* * %
Ferrata Storti
Foundation

e

“EH:

*

EUROPEAN
HEMATOLOGY
ASSOCIATION

*

Haematologica 2018
Volume 103(4):666-678

Correspondence:
anthony.wright@ki.se

Received: October 10, 2017.
Accepted: February 9, 2018.
Pre-published: February 15, 2018.

doi:10.3324/haematol.2017.182048

Check the online version for the most updated
information on this article, online supplements,
and information on authorship & disclosures:
www.haematologica.org/content/103/4/666

©2018 Ferrata Storti Foundation

Material published in Haematologica is covered by copyright.
All rights are reserved to the Ferrata Storti Foundation. Use of
published material is allowed under the following terms and
conditions:
https://creativecommons.org/licenses/by-nc/4.0/legalcode.
Copies of published material are allowed for personal or inter-
nal use. Sharing published material for non-commercial pur-
poses is subject to the following conditions:
https://creativecommons.org/licenses/by-nc/4.0/legalcode,
sect. 3. Reproducing and sharing published material for com-
mercial purposes is not allowed without permission in writing
from the publisher.

5

Non-Hodgkin Lymphoma

Mixed-species RNAseq analysis of human
lymphoma cells adhering to mouse stromal
cells identifies a core gene set that is also
differentially expressed in the lymph node
microenvironment of mantle cell lymphoma
and chronic lymphocytic leukemia patients

Gustav Arvidsson,* Johan Henriksson,? Birgitta Sander® and Anthony P. Wright*

‘Department of Laboratory Medicine, Clinical Research Center, Karolinska Institutet;
’Department of Biosciences and Nutrition, Karolinska Institutet; *Department of
Laboratory Medicine, Division of Pathology, Karolinska Institutet and Karolinska
University Hospital and “Department of Laboratory Medicine, Clinical Research Center,
Karolinska Institutet Stockholm, Sweden

ABSTRACT

suffers relapse, due in part to minimal residual disease, whereby

some cancer cells survive treatment. Cell-adhesion-mediated drug
resistance is an important mechanism, whereby cancer cells receive sur-
vival signals via interaction with e.g. stromal cells. No genome-wide
studies of in vitro systems have yet been performed to compare gene
expression in different cell subsets within a co-culture and cells grown
separately. Using RNA sequencing and species-specific read mapping,
we compared transcript levels in human Feko-l mantle cell lymphoma
cells stably adhered to mouse MS-5 stromal cells or in suspension within
a co-culture or cultured separately as well as in stromal cells in co-culture
or in separate culture. From 1050 differentially expressed transcripts in
adherent mantle cell lymphoma cells, we identified 24 functional cate-
gories that together represent four main functional themes, anti-apopto-
sis, B-cell signaling, cel}fadhesion/migration and early mitosis. A compar-
ison with previous mantle cell lymphoma and chronic lymphocytic
leukemia studies, of gene expression differences between g/mph node
and blood, identified 116 genes that are differentially expressed in all
three studies. From these genes, we suggest a core set of genes (CCL3,
CCL4, DUSP4, ETV5, ICAM1, IL15RA, IL21R, IL411, MFSD2A, NFKB1,
NFKBIE, SEMA7A, TMEMZ2) characteristic of cells undergoing cell-adhe-
sion-mediated ~microenvironment signaling in mantle cell
lymphoma/chronic lymphocytic leukemia. The model system devel-
oped and characterized here together with the core gene set will be use-
ful for future studies of pathways that mediate increased cancer cell sur-
vival and drug resistance mechanisms.

ﬁ subset of hematologic cancer patients is refractory to treatment or

Introduction

Novel therapy regimes have improved the prognosis for many types of lym-
phoma and leukemia.' However, unsolved problems remain for many patients who
are refractory to treatment or experience disease relapse. For example, mantle cell
lymphoma (MCL) is an aggressive and generally incurable B-cell neoplasm, com-
prising about 8% of non-Hodgkin lymphomas (NHL).> MCL is characterized by a
high relapse rate and frequent resistance to therapy, which together with high
median age at diagnosis makes MCL difficult to cure. While median overall survival
time has doubled in recent years,” the prognosis for MCL patients is poor with
fewer than 15% long-term survivors.*

