cancers

Article

BRG1 and NPM-ALK Are Co-Regulated in Anaplastic
Large-Cell Lymphoma; BRG1 Is a Potential Therapeutic Target

in ALCL

Gavin D. Garland 11/, Stephen P. Ducray L8, Leila Jahangiri 1,2(5, Perla Pucci 1@, G. A. Amos Burke 3,
Jack Monahan 4, Raymond Lai 580, Olaf Merkel ¢85, Ana-Iris Schiefer ¢, Lukas Kenner ¢7-8:98

Andrew J. Bannister 1°

check for
updates

Citation: Garland, G.D.; Ducray, S.P.;
Jahangiri, L.; Pucci, P.; Amos Burke,
G.A.; Monahan, J.; Lai, R.; Merkel, O.;
Schiefer, A.-I.; Kenner, L.; et al. BRG1
and NPM-ALK Are Co-Regulated in
Anaplastic Large-Cell Lymphoma;
BRGI1 Is a Potential Therapeutic
Target in ALCL. Cancers 2022, 14, 151.
https://doi.org/10.3390/
cancers14010151

Academic Editor: Giuseppe Visani

Received: 10 December 2021
Accepted: 28 December 2021
Published: 29 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Suzanne D. Turner

1,11,%,§

Division of Cellular and Molecular Pathology, Department of Pathology, University of Cambridge,

Cambridge CB2 0QQ, UK; gdg26@mrc-tox.cam.ac.uk (G.D.G.); ducrays@tcd.ie (S.P.D.);

leila.jahangiri@bcu.ac.uk (L.J.); PP504@cam.ac.uk (P.P.)

Department of Life Sciences, Birmingham City University, Birmingham B15 3TN, UK

3 Department of Paediatric Oncology, Cambridge University Hospital NHS Trust, Cambridge CB5 8PD, UK;
Amos.Burke@Addenbrookes.nhs.uk

4 The European Bioinformatics Institute (EMBL EBI), Wellcome Genome Campus, Cambridge CB10 1SA, UK;

monahanj@ebi.ac.uk

Department of Laboratory Medicine and Pathology, University of Alberta, Edmonton, AB T6G 2R3, Canada;

rlai@ualberta.ca

Department of Pathology, Medical University Vienna, 1090 Vienna, Austria;

Olaf.merkel@meduniwien.ac.at (O.M.); ana-iris.schiefer@meduniwien.ac.at (A.-1.S.);

lukas.kenner@meduniwien.ac.at (L.K.)

Unit of Pathology of Laboratory Animals, University of Veterinary Medicine Vienna, 1210 Vienna, Austria

8 CBMed, 8010 Graz, Austria

Christian Doppler Laboratory of Applied Metabolomics (CDL-AM), Medical University Vienna,

1090 Vienna, Austria

10 The Gurdon Institute, Cambridge CB2 1QN, UK; abl149@cam.ac.uk

11 Central European Institute of Technology (CEITEC), Masaryk University, 601 77 Brno, Czech Republic

*  Correspondence: sdt36@cam.ac.uk; Tel.: +44(0)-1223-762655

These authors contributed equally to this work.

Current address: MRC Toxicology Unit, University of Cambridge, Cambridge CB2 1QR, UK.

European Research Initiative for ALK-related malignancies (www.erialcl.net, accessed on 31 July 2021).

un +H —+

Simple Summary: T-cell lymphoma is a cancer of the immune system. One specific sub-type of T-cell
lymphoma is a malignancy called anaplastic large cell lymphoma (ALCL), which is distinct from the
other forms, as in general, it has a better prognosis. Research conducted to understand why ALCL
develops has shown that a specific genetic event occurs, whereby a new protein is created that drives
tumour growth. This protein is called nucleophosmin—anaplastic lymphoma kinase (NPM-ALK).
Our research, described here, shows that NPM-ALK regulates another protein, called BRGI, to drive
proliferation of tumour cells. In turn, when the gene that leads to expression of BRG1 is inactivated,
the tumour cells die. These data suggest that therapeutic targeting of BRG1 might be a novel therapy
for this form of cancer.

Abstract: Anaplastic large-cell lymphoma (ALCL) is a T-cell malignancy driven in many cases by the
product of a chromosomal translocation, nucleophosmin-anaplastic lymphoma kinase (NPM-ALK).
NPM-ALK activates a plethora of pathways that drive the hallmarks of cancer, largely signalling
pathways normally associated with cytokine and/or T-cell receptor-induced signalling. However,
NPM-ALK is also located in the nucleus and its functions in this cellular compartment for the
most part remain to be determined. We show that ALCL cell lines and primary patient tumours
express the transcriptional activator BRG1 in a NPM-ALK-dependent manner. NPM-ALK regulates
expression of BRG1 by post-translational mechanisms dependent on its kinase activity, protecting it
from proteasomal degradation. Furthermore, we show that BRG1 drives a transcriptional programme
associated with cell cycle progression. In turn, inhibition of BRG1 expression with specific ShARNA
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decreases cell viability, suggesting that it may represent a key therapeutic target for the treatment
of ALCL.

Keywords: NPM-ALK; ALCL; Brgl

1. Introduction

Anaplastic large-cell lymphoma (ALCL) is a T cell Non-Hodgkin Lymphoma (NHL)
which accounts for 10-15% of paediatric/adolescent cases [1], and which can be separated
into two distinct subclasses based on differential expression of anaplastic lymphoma kinase
(ALK). Both subclasses share similar histological features, although ALK* ALCL patients
are typically children or young adults and have a relatively good prognosis, with 88-95%
of patients achieving complete remission [2,3], whereas ALK™ ALCL patients are usually
40-65 years of age at diagnosis and have a less favourable prognosis, with a 5 year overall
survival of 49% [4].

For the majority of ALK" ALCL cases, expression of ALK is the consequence of
the t(2;5)(p23;q35) chromosomal translocation that results in the fusion of ALK with nu-
cleophosmin 1 (NPM), thereby generating the NPM-ALK protein chimaera with strong
expression driven by the NPM promoter, and oligomerisation potential that permits con-
stitutive activation of NPM-ALK tyrosine kinase activity [5,6]. The oncogenic potential
of NPM-ALK has been well established and is dependent on its tyrosine kinase activity,
activating a variety of intracellular signalling pathways involved in cell survival, prolif-
eration and cell cycle progression including the RAS/ERK, PI-3K/AKT, and JAK/STAT
pathways [5,7-12]. Furthermore, selective inhibition of ALK with small-molecule inhibitors
has shown encouraging responses in patients with relapsed, advanced ALK* ALCL [13]. It
has been reported that the oncogenic effects of NPM-ALK are mediated in part via epige-
netic mechanisms, whereby silencing of CpG islands within promoter regions of proximal
T-cell receptor (TCR) signalling proteins and STAT5B have been reported, putatively as a
consequence of NPM-ALK-induced expression of DNMT1 [13,14]. However, the molecular
mechanisms accounting for transcriptional regulation in ALCL, and the role played by
NPM-ALK in mediating these, largely remain to be determined, although STAT3 has been
shown to play a key role in ALCL [15,16].

