AACT method (Bookout and Mangelsdorf, 2003). Two-sided Mann-Whitney-U test revealed a significantly
different FGR expression (p = 1.035 X 10~°) in SAHA resistant cell lines compared to sensitive cell lines. C: FGR expression is high and
distributed over a wide range of B-cell lymphoma (n = 1200). Dot-boxplots present the log, transformed FGR expression values of B-cell
lymphoma patients recruited in five independent cohorts. Numbers of recruited patients are indicated. Gene expression was determined using an
Affymetrix U133P2 chip and MASS5 normalization (Hummel et al., 2006; Richter et al., 2012; Scholtysik et al., 2015; Visco et al., 2012). In the
Dave cohort, gene expression was analyzed using a custom oligonucleotide microarray with 2524 unique genes that are expressed differentially
among a variety of non-Hodgkin lymphoma and MAS5 normalization (Dave et al., 2006). Plots were generated using R2.
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6.0 x 107> respectively. However, FGR expression does not
directly correlate with SAHA resistance, which might reflect
the presence of multiple resistance factors.

To further prove the relation between FGR expression and
SAHA resistance, we showed that FGR knock-out in SAHA
resistant cell lines with high FGR expression led to increased
SAHA sensitivity in non-mutated FGR cell lines. It is of note,
that SAHA sensitivity was not increased by FGR knock-out in
DG-75 carrying the heterozygous mutation in the kinase
domain of FGR (Supplemental Figure S7). We speculate that
DG-75 acquired mechanisms to circumvent a possible altered
FGR function (Figure 5).

In the context of B-cell lymphoma, the direct interaction of
SAHA with FGR is of special interest. FGR is clearly higher
expressed in B-cell lymphoma cell lines compared to cell lines
derived from non-lymphoid cancer entities (Supplemental
Figure S8). Furthermore, FGR is a member of Src-family ki-
nases (SFKs) — a group of membrane-associated non-receptor
tyrosine kinases — which are key mediators in the B-cell re-
ceptor signaling (BCR) transduction cascade (Saijo et al.,
2003). Other members of the SFKs are c-SRC, YES, FYN, LYN,
LCK, HCK, BLK and YRK. Interestingly, HCK and LYN were
also present in our network of SAHA interacting proteins
(Figure 2A). Activated Src kinases phosphorylate cytoplasmic
domains of BCR components that finally lead to the activation
of transcription factors such as nuclear factor-«B, nuclear fac-
tor of activated T-cells (NFAT) and signal transducers and ac-
tivators of transcription (STATSs) (Dal Porto et al., 2004). Fantin
et al. showed that SAHA resistant lymphoma cell lines
(including B- and T-cell lymphoma) had higher expression
levels of activated (phosphorylated) STAT1, STAT3 and
STATS (Fantin et al., 2008). Interestingly, FGR is involved in
phosphorylation of STATs (Schreiner et al., 2002). Moreover,
our network analysis points towards a possible role of G-pro-
tein signaling being relevant for SAHA resistance mechanisms
(Figure 2A).

Since we focused on FGR, we further tested the feasibility
using FGR analysis to stratify B-cell lymphoma patients. For
this purpose, we analyzed FGR expression and mutation sta-
tus in silico by using publicly available data sets. FGR expres-
sion analysis in 1200 B-cell lymphoma patients revealed a
wide range of FGR expression (Figure 4C). FGR mutations
were a rare event in B-cell lymphoma patients (n = 1/413).
Therefore, FGR mutations seem to be negligible and FGR
expression is a promising parameter to stratify patients that
might benefit from SAHA therapy.

In conclusion, the novel DETECT approach is a comprehen-
sive strategy to gain a better understanding of drug resistance
mechanisms. In this study, we describe a complex SAHA pro-
tein interaction network and identified FGR as a direct SAHA
target protein being involved in SAHA resistance in B-cell lym-
phoma. FGR expression might be helpful to stratify patients,
who have a clinical benefit from SAHA treatment.
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