Signaling pathway defects intrinsic to MCL cells, due to genetic aberrations, pro-
vide only a partial explanation for its aggressiveness and frequent relapse. These
include the molecular hallmark translocation t(11;14)(q13;q32) CCND1/IGH,
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which leads to cyclin D1 overexpression and cell cycle
deregulation. Other frequent genetic aberrations are muta-
tions in crucial DNA damage response genes, such as ATV
and TP53. Relevant for the present work, however, recent
studies show an important role for extrinsic, soluble and
adhesion-mediated signals from the tumor microenviron-
ment in supporting MCL trafficking, homing and suscep-
tibility to therapy.”®

Consistent with the important role of microenviron-
ments, primary MCL and chronic lymphocytic leukemia
(CLL) cells can only be cultured in vitro for a few days
before they undergo spontaneous apoptosis.”® If co-cul-
tured with mesenchymal stromal cells on the other hand,
the i vitro cultures can be sustained for weeks.?’
Furthermore, stromal cells of both human and murine ori-
gin can protect MCL and CLL cells from spontaneous and
drug-induced apoptosis.”'”"” While soluble molecules
secreted by stromal cells such as BAFF*”® and CXCL12"
have been shown to increase survival in malignant B cells,
the protective effect is more prominent for lymphoma
cells that physically adhere to stromal cells,*® and direct
interactions between lymphoma cells and stromal cells
can induce cell cycle arrest in MCL and diffuse large B-cell
lymphoma (DLBCL).” These mechanisms, involving solu-
ble and adhesion-mediated signaling, may specifically
confer survival advantages to lymphoma cells that home
to protective microenvironmental niches through the acti-
vation of anti-apoptotic programs and downregulation of
genes involved in proliferation.'®

Targeted cell-culture studies have elucidated effects of
microenvironment interactions in MCL and CLL. Increased
levels of immunomodulatory cytokines, such as CCL3,
CCL4, CCL22, IL-10 and TNEF, with the capacity to alter
microenvironment cellular composition have been report-
ed in co-cultures of MCL or CLL cells with stromal cells or
under other conditions that mimic microenvironment
interactions.”” The adhesive properties of non-Hodgkin
lymphoma (NHL) cells have been shown to increase upon
treatment with anti-IgM, CXCL12 or CXCL13." The
CXCR4 cytokine receptor protein, central to normal B-cell
migration and homing, is down-regulated in adherent CLL
cells™*”" In co-culture and analogous studies, increased
expression of anti-apoptotic proteins, such as BCL-XL and
MCL-1, have been reported."*?* Co-cultivation of MCL
cells with stromal cells has also been reported to increase
protein levels of the cell cycle inhibitors p21“** and p27*",
along with an increased ratio of GO/G1 cells relative to S-
phase cells.” Many of these effects may be associated with
an adhesion-related induction of both the canonical and
non-canonical NF-kB pathways.®

While important signaling mechanisms relevant for cell
adhesion-mediated survival of lymphoma cells have been
revealed by targeted studies, the present work is the first
systematic study of global changes in gene expression in a
defined model system that allows discrimination of gene
expression changes in the different cell types in the co-cul-
ture as well as their relationship to the same cells grown
in isolation.

Methods

Cell culture
Cells were cultivated in a humidified incubator at 37°C and 5%
CO, in media supplemented with 100 U/mL penicillin and 100
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ug/mL streptomycin. The mouse stromal cell line MS-5 and the
MCL cell line Jeko-1 were purchased from DSMZ and maintained
in aMEM-glutamax (Gibco) supplemented with 10% heat-inacti-
vated fetal bovine serum (H.I. FBS; Gibco) and 2 mM sodium
pyruvate or RPMI-glutamax (Gibco) supplemented with 10% HI
EBS, respectively. Co-cultures of Jeko-1 with MS-5 at a 10:1 ratio
were maintained under the same conditions as for MS-5 cells
alone.

Cell-cell binding assay

Unlabeled Jeko-1 suspension cells were added to established
MS-5 monolayers. After 24 h, unlabeled Jeko-1 cells in suspension
were removed and replaced with an equivalent number of CFDA-
SE labeled Jeko-1 cells. Adhered unlabeled/labeled Jeko-1 cells
were counted at 24 h and 48 h. The order of addition of
labeled/unlabeled Jeko-1 cells was subsequently reversed.