BRM-Related Gene 1 (BRG1, also known as SMARCAA4), is a central ATPase subunit of
the human SWI/SNF chromatin remodelling complex [17,18]. BRG1 can relieve DNA CpG
hypermethylation-induced epigenetic silencing of genes by directly interacting with their
promoter in a manner that is dependent on the enzyme’s ATPase activity, thereby inducing
transcriptional activation [19]. Previous studies have shown that BRG1 immunoprecipitates
with an amino-terminal NPM1 antibody in the NPM-ALK* ALCL cell line KARPAS-299,
suggesting that it is part of a complex with NPM-ALK (NPM1 also binds to NPM-ALK
via the oligomerisation domain of NPM retained in the fusion protein which allows its
nuclear translocation) [14]. Whilst BRG1 has classically been seen as a tumour suppressor
gene, with its loss promoting tumourigenesis in vivo, it has been shown that BRG1 can act
in oncogenic roles in some cancers [20-24]. Indeed, we find that expression of BRG1 and
NPM-ALK proteins is co-regulated. BRG1 expression is mediated by NPM-ALK, at least in
part through protection from proteasomal degradation. Furthermore, BRG1 promotes the
transcription of genes involved in cell cycle regulation in ALCL cell lines and its genetic
inhibition decreases cell viability. At present, specific clinically actionable inhibitors of
BRGI1 are not available; further, should they become available in the future, BRG1 activity
might be inhibited for therapeutic purposes.
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2. Materials and Methods
2.1. Cell Lines

Cell lines Jurkat, SUDHL-1, Karpas-299, DEL and SUP-M2 were purchased from DSMZ
(Braunschwieg, Germany). The ALCL, ALK- cell line, FEPD was a kind gift provided by
Prof Annarosa Del Mistro, University of Padua, Italy. All of the cell lines were cultured in
RPMI-1640/10% FBS (Gibco, Loughborough, UK/Biosera, Heathfield, UK) supplemented
with 1% Penicillin-Streptomycin (Gibco, Loughborough, UK), in an incubator at 37 °C/5%
CO;. The DHL-T5 A5 (a derivative SUDHLI1 cell line expressing an shRNA targeting NPM-
ALK in a doxycycline-inducible manner) and MEFNA (murine embryonic fibroblast cell
line expressing NPM-ALK in a doxycycline-inducible manner) cell lines were provided by
Roberto Chiarle, University of Torino, Torino, Italy. For induction of sShRNA expression, the
DHL TA A5 cell line was grown in the presence of 1 pg/mL doxycycline (Sigma-Aldrich,
Poole, UK). To inhibit expression of NPM-ALK, the MEFNA cell line was grown in the
presence of 1 pg/mL doxycycline (Sigma-Aldrich, Poole, UK). A tumour cell line derived
from the CD4/NPM-ALK transgenic mouse model [11] (CD4-NA cell line) was kindly
provided by Roberto Chiarle, University of Torino, Torino, Italy.

2.2. Inhibitors and Antibodies

The ALK/c-MET inhibitor Crizotinib was purchased from LC Laboratories (Woburn,
MA, USA) and was resuspended in DMSO (Sigma-Aldrich, Poole, UK) to a stock concen-
tration of 1 mM, before dilution in DMSO (Sigma-Aldrich) or sterile Dulbecco’s PBS (PAA,
Pasching, Austria) to the required concentration for each assay as indicated. Brigatinib
and lorlatinib were purchased from MedChem Express (Monmouth Junction, NJ, USA).
The BRG1 antibody for IHC was purchased from Abcam (Cambridge, UK). Western blot
antibodies were purchased from Cell Signaling Technologies (Danvers, MA, USA) (pALK
Y1278, pALK Y1604, STAT3 cleaved caspase 3, p53, p21), Life Technologies (Waltham, MA,
USA) (ALK), Abcam (Cambridge, UK) (Brgl) and Sigma (Poole, UK) (Tubulin).

2.3. Primary Patient Samples and Immunohistochemistry

Immunohistochemistry was conducted as described previously [25]. In brief, a tissue
microarray containing cores of 12 ALK+ ALCL and 9 ALK- ALCL FFPE patient samples
as well as 8 Peripheral T-cell Lymphoma—Not Otherwise Specified (PTCL-NOS) and
6 Angioimmunoblastic T-cell Lymphoma (AITL) patient samples was subjected to antigen
retrieval following incubation in a citrate buffer before exposure to BRG1 antibody (Abcam,
Cambridge, UK) diluted 1:100 in PBS/BSA overnight at 4 °C. Tumours were defined as be-
ing highly positive for BRG1 (++) if >30% cells stained highly positive and BRG1 + if >30%
tumour cells stained positive for BRGI.

2.4. Mice

Mice expressing NPM-ALK from the CD4 promoter [11] were kindly provided by
Roberto Chiarle (University of Torino, Torino, Italy) and were housed as previously
described [15].

2.5. SDS-PAGE and Western Blot

SDS-PAGE and Western blot were conducted as described previously [16]. Briefly,
cells (0.5-5.0 x 10°) were lysed in RIPA buffer, mixed with 2 x Laemmli’s loading buffer
before boiling and loading into the wells of an 8% SDS-PAGE. Proteins were transferred to
Immobilon PVDF membranes (Bio-Rad, Watford, UK) by wet transfer before incubation
in 5% (w/v) BSA (PAA, Pasching, Austria) for 1 h at RT followed by primary antibody
for 1 h at RT or overnight at 4 °C (phospho-specific antibodies), washed twice in TBS/T
and then incubated with horse radish-peroxidase (HRP)-conjugated secondary antibody
at 1:10,000 for 1 h at RT. The membrane was subsequently washed twice in TBS/T, and
then exposed to Immobilon Western chemiluminescent HRP substrate (Millipore, Watford,
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UK) and imaged using a Fujifilm LAS-4000 Biomolecular Imager (Raytek, Sheffield, UK).
Analysis and densitometry were performed using Aida software (Raytek, UK).

2.6. RNAseq

RNAseq was conducted by Novogene, Cambridge, UK. Data were mapped with
HISAT?2 [17], quantified (produced count tables) with htseq-count [18] and analysed
in R using various Bioconductor packages (e.g., DESeq2, gplots, and RColorBrewer;
http:/ /colorbrewer2.org, accessed on 31 July 2021) [19]. This pipeline was broken down
into: initial set-up (building an index from the GRCh38 primary assembly with the
corresponding transcriptome annotation from Ensembl version 99) [20], reading map-
ping with HISAT2, gene expression quantification with HTSeq, data normalisation, post-
normalisation QC, normalisation of counts with DESeq2’s variance stabilising transfor-
mation (VST) for visualisation purposes, principal component analysis (PCA) of sample
to sample variation, detection of statistically significant (p-value < 0.05, p-value < 0.005,
or adj. p-value < 0.05 are outlined and specified where appropriate) and differentially
expressed genes using DESeq2’s negative binomial Wald test, and post-statistical QC steps
inR.