RNA extraction, library preparation and sequencing

Total RNA was extracted using RNeasy with QIAshredders
(Qiagen). Libraries were prepared using TruSeq sample prep
kit v.2.0 and included a poly-A enrichment step. Samples were
16-plexed on an Illumina HighSeq 2500 instrument generating
230,700,000 2x101bp short reads (Online Supplementary Table
S1).

Species-based read separation and mapping
to reference genomes

Reference genomes hgl9 and mml10 were obtained from
UCSC. Raw reads were separated based on species origin using
Xenome (v.1.0.1).** Separated reads of human and murine ori-
gin were aligned to reference genomes hgl9 and mml0,
respectively, using Tophat2 (2.0.11)*° using default options.
Fragments per feature were counted using summarizeOverlaps
from the Bioconductor package GenomicAlignments (1.0.6)
with counting mode set to “Union”. Gene annotations and co-
ordinates were from the Bioconductor packages
TxDb.Hsapiens.UCSC.hg19.knownGene  (v.2.14.0) and
TxDb.Mmusculus.UCSC.mm10.knownGene (v.2.14.0).

Differential gene expression analysis and GSEA

Differential expression was determined by DESeq (1.16.0).%
Normalized count tables were used for Gene Set Enrichment
Analysis (GSEA) (Broad Institute, 2.2.0)” using canonical path-
ways  (c2.cp.v5.0.symbols.gmt) and GO  processes
(c5.bp.v5.0.symbols.gmt), from the MsigDB.” Functional clusters
from the leading edge analysis were identified as ez 10-
Protein interaction network analysis

A unified list with unique gene identifiers based on differential-
ly expressed genes (FDR ¢-value<0.05) and leading edge genes
from the GSEA (n=1458) was uploaded to the STRING interaction
database (v.10.0) with the confidence level set to 0.4.%* Node genes
were defined as those having 8 or more interactions.

Microarray analysis

Microarray datasets were downloaded from GEO:* GSE21029%
and GSE70910* Overlaps between these datasets and adhesion-
related genes from the present study were interrogated by two-
sided Fisher’s exact tests.

Data availability

Raw RNA-seq data are available via the gene expression
omnibus (GEO) repository™ by accession number: GSE99501. A
detailed account of materials and methods used is available in the
Online Supplementary Methods.
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Results

MCL cells adhere stably to stromal cells
Approximately 10% of MCL cells (Jeko-1), which nor-
mally grow in suspension, adhered to a mono-layer of the
bone marrow-derived, adherent stromal cell line (MS-5)
upon co-culture and remained in place when MCL cells
remaining in suspension were poured away after 24 h
(Figure 1A). The interaction with stromal cells was stable
because addition of a 10-fold excess of CFDA-SE labeled
MCL cells to the stromal cells with adhered MCL cells and
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incubation for a further 24 h did not significantly displace
the unlabeled bound cells (Figure 1A). Interestingly, the
labeled MCL cells were able to bind to stromal cells inde-
pendently of the previously bound MCL cells. Similar
results were obtained when the order of addition of
labeled and unlabeled cells was reversed (Figure 1A), indi-
cating that the CFDA-SE label does not significantly affect
the adherence characteristics of Jeko-1 cells in this assay.
Thus, the co-cultured MCL cells could be divided into two
relatively stable subsets (adherent and suspension), and
therefore it was of interest to characterize differences in
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Figure 1. Identification of differentially regulated genes in adherent co-cul-
ture cells. (A) A fraction of co-cultured Jeko-1 cells adhere to an MS-5 cell
mono-layer and remain stably bound in the presence of excess suspension
cells. The number of unlabeled (light gray) or CFDA-SE labeled (dark gray) Jeko-
1 cells adhered to MS-5 stromal cells after 24 hours (h) was not significantly
reduced after a further 24 h of incubation (48 h) with excess CFDA-SE
(P=0.841) or unlabeled (P=0.391) Jeko-1 cells, respectively. MeantStandard
Deviation are shown for cultures (n=3). (B) Experimental design showing the
three Jeko-1 and the two MS-5 stromal cell fractions for which RNAseq data
were acquired. (C) Heatmap representation of relative transcript levels for the
3697 genes with significantly changed mRNA levels (FDR g-value < 0.05) in at
least one Jeko-1 cell fraction after hierarchical clustering. (D) Venn diagram
illustrating number of differentially expressed genes in pair-wise comparisons
between the three Jeko-1 cell fractions (FDR g-value < 0.05, total number of
changed genes: 3697). The three comparisons in the Venn diagram are:
adherent Jeko-1 cells in co-culture (ADH) compared with suspension Jeko-1
cells in co-culture (SUSP), n=1050 (ADH/SUSP), ADH compared to mono-cul-
tured Jeko-1 cells (SEP), n=3453 (ADH/SEP) SUSP compared to SEP n=1471
(SUSP/SEP). (E) Ranked fold changes of 1050 genes with changed transcript
levels in ADH relative to SUSP Jeko-1 cells in co-culture.
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Table 1. Differential transcript levels in adherent compared to suspension mantle cell lymphoma (MCL) cells in co-culture. ®
Symbol ~ TPM SEP TPM SUSP TPMADH FC FDR q Symbol TPMSEP TPMSUSP TPMADH FC