2.7. Isolation of RNA

RNA was isolated using the RNeasy Plus mini kit (Qiagen, Manchester, UK) according
to the manufacturer’s instructions. Briefly, 0.5-4.0 x 10° cells were lysed in buffer RLT
plus and passed through an RNeasy spin column. Subsequently, RNA was eluted in
DEPC-treated water and the concentration was measured by NanoDrop (Thermo Fisher
Scientific, Waltham, MA, USA). Sufficient RNA purity was indicated by A260/280 ratios of
~2.0 and A260/230 ratios of ~2.0-2.2. To completely remove contaminating DNA, 10 pg
purified RNA was diluted in 50 uL. 1x Turbo DNase Buffer (Life Technologies, Waltham,
MA, USA) supplemented with 2U Turbo DNase (Life Technologies, Waltham, MA, USA)
and incubated at 37 °C for 30 min. The DNase was inactivated by the addition of 7.5 pL
100 mM EDTA, pH 8.0.

2.8. Synthesis of cDONA

Synthesis of cDNA was performed using the SuperScript Il Reverse Transcriptase kit
(Life Technologies, Waltham, MA, USA) according to the manufacturer’s protocol. Briefly,
500 ng DNase-treated RNA was diluted in DEPC-treated water supplemented with 500 ng
oligo(dT) primers (Stratagene, San Diego, CA, USA) and 10 nmol dNTP mix (Fermentas,
Waltham, MA, USA) up to 12 pL total volume and incubated at 65 °C for 5 min. To this,
4 ul. 5x First Strand Buffer and 2 pl. 0.1 M DTT were added and then incubated at 42 °C for
2 min. Subsequently, 1 pL SuperScript II Reverse Transcriptase was added and incubated
at 42 °C for 50 min to synthesise the cDNA. The reaction was inactivated by incubation at
70 °C for 15 min. The cDNA concentration was measured by NanoDrop analysis (Thermo
Fisher Scientific, Waltham, MA, USA). Sufficient cDNA purity was indicated by A260/280
ratios of ~1.8 and A260/ratios of ~2.0-2.2.

2.9. Quantitative Real-Time PCR Analysis

Samples of cDNA were analysed by quantitative, real-time (qRT)-PCR using the
QuantStudio 6 Flex Real-Time PCR system (Thermofisher, Waltham, MA, UK). Reactions
were performed in 10 uL volumes with 40 ng cDNA, 50% (v/v) SsoFast EvaGreen Super-
mix (Bio-Rad, Watford, UK) and 25 ng of each primer. The primers and conditions used
are detailed in Table 1. Each reaction was performed in triplicate and data points with a
standard deviation >1.0 were excluded. These data were analysed using the comparative
Ct method. Alternatively, the PCR efficiency was calculated from a 5-point, 4-fold dilution
series from 160 ng to 0.625 ng cDNA prepared from the SU-DHL-1 or JURKAT cell line using
a QIAquick PCR purification kit (Qiagen, Manchester, UK) and eluted in DEPC-treated
water, and the data were then analysed using the absolute quantification method. The
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correlation co-efficient of the calibration curves was >0.95. These data were analysed using
Quantstudio software (Illumina, Cambridge, UK) and were transferred to Microsoft Excel
365 (Microsoft, Redmond, WA, USA) and GraphPad Prism 5 (GraphPad Software, San
Diego, CA, USA) for further analysis. Data were analysed using two-tailed, unpaired ¢-tests
(assuming equal variance) on GraphPad Prism 5 with a significance level set at p < 0.05.

Table 1. Primers.

Primer Sequence (5’ to 3')
BRG1 Forward TGCTGCGGCCCTTCTTGCTC
BRGI1 Reverse GGTGCCGCCTTTGCCCTTCT
CDC6 Forward ACCTATGCAACACTCCCCATT
CDC6 Reverse TGGCTAGTTCTCTTTTGCTAGGA
CLSPN Forward AAGACAGTGATTCCGAAACAGAG
CLSPN Reverse TGCGCTTCAAGATTTTCCTGA
E2F2 Forward CGTCCCTGAGTTCCCAACC
E2F2 Reverse GCGAAGTGTCATACCGAGTCIT
MYBL2 Forward CCGGAGCAGAGGGATAGCA
MYBL2 Reverse CAGTGCGGTTAGGGAAGTGG
PKYMT2 Forward GCCTGCCAACATCTTCCTG
PKYMT?2 Reverse CCCAGACTGAACACATCCGC
RRM2 Forward CACGGAGCCGAAAACTAAAGC
RRM2 Reverse TCTGCCTTCTTATACATCTGCCA

NPM-ALK Forward

CTGTACAGCCAACGGTTTCCC

NPM-ALK Reverse GGCCCAGACCCGAATGAGG
GAPDH Forward CCACTCCTCCACCTTTGAC
GAPDH Reverse ACCCTGTTGCTGTAGCCA

Mouse GAPDH Forward CATCACTGCCACCCAGAAGACTG
Mouse GAPDH Reverse ATGCCAGTGAGCTTCCCGTTCAG

Mouse BRG1 Forward

GAAAGTGGCTCTGAAGAGGAGG

Mouse BRG1 Reverse

TCCACCTCAGAGACATCATCGC

Mouse HPRT Forward

CTGGTGAAAAGGACCTCTCGAAG

Mouse HPRT Reverse

CCAGTTTCACTAATGACACAAACG

2.10. Lentiviral Transduction of sShRNA

HEK293FT cells were seeded the day before transfection with the intent to be 80-90%
confluent on the day of transfection. The lentiviral construct was transfected at a 1:1:1 ratio
with the packaging plasmids psPax2 and pMD2.G with TransIT-292 (MirusBio, Madison,
WI, USA) in OptiMEM (ThermoFisher, Waltham, MA, USA) into the HEK293FT cells.
Viral particles were harvested 60 h following transfection and filtered through a 0.45 um
PVDF membrane and either used immediately or stored at —80 °C. Cells were seeded at
a concentration of 1 million cells/mL in 1 mL of medium in the wells of a 6-well plate.
Dropwise, 500 pL of room temperature-thawed viral particle-containing medium was
added to the cells and, 24 h later, transduced cells were selected in puromycin at 1 ug/mL.
Lysates were prepared from SUDH1 and FEPD cells 48 and 72 h post-puromycin selection
following scrambled and BRG1 shRNA transfection (Table 2) and analysed for expression
of the key cell cycle regulators p53, p21, and cleaved caspase 3.
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Table 2. shRNA sequences targeting Brg1.

Brgl shRNA  TRC Construct Sequence

CCATATTTATACAGCAGAGAACTCGAG-
TTCTCTGCTGTATAAATATGG

CCGGCCCGTGGACTTCAAGAAGATACTCGAG-
TATCTTCTTGAAGTCCACGGG

CCGGGCCAAGCAAGATGTCGATGATCTCGA-
GATCATCGACATCTTGCTTGGCTTTTT

CCGGCGGCAGACACTGTGATCATTTCTCGA-
GAAATGATCACAGTGTCTGCCGTTTTIT

1 TRCN0000015548

2 TRCN0000015549

3 TRCN0000015550

5 TRCN0000015552

2.11. Viability and Caspase Assays

CDA4-NA cells (10%) were seeded in 96-well white polystyrene microplates (Corning,
Waltham, MA, USA) and transfected with BRG1-targeting siRNAs (10 nM). After 6 days,
20 pL CellTiter-Blue cell viability reagent (Promega, Madison, WI, USA) was added to each
well and cells were incubated at 37 °C for 4 h, according to the manufacturer’s protocol.
Fluorescence was read on a SpectraMax i3 microplate reader (Molecular Devices, San Jose,
CA, USA). For assessment of caspase 3/7 activity, the cells were instead incubated with
100 pL of Caspase 3/7-Glo apoptosis reagent (Promega, Madison, WI, USA) for 1.5 h.
Luminescence was read on a SpectraMax i3 microplate reader (Molecular Devices, San Jose,
CA, USA). Data were normalised to the scrambled non-coding siRNA.

3. Results
3.1. BRGI Is Expressed in ALK* ALCL and Other Peripheral T-Cell Lymphomas
Western blots performed on protein lysates show that all T-cell lymphoma cell lines

examined (including ALK* ALCL cell lines) express BRG1 at varying levels, whereas the
acute T-cell leukaemia cell line JURKAT expresses BRG1 at higher levels (Figure 1a).

CD4/NPM-
ALK mouse

KARPAS-299
DHI
M

NPM-ALK

@y == == == | BRGI

754

T — W —— | GTAT3

N —— | ACTB

(@)

Figure 1. Cont.
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Figure 1. BRG1 is expressed in peripheral T-cell ymphoma. Western blot analysis of the indicated
proteins including BRG1 in human ALK* ALCL (KARPAS-299, SU-DHL-1, SUP-M2 and DEL), ALK~
ALCL (FE-PD) and acute T-cell leukaemia (JURKAT) cell lines as well as primary tumours from
CD4/NPM-ALK transgenic mice (a). Representative immunohistochemistry for BRG1 in primary
patient tumours of ALCL: (b) negative for BRG1 expression, (c) positive (+) and (d) highly positive
staining (++). ACTB = Actin B.

Furthermore, Western blot analysis of protein lysates prepared from thymic tumours
obtained from the CD4/NPM-ALK transgenic mouse line [11,15] also express BRG1 albeit at
alower level than that observed in ALK* ALCL cell lines (Figure 1a). Immunohistochemical
(IHC) analysis of a tissue microarray panel of T-cell lymphomas composed of primary
tissue biopsies were also positive for BRG1 expression in all ALK* ALCL patients analysed,
with the majority showing strong expression (present in >30% of tumour cells; 12/12 cases
positive: 2 cases +, 10 cases ++ staining) (Figure 1b—d). Indeed, this was also the case for
ALK" ALCL (8/9 cases positive: 3 cases +, 5 cases ++), PTCL-NOS (8/8 cases positive, all
++) and AITL (6/6 cases positive: 2 cases +, 4 cases ++), with only one ALK™ ALCL patient
showing negative staining for BRG1.

3.2. NPM-ALK Regulates Expression of BRG1 by Protecting It from Proteasomal Degradation

To examine whether BRG1 might be regulated by NPM-ALK tyrosine kinase activity
in ALK* ALCL cell lines, SU-DHL-1 cells were treated with the ALK inhibitor Crizotinib
for 6 h (Figure 2a).

Western blots performed on protein cell lysates show that Crizotinib treatment depletes
the levels of NPM-ALK pY338 in these cells and also causes a concomitant reduction
in BRGI1 (Figure 2a). To confirm this result, the modified SU-DHL-1 cell line DHL TA
A5, which expresses a doxycycline-inducible sShRNA against NPM-ALK, was used [21].
Treatment of these cells for 72 or 96 h in the presence of doxycycline resulted in depletion of
total NPM-ALK and NPM-ALK (pY664) protein levels and a concomitant downregulation
of BRG1 (Figure 2b). Finally, the modified mouse embryonic fibroblast cell line MEFNA, in
which human NPM-ALK is expressed under the transcriptional control of the Tet-On gene
expression system [22] was grown in the presence of doxycycline resulting in the induction
of NPM-ALK and NPM-ALK pY664 and consequently BRG1 up-regulation (Figure 2c). In
all, these data suggest that NPM-ALK controls expression of BRG1 most likely through an
intermediary protein(s).
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Figure 2. Expression of Brgl is dependent on NPM-ALK activity in ALCL, ALK+. (a) Expression of the
indicated proteins analysed by Western blot in SU-DHL-1 cells treated with Crizotinib for 6 h. These
data are representative of biological duplicates and data obtained from both the DEL and Karpas-299
cell lines. (b) Doxycycline-inducible shRNA-mediated inhibition of NPM-ALK expression in DHL
TA A5 cells (derived from the SUDHL-1 cell line) and Western blot analysis of the indicated proteins
72 and 96 h following administration of doxycycline. These data are representative of biological
triplicates. (c) Induction of Brgl expression in the MEFNA cell line following doxycycline-induced
NPM-ALK expression. These data are representative of biological triplicates.

Having established the potential (in)direct regulation of BRG1 expression by NPM-
ALK, we sought to uncover the mechanism of this activity. Transcript levels of BRG1 were
assessed following inhibition of NPM-ALK activity with the ALK tyrosine kinase inhibitors
lorlatinib, brigatinib and crizotinib. Following 6 h of incubation, no significant change in
transcript levels were observed, suggesting a post-translational mechanism of regulation
(Figure 3a). In support of this, inhibition of NPM-ALK expression in 2 independent cell
lines via doxycycline-inducible shRNA expression also did not lead to a significant decrease
in BRGI transcript levels (Figure 3b). However, co-treatment of cells with an ALK inhibitor
and the proteasomal inhibitor bortezomib maintained BRG1 expression levels confirming
that NPM-ALK regulates expression of BRG1 through the proteasome rather than at the
transcriptional level (Figure 3c).
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Figure 3. NPM-ALK protects BRG1 from proteasomal degradation. (a) BRG1 transcript levels in
SU-DHL-1 cells treated for 6 h with the indicated ALK tyrosine kinase inhibitors (each at 200 nM).
(b) BRG1 mRNA transcript levels in DHL TTA A5 and TS TTA A5 (SUDHL-1 and SUP-M2 derived
doxycycline inducible NPM1-ALK shRNA stable cell lines, respectively) following NPM-ALK shRNA
induction for 96 h. Data represent the means and standard deviations of biological triplicates.
(c) Western blot of the indicated proteins following treatment of SU-DHL-1 for 6 h with various
ALK inhibitors (crizotinib, brigatinib, or lorlatinib at 200 nM) and brigatinib or lorlatinib with the
proteasomal inhibitor bortezomib at 200 nM. Data represent biological triplicates.