Higher transcript levels in adherent Jeko-1 cells: Lower transcript levels in adherent Jeko-1 cells:

TNF 0.6 1.7 39.7 2335  T.6E-46 RAGI 426 303 5.7 -5.32 3.0E-T4
EGR1 43 10.7 178 16.64  4.1E-23 GPR56 143 6.3 1.7 -3.71 4.TE-07
FOS 0.8 1.8 25.5 1417 T78E-13 SMAD6 41 41 14 2.93 2.3E-02
EGR3 0.2 5.2 66.4 1277 3.6E-20 CCDC42B 145 112 44 -2.55 1.4E-02
CCL3 10.2 36.2 4242 11.72 1.4E-26 NEILI 6.5 73 2.9 -2.52 7.6E-03
MIR146A 3.9 5.1 52.9 1037 9.9E-03 C100rf71 22.8 14 5.7 -2.46 1.3E-09
EGR2 94 14.7 135.3 9.20 5.0E-13 NYNRIN 5.2 3.9 1.6 -2.44 2.9E-03
CCL4 17.9 70.5 596.9 847 1.2E-33 OSR2 10.3 8.8 3.7 -2.38 8.7E-03
MYCN 0.3 0.3 2.5 8.33 1.3E-03 BMP3 339 18.7 8 -2.34 1.8E-12
NR4A2 1.3 3.8 30.1 7.92 4.5E-16 WDRG66 9.1 5.7 2.5 -2.28 7.3E-03
CSF1 3.1 5.1 379 743 1.1E-34 PCDH9 96 53.6 24.5 2.19 2.5E-25
PHLDAI 0.1 1.1 8.1 7.36 1.5E-11 PIF1 30.9 288 13.2 -2.18 4.5E-10
LTA 0.3 0.6 43 717 2.9E-09 CXCR4 901.8 744.3 344.4 -2.16 4.9E-72
PLK2 0.4 0.5 3.5 7.00 2.5E-05 GADD45A 38.9 34.1 16 -2.13 1.6E-04
MAFF 0.1 0.5 34 6.80 1.1E-03 AICDA 313 34.6 16.3 -2.12 4.0E-09
IL10 0.8 2.2 14.9 6.77 3.8E-11 PSRCI 29.9 25 11.9 -2.10 2.6E-05
SLAMF1 0.2 0.2 1.3 6.50 3.9E-02 FBX032 3.7 3.1 1.5 -2.07 4.9E-02
RIN2 0.2 0.5 3.1 6.20 1.2E-03 LINC01089 70.2 67.5 33 -2.05 1.2E-11
CCLAL2 44 144 84 5.83 1.7E-08 AOX2P 78 45 22 -2.05 4.0E-02
CD69 17 233 133.1 5.71 1.4E-05 KCNA3 248 15.2 7.5 -2.03 2.1E-04
SEMATA 6.7 20 110.8 5.54 2.3E-47 ABCAI 36.9 33 16.3 -2.02 1.3E-24
TNFRSF9 0 04 2.1 5.25 5.8E-05 RASSF6 208.1 130.5 65.2 -2.00 4.1E-41
DUSP2 75.2 123.1 637.7 5.18 5.8E-50 TP53INP1 108 6.9 3.5 -1.97 3.3E-03
GPR3 0.6 0.7 3.5 5.00 5.6E-03 ASPM 134.5 109.9 56.4 -1.95 1.1E-28
STX11 0.1 0.6 2.9 4383 7.8E-06 RNF144B 93.1 56.8 29.5 -1.93 5.3E-10
FOSLI1 04 1.1 5.3 482 3.0E-03 SORT1 24 175 9.2 -1.90 1.1E-08
HESI1 0.6 2.5 118 4.72 2.8E-08 SOX4 68.3 53.8 286 -1.88 1.3E-15
11411 0.2 1.1 5.1 4.64 5.9E-09 WNT5A 34.8 29.2 15.9 -1.84 7.3E-11
ETV5 0.2 0.5 2.3 4.60 1.5E-03 PROXI1 13.3 134 73 -1.84 1.3E-03
NR4A3 115 53.1 241.2 4.54 8.3E-22 SMADI 102.7 70.2 383 -1.83 2.0E-13
IER3 8 8.1 36.7 453 1.7E-13 ZNF850 49 42 2.3 -1.83 4.2E-02
XIRP1 0.1 0.2 0.9 4.50 3.9E-02 LOCT730101 14.9 9.3 5.1 -1.82 1.8E-02
TNFAIP3 133 20.1 90.1 448 2.0E-09 LOC440173 18.9 16.2 8.9 -1.82 3.3E-02
PPPIRI5A 14.8 17.6 75.6 430 4.0E-06 FOXN4 15.6 13 7.2 -1.81 6.1E-03
RGS3 0.8 1.9 7.7 4.05 4.1E-20 SPPL2B 30.7 215 153 -1.80 3.0E-08
DUSP4 0 0.3 1.2 4.00 1.1E-02 TRIM52 23.9 25.1 14 -1.79 2.0E-03
GADD45B 14.6 28.7 1147 4.00 5.8E-32 HUNK 84 5.9 33 -1.79 1.5E-02
NFKBIA 97.2 121 468.2 3.87 9.9E-11 NUAK2 142 12.6 7.1 177 4.2E-03
CD83 98.7 292.2 1128.8 3.86 2.0E-15 KIF20A 102.3 96.3 544 -7 1.5E-15
ICAM1 16.2 34.1 128.5 3.7 8.2E-36 MIAT 16.7 10.6 6 177 8.1E-06
HBEGF 5 2.9 10.9 3.76 3.3E-07 MYLIP 23.3 284 16.1 -1.76 5.5E-05
KCNK5 0.1 0.6 2.2 3.67 1.2E-02 KLHL24 223 14.1 8 -1.76 3.0E-06
BCL2A1 6.9 59.5 216.9 3.65 41E-17 CDC42BPB 498 35.8 204 -1.75 9.1E-12
NR4Al 279 57.9 207.1 3.08 2.1E-41