3.3. BRG1 Induces Transcription of Genes Involved in Cell Cycle Progression and Its Inhibition
Results in a Loss of Cell Viability

To determine the consequences of Brgl expression in ALCL, cells were transfected with
shRNA to Brgl leading to a decrease in Brgl transcript and protein levels for three of the
four shRNA tested (Figure 4a,b). RNA was isolated 72 h later from the shRNA5-expressing
cells and sequencing conducted to examine changes to the transcriptome mediated by Brgl
(Figure 4c). Following differential gene expression analysis of the scrambled shRNA versus
shRNAD5, the transcriptome was identified as being dramatically altered showing both



Cancers 2022, 14, 151 10 of 15

downregulation (2527 mRNA transcripts: of a cumulative 26,833 genes, adj. p < 0.05) and
upregulation (2900 mRNA transcripts, of a cumulative 26,833 genes, adj. p < 0.05) of genes
(Table 1, Figure 4c). When analysing the 15,285 protein-coding genes alone, 1934 (13%)
were downregulated while 2797 (18%) were upregulated (adj. p < 0.05). To establish which
physiological processes are most affected by the activity of BRG1, pathway enrichment anal-
yses were undertaken. The input comprised of the significant (adj. p < 0.05) protein-coding
targets, where the absolute log2-fold change in expression was +1.5. Transcripts whose
expression was either induced (n = 33) or repressed (n = 243) by BRG1 were investigated.
Reactome analysis suggests that BRG1 plays roles in upregulating genes associated with the
cell cycle (Table 3), while suppressing genes associated with epigenetic regulation (Table 4).
Genes associated with cell cycle regulation were validated by RT-PCR including CDCbé,
E2F2 and RPM?2 (Figure 4d), suggesting that Brg1l activity in ALCL plays a role in regulating
cell cycle progression. Given this finding, we assessed the role of BRG1 in maintaining

cell viability.
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Figure 4. Inhibition of expression of BRG1 in ALCL cell lines alters the transcriptome inducing
transcription of genes associated with the cell cycle. (a) Transcript levels and (b) Western blot
for the indicated proteins following knockdown of BRG1 for 72 h by four independent shRNAs
(shRNA1T; shRNA2; TRCN0000015549, shRNA3; TRCN0000015550 and shRNA5; TRCN0000015551,
respectively) versus a scrambled shRNA control (Addgene_1864). Data are representative of biological
duplicates. (c) Volcano plot of SU-DHL-1 cells following knockdown of BRG1 (SMARCA4) by
shRNADS versus a scrambled shRNA control. The line bisecting the y-axis at 1.3010 corresponds to
p < 0.05 and was utilised as the cut-off for downstream analyses. Differential expression cuts-offs
(bisecting x-axis at &= 1.5) were set at log2-fold change + 1.5. Data are interpreted to understand the
significance of BRG1; viz. positive expression represents the gene being transcribed in the presence of
expressed BRG1 (SMARCA4). Data are representative of biological triplicates (d) Transcript levels
of the indicated genes in the SU-DHL-1 cell line 72 h following transduction of shRNA5. Data
represent the means and standard deviations of biological triplicates. Relative fold changes are
illustrated. (e) Cell viability as assessed by trypan blue exclusion following BRG1 knockdown by
three independent shRNAs v.s. a scrambled shRNA control following 14 days of incubation. Data
represent the means and standard deviations of biological triplicates, * p < 0.05, ** p < 0.005.

Table 3. Output of Reactome analysis—genes upregulated by BRGI activity. Genes were input (using
Ensembl gene ID) and data were analysed, whereby the most enriched, significant (adj. p < 0.05)
gene sets (pathways) were identified.

Pathway Gene Count Entities Total
Cell cycle 12 734
Cell cycle, mitotic 10 596
Cell cycle checkpoints 6 280
Mitotic G1 phase and G1/S transition 8 173
G2/M checkpoints 5 154
G1/S checkpoints 5 150
DNA replication 3 142
DNA replication pre-initiation 3 88
Apoptotic execution phase 3 54
Transcriptional regulation by E2F6 2 46
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Table 4. Output of Reactome analysis—genes suppressed by BRG1 activity. Genes were input (using
Ensembl gene ID) and data were analysed, whereby the most enriched, significant (adj. p < 0.05)
gene sets (pathways) were identified.

Pathway Gene Count Entities Total
Reproduction 8 123
HDAC deacetylase histones 7 67
Amyloid fibre formation 7 88
Meiosis 7 92
RNA polymerase I promoter opening 6 34
DNA methylation 6 36
PRC2 methylates histones and DNA 6 44
SIRT1 negatively regulated rRNA expression 6 45
ERCC6 (CSB) and EHMT2 (G9a.) positively regulate 6 48
rRNA expression
Activated PKN1 stimulates transcription of Androgen 6 49

Receptor (AR) regulated genes KLK2 and KLK3

Brgl expression was inhibited following transduction of cells with 3 independent
shRNA targeting Brgl for 14 days. In all three cases, cell viability was significantly reduced
compared to cells transduced with a non-targeting shRNA control vector. Comparing the
relative viable cell number between scrambled shRNA and BRG1-targeted shRNA cultures
after 14 days showed shRNAZ2 transduction resulted in a 78% decrease in relative viable
cell number while ShRNA3 and shRNAS5 transduction resulted in a 40% and 79% decrease,
respectively (Figure 4e).

To determine the mechanism of reduced cell viability, expression of p53, p21 and
cleaved caspase 3 was assessed in SUDHL1 and FEPD cells at 48 and 72 h post-puromycin
selection following shRNA-mediated knockdown of BRG1 (Figure S1). However, this
revealed no significant changes in expression levels, suggesting that, at these time points,
neither cell cycle arrest induced by p21 nor apoptosis as determined by cleaved caspase 3
are responsible for reduced cell viability. Similarly, cleaved caspase 3 levels were unchanged
in CD4-NA mouse tumour cell lines treated with siRNA-targeting BRG1 (Figure S2). Col-
lectively, these observations suggest that the reduction in viability of BRG1 knock-down
cells may not be linked to cell cycle arrest mediated by p21 nor apoptosis at the time
points tested.

4. Discussion

Loss of BRG1 has been associated with various cancers [23,24,26,27], and has been
shown to promote tumourigenesis in vivo [28-30]. Hence, Brgl has been classically viewed
as a tumour suppressor gene. However, Brgl is typically expressed in all cell types of adult
tissue that undergo proliferation or self-renewal [31], so it is not necessarily surprising that
human T-cell lymphomas (including ALK* ALCL) express Brgl. Indeed, recent evidence
indicates that BRG1 can fulfil pro-oncogenic roles in some cancers [32]. It is therefore
possible that BRG1 interacts (in)directly with NPM-ALK via its hetero-oligomerisation
partner NPM1, which warrants further investigation. In support of this, it has already
been reported that Brgl forms a complex with NPM-ALK as it has been detected by mass
spectrometry of NPM1 immunoprecipitates in an ALCL cell line [14] and NPM1 has been
identified by mass spectrometry in anti-FLAG immunoprecipitates prepared from nuclear
extracts of 293T cells that ectopically express FLAG-Brgl [33].

We also show that Brgl expression is positively regulated by NPM-ALK tyrosine
kinase activity in ALK" ALCL cell lines at a post-translational level. Specifically, NPM-
ALK, in a tyrosine kinase-dependent manner protects Brgl from proteasomal degradation



Cancers 2022, 14, 151

13 of 15

although the exact mechanism remains to be determined. Previously, others have shown
that the ALK receptor, post-activation, recruits the Cbl ubiquitin ligase [34]. ALK activation
by agonist monoclonal antibody (mAb) stimulation led to a significant increase in ALK
ubiquitinoylation by receptor phosphorylation and the subsequent recruitment of Cbl [35].
Furthermore, NPM-ALK has been shown to bind to and phosphorylate STAT1, thereby
promoting its proteasomal degradation [36], and carboxyl hsp70-interacting ubiquitin
ligase increases the degradation of NPM-ALK [37]. Collectively, this evidence highlights
the interaction of NPM-ALK with the proteasomal degradation machinery which may
likewise be activated in the regulation of Brgl.

Finally, we demonstrate that BRG1 regulates the transcriptome of ALCL to promote
the expression of genes involved in the cell cycle and to maintain cell viability. BRG1
knockdown led to reduced viability; however, the mechanism involved remains to be
further substantiated. Notably, a reduction in cell viability was not significant until 14 days
following knockdown of BRG1, suggesting that this is a mild effect that might not be
therapeutically applicable unless combined with other agents. This clearly requires further
investigation should effective and specific pharmacological inhibitors of BRG1 activity be
developed. Naturally, the therapeutic efficacy of BRG1 inhibitors would also be dependent
on the potential side effects of inhibiting this ubiquitously expressed protein.

5. Conclusions

In conclusion, we have demonstrated that BRG1 is expressed in a range of T-cell
lymphomas and its protein levels are maintained by NPM-ALK activity in ALK* ALCL
cell lines. Furthermore, we show that BRG1 drives transcription of genes associated with
cell cycle progression and in evidence of this, inhibition of BRG1 expression results in a
decrease in cell viability. Overall, these data suggest that NPM-ALK is a key mediator of
BRG1 activity in ALCL.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cancers14010151/s1, Figure S1: BRG1 knockdown with specific
shRNA in ALCL the cell lines FEPD and SUDHLI1 does not affect expression of key cell cycle
regulatory proteins, Figure S2: BRG1 knockdown does not affect cell viability nor apoptosis of murine
CD4/NPM-ALK derived tumour cells. File S1: The images represent the cut membranes that are
directly imaged using a phosphoimager.

Author Contributions: Conceptualisation, S.D.T., AJ.B., S.P.D. and G.D.G.; methodology, A.].B.,
G.D.G, JM,, SPPD. and S.D.T,; validation, S.P.D. and G.D.G.; formal analysis, G.D.G., S.P.D. and
S.D.T.; investigation, G.D.G., S.PD., L]., A-LS. and P.P; data curation, S.P.D. and G.D.G.; writing—
original draft preparation, S.D.T., S.P.D. and G.D.G.; writing—review and editing, G.D.G.,S.PD., L],
PP,G.A.AB,JM,RL,OM, A-LS, LK, A].B.and S.D.T.; supervision, S.D.T. and A.].B.; project
administration, S.D.T.; funding acquisition, S.D.T., LK. and O.M. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by European Union Marie Sklordowski Curie Innovative Training
Network ALKATRAS, grant number 675712. S.D.T. receives funding from the CRUK Cambridge
Centre Major Centre Award, grant number C9685/A25117. A.].B. is supported by grants from Cancer
Research UK (RG96894 and C6946/A24843) and the Wellcome Trust (WT203144).

Institutional Review Board Statement: This study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of The
Medical University Vienna (protocol code 1702/2012 and date of approval 4th of September 2012).

Data Availability Statement: Data available in a publicly accessible repository that does not issue
DOIs. This data can be found here: https://zenodo.org/record /5137843#.Ycs3iS-10dV accessed on 31
July 2021.

Acknowledgments: We are grateful to Michaela Schlederer for her excellent technical assistance with
IHC, Roberto Chiarle and Annarosa Del Mistro for provision of cell lines, and Nina Prokoph and
Truong Tu Truong for general technical assistance.


https://www.mdpi.com/article/10.3390/cancers14010151/s1
https://www.mdpi.com/article/10.3390/cancers14010151/s1
https://zenodo.org/record/5137843#.Ycs3iS-l0dV

Cancers 2022, 14, 151 14 of 15

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kinney, M.C.; Higgins, R.A.; Medina, E.A. Anaplastic large cell lymphoma: Twenty-five years of discovery. Arch. Pathol. Lab. Med.
2011, 135, 19-43. [CrossRef] [PubMed]

Brugieres, L.; Le Deley, M.C.; Rosolen, A.; Williams, D.; Horibe, K.; Wrobel, G.; Mann, G.; Zsiros, J.; Uyttebroeck, A.; Marky, L;
et al. Impact of the methotrexate administration dose on the need for intrathecal treatment in children and adolescents with
anaplastic large-cell lymphoma: Results of a randomized trial of the EICNHL Group. J. Clin. Oncol. 2009, 27, 897-903. [CrossRef]
[PubMed]

Le Deley, M.C.; Rosolen, A.; Williams, D.M.; Horibe, K.; Wrobel, G.; Attarbaschi, A.; Zsiros, J.; Uyttebroeck, A.; Marky, ILM.;
Lamant, L.; et al. Vinblastine in children and adolescents with high-risk anaplastic large-cell lymphoma: Results of the randomized
ALCL99-vinblastine trial. . Clin. Oncol. 2010, 28, 3987-3993. [CrossRef] [PubMed]

Savage, K.J.; Harris, N.L.; Vose, ] M.; Ullrich, F,; Jaffe, E.S.; Connors, ].M.; Rimsza, L.; Pileri, S.A.; Chhanabhai, M.; Gascoyne,
R.D.; et al. ALK- anaplastic large-cell lymphoma is clinically and immunophenotypically different from both ALK+ ALCL and
peripheral T-cell lymphoma, not otherwise specified: Report from the International Peripheral T-Cell Lymphoma Project. Blood
2008, 111, 5496-5504. [CrossRef] [PubMed]

Bischof, D.; Pulford, K.; Mason, D.Y.; Morris, S.W. Role of the nucleophosmin (NPM) portion of the non-Hodgkin’s lymphoma-
associated NPM-anaplastic lymphoma kinase fusion protein in oncogenesis. Mol. Cell Biol. 1997, 17, 2312-2325. [CrossRef]
Morris, S.W.; Kirstein, M.N.; Valentine, M.B.; Dittmer, K.G.; Shapiro, D.N.; Saltman, D.L.; Look, A.T. Fusion of a kinase gene,
ALK, to a nucleolar protein gene, NPM, in non-Hodgkin’s lymphoma. Science 1994, 263, 1281-1284. [CrossRef]

Turner, S.D.; Merz, H.; Yeung, D.; Alexander, D.R. CD2 promoter regulated nucleophosmin-anaplastic lymphoma kinase in
transgenic mice causes B lymphoid malignancy. Anticancer Res. 2006, 26, 3275-3279.