ZC3H12C 29 6.4 228 3.56 1.6E-13

IL21R 0.7 43 153 3.56 7.9E-14

LRRC32 0.6 117 41 3.00 1.4E-26

KLF10 13.1 17 59.5 3.50 1.8E-06

SPRY2 29 8.2 28 341 3.6E-11

GEM 1.7 4.6 15.5 3.37 1.7E-08

The most up- and down-regulated genes with an absolute fold change =1.75 (max.50) in the adherent MCL fraction (ADH) as compared to MCL cells in suspension (SUSP) in
co-culture with stromal cells. Transcript levels are shown as transcripts per million reads (TPM) for ADH and SUSP as well as for MCL cells grown in mono-culture (SEP), where
read counts per gene have been normalized to library size and gene length. Fold change (FC) for comparison of ADH relative to SUSP presented with the associated
P-value adjusted for multiple testing by false discovery rate (FDR g-value).
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gene expression between these subsets and in relation to
mono-cultured cells.

Adhesion to stromal cells affects gene expression in
MCL cells

Physical separation of adherent MCL cells from stromal
cells in co-cultures was avoided by direct RNA isolation
from the mixed cell population in order to minimize sep-
aration-associated artifacts in the RNAseq data. The
mixed-species short RNAseq reads were separated i silico
by species-specific read separation using reference
genomes for human (MCL cells) and mouse (stromal cells