Turner, S.D.; Tooze, R.; Maclennan, K.; Alexander, D.R. Vav-promoter regulated oncogenic fusion protein NPM-ALK in transgenic
mice causes B-cell lymphomas with hyperactive Jun kinase. Oncogene 2003, 22, 7750-7761. [CrossRef]

Giuriato, S.; Foisseau, M.; Dejean, E.; Felsher, D.W.; Al Saati, T.; Demur, C.; Ragab, A.; Kruczynski, A.; Schiff, C.; Delsol, G.; et al.
Conditional TPM3-ALK and NPM-ALK transgenic mice develop reversible ALK-positive early B-cell lymphoma/leukemia. Blood
2010, 115, 4061-4070. [CrossRef] [PubMed]

Jager, R.; Hahne, J.; Jacob, A.; Egert, A.; Schenkel, J.; Wernert, N.; Schorle, H.; Wellmann, A. Mice transgenic for NPM-ALK
develop non-Hodgkin lymphomas. Anticancer Res. 2005, 25, 3191-3196. [PubMed]

Chiarle, R.; Gong, ]J.Z.; Guasparri, L; Pesci, A.; Cai, J.; Liu, J.; Simmons, W.J.; Dhall, G.; Howes, J.; Piva, R.; et al. NPM-ALK
transgenic mice spontaneously develop T-cell lymphomas and plasma cell tumors. Blood 2003, 101, 1919-1927. [CrossRef]
Ducray, S.P; Natarajan, K.; Garland, G.D.; Turner, S.D.; Egger, G. The Transcriptional Roles of ALK Fusion Proteins in Tumorigen-
esis. Cancers 2019, 11, 1074. [CrossRef] [PubMed]

Gambacorti-Passerini, C.; Messa, C.; Pogliani, E.M. Crizotinib in anaplastic large-cell lymphoma. N. Engl. ]. Med. 2011, 364,
775-776. [CrossRef] [PubMed]

Crockett, D.K.; Lin, Z.; Elenitoba-Johnson, K.S.; Lim, M.S. Identification of NPM-ALK interacting proteins by tandem mass
spectrometry. Oncogene 2004, 23, 2617-2629. [CrossRef] [PubMed]

Malcolm, T.I; Villarese, P,; Fairbairn, C.J.; Lamant, L.; Trinquand, A.; Hook, C.E.; Burke, G.A.; Brugieres, L.; Hughes, K_; Payet,
D.; et al. Anaplastic large cell lymphoma arises in thymocytes and requires transient TCR expression for thymic egress. Nat.
Commun. 2016, 7, 10087. [CrossRef]

Prokoph, N.; Probst, N.A.; Lee, L.C.; Monahan, ].M.; Matthews, ].D.; Liang, H.C.; Bahnsen, K.; Montes-Mojarro, I.A.; Karaca-
Atabay, E.; Sharma, G.G.; et al. IL10RA Modulates Crizotinib Sensitivity in NPM1-ALK-positive Anaplastic Large Cell Lymphoma.
Blood 2020, 136, 1657-1669. [CrossRef] [PubMed]

Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,
357-360. [CrossRef]

Anders, S.; Pyl, P.T.; Huber, W. HTSeq—A Python framework to work with high-throughput sequencing data. Bioinformatics 2015,
31, 166-169. [CrossRef] [PubMed]

Love, ML.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

Yates, A.D.; Achuthan, P.; Akanni, W.; Allen, J.; Allen, J.; Alvarez-Jarreta, J.; Amode, M.R.; Armean, LM.; Azov, A.G.; Bennett, R.;
et al. Ensembl 2020. Nucleic Acids Res. 2020, 48, D682-D688. [CrossRef] [PubMed]

Piva, R.; Pellegrino, E.; Mattioli, M.; Agnelli, L.; Lombardi, L.; Boccalatte, F.; Costa, G.; Ruggeri, B.A.; Cheng, M.; Chiarle, R.; et al.
Functional validation of the anaplastic lymphoma kinase signature identifies CEBPB and BCL2A1 as critical target genes. J. Clin.
Investig. 2006, 116, 3171-3182. [CrossRef]

Piva, R,; Chiarle, R.; Manazza, A.D.; Taulli, R.; Simmons, W.; Ambrogio, C.; D’Escamard, V.; Pellegrino, E.; Ponzetto, C.; Palestro,
G.; et al. Ablation of oncogenic ALK is a viable therapeutic approach for anaplastic large-cell lymphomas. Blood 2006, 107,
689-697. [CrossRef] [PubMed]


http://doi.org/10.5858/2010-0507-RAR.1
http://www.ncbi.nlm.nih.gov/pubmed/21204709
http://doi.org/10.1200/JCO.2008.18.1487
http://www.ncbi.nlm.nih.gov/pubmed/19139435
http://doi.org/10.1200/JCO.2010.28.5999
http://www.ncbi.nlm.nih.gov/pubmed/20679620
http://doi.org/10.1182/blood-2008-01-134270
http://www.ncbi.nlm.nih.gov/pubmed/18385450
http://doi.org/10.1128/MCB.17.4.2312
http://doi.org/10.1126/science.8122112
http://doi.org/10.1038/sj.onc.1207048
http://doi.org/10.1182/blood-2008-06-163386
http://www.ncbi.nlm.nih.gov/pubmed/20223922
http://www.ncbi.nlm.nih.gov/pubmed/16101126
http://doi.org/10.1182/blood-2002-05-1343
http://doi.org/10.3390/cancers11081074
http://www.ncbi.nlm.nih.gov/pubmed/31366041
http://doi.org/10.1056/NEJMc1013224
http://www.ncbi.nlm.nih.gov/pubmed/21345110
http://doi.org/10.1038/sj.onc.1207398
http://www.ncbi.nlm.nih.gov/pubmed/14968112
http://doi.org/10.1038/ncomms10087
http://doi.org/10.1182/blood.2019003793
http://www.ncbi.nlm.nih.gov/pubmed/32573700
http://doi.org/10.1038/nmeth.3317
http://doi.org/10.1093/bioinformatics/btu638
http://www.ncbi.nlm.nih.gov/pubmed/25260700
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.1093/nar/gkz966
http://www.ncbi.nlm.nih.gov/pubmed/31691826
http://doi.org/10.1172/JCI29401
http://doi.org/10.1182/blood-2005-05-2125
http://www.ncbi.nlm.nih.gov/pubmed/16189272

Cancers 2022, 14, 151 15 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Cristofaro, M.ED.; Betz, B.L.; Rorie, C.J.; Reisman, D.N.; Wang, W.; Weissman, B.E. Characterization of SWI/SNF protein
expression in human breast cancer cell lines and other malignancies. J. Cell. Physiol. 2001, 186, 136-145. [CrossRef]

Reisman, D.N.; Sciarrotta, J.; Wang, W.; Funkhouser, W.K.; Weissman, B.E. Loss of BRG1/BRM in human lung cancer cell lines
and primary lung cancers: Correlation with poor prognosis. Cancer Res. 2003, 63, 560-566. [PubMed]

Laimer, D.; Dolznig, H.; Kollmann, K.; Vesely, PW.; Schlederer, M.; Merkel, O.; Schiefer, A.L; Hassler, M.R.; Heider, S.; Amenitsch,
L.; et al. IPDGFR blockade is a rational and effective therapy for NPM-ALK-driven lymphomas. Nat. Med. 2012, 18, 1699-1704.
[CrossRef]

Fukuoka, J.; Fujii, T.; Shih, J.H.; Dracheva, T.; Meerzaman, D.; Player, A.; Hong, K.; Settnek, S.; Gupta, A.; Buetow, K,; et al.
Chromatin remodeling factors and BRM/BRGI expression as prognostic indicators in non-small cell lung cancer. Clin. Cancer Res.
2004, 10, 4314-4324. [CrossRef]

Reisman, D.N.; Strobeck, M.W.; Betz, B.L.; Sciariotta, J.; Funkhouser, W., Jr.; Murchardt, C.; Yaniv, M.; Sherman, L.S.; Knudsen, E.S.;
Weissman, B.E. Concomitant down-regulation of BRM and BRG1 in human tumor cell lines: Differential effects on RB-mediated
growth arrest vs CD44 expression. Oncogene 2002, 21, 1196-1207. [CrossRef] [PubMed]

Bultman, S.J.; Herschkowitz, J.I; Godfrey, V.; Gebuhr, T.C.; Yaniv, M.; Perou, C.M.; Magnuson, T. Characterization of mammary
tumors from Brgl heterozygous mice. Oncogene 2008, 27, 460—468. [CrossRef]

Bultman, S.; Gebuhr, T.; Yee, D.; La Mantia, C.; Nicholson, J.; Gilliam, A.; Randazzo, F; Metzger, D.; Chambon, P.; Crabtree, G.;
et al. A Brgl null mutation in the mouse reveals functional differences among mammalian SWI/SNF complexes. Mol. Cell 2000, 6,
1287-1295. [CrossRef]

Glaros, S.; Cirrincione, G.M.; Palanca, A.; Metzger, D.; Reisman, D. Targeted knockout of BRG1 potentiates lung cancer
development. Cancer Res. 2008, 68, 3689-3696. [CrossRef] [PubMed]

Reisman, D.N.; Sciarrotta, J.; Bouldin, T.W.; Weissman, B.E.; Funkhouser, W.K. The expression of the SWI/SNF ATPase subunits
BRG1 and BRM in normal human tissues. Appl. Immunohistochem. Mol. Morphol. 2005, 13, 66-74. [CrossRef] [PubMed]

Naidu, S.R.; Love, LM.; Imbalzano, A.N.; Grossman, S.R.; Androphy, E.J. The SWI/SNF chromatin remodeling subunit BRG1 is a
critical regulator of p53 necessary for proliferation of malignant cells. Oncogene 2009, 28, 2492-2501. [CrossRef] [PubMed]
Tando, T.; Ishizaka, A.; Watanabe, H.; Ito, T.; lida, S.; Haraguchi, T.; Mizutani, T.; Izumi, T.; Isobe, T.; Akiyama, T.; et al. Requiem
protein links RelB/p52 and the Brm-type SWI/SNF complex in a noncanonical NF-kappaB pathway. . Biol. Chem. 2010, 285,
21951-21960. [CrossRef] [PubMed]

Motegi, A.; Fujimoto, J.; Kotani, M.; Sakuraba, H.; Yamamoto, T. ALK receptor tyrosine kinase promotes cell growth and neurite
outgrowth. J. Cell Sci. 2004, 117, 3319-3329. [CrossRef] [PubMed]

Mazot, P; Cazes, A.; Dingli, F.; Degoutin, J.; Irinopoulou, T.; Boutterin, M.C.; Lombard, B.; Loew, D.; Hallberg, B.; Palmer, R.H.;
et al. Internalization and down-regulation of the ALK receptor in neuroblastoma cell lines upon monoclonal antibodies treatment.
PLoS ONE 2012, 7, €33581. [CrossRef]

Wu, C.; Molavi, O.; Zhang, H.; Gupta, N.; Alshareef, A.; Bone, KM.; Gopal, K.; Wu, E; Lewis, ].T.; Douglas, D.N.; et al. STAT1 is
phosphorylated and downregulated by the oncogenic tyrosine kinase NPM-ALK in ALK-positive anaplastic large-cell lymphoma.
Blood 2015, 126, 336-345. [CrossRef] [PubMed]

Bonvini, P; Dalla Rosa, H.; Vignes, N.; Rosolen, A. Ubiquitination and proteasomal degradation of nucleophosmin-anaplastic
lymphoma kinase induced by 17-allylamino-demethoxygeldanamycin: Role of the co-chaperone carboxyl heat shock protein
70-interacting protein. Cancer Res. 2004, 64, 3256-3264. [CrossRef]


http://doi.org/10.1002/1097-4652(200101)186:1&lt;136::AID-JCP1010&gt;3.0.CO;2-4
http://www.ncbi.nlm.nih.gov/pubmed/12566296
http://doi.org/10.1038/nm.2966
http://doi.org/10.1158/1078-0432.CCR-03-0489
http://doi.org/10.1038/sj.onc.1205188
http://www.ncbi.nlm.nih.gov/pubmed/11850839
http://doi.org/10.1038/sj.onc.1210664
http://doi.org/10.1016/S1097-2765(00)00127-1
http://doi.org/10.1158/0008-5472.CAN-07-6652
http://www.ncbi.nlm.nih.gov/pubmed/18483251
http://doi.org/10.1097/00129039-200503000-00011
http://www.ncbi.nlm.nih.gov/pubmed/15722796
http://doi.org/10.1038/onc.2009.121
http://www.ncbi.nlm.nih.gov/pubmed/19448667
http://doi.org/10.1074/jbc.M109.087783
http://www.ncbi.nlm.nih.gov/pubmed/20460684
http://doi.org/10.1242/jcs.01183
http://www.ncbi.nlm.nih.gov/pubmed/15226403
http://doi.org/10.1371/journal.pone.0033581
http://doi.org/10.1182/blood-2014-10-603738
http://www.ncbi.nlm.nih.gov/pubmed/25921060
http://doi.org/10.1158/0008-5472.CAN-03-3531

	Introduction 
	Materials and Methods 
	Cell Lines 
	Inhibitors and Antibodies 
	Primary Patient Samples and Immunohistochemistry 
	Mice 
	SDS-PAGE and Western Blot 
	RNAseq 
	Isolation of RNA 
	Synthesis of cDNA 
	Quantitative Real-Time PCR Analysis 
	Lentiviral Transduction of shRNA 
	Viability and Caspase Assays 

	Results 
	BRG1 Is Expressed in ALK+ ALCL and Other Peripheral T-Cell Lymphomas 
	NPM-ALK Regulates Expression of BRG1 by Protecting It from Proteasomal Degradation 
	BRG1 Induces Transcription of Genes Involved in Cell Cycle Progression and Its Inhibition Results in a Loss of Cell Viability 

	Discussion 
	Conclusions 
	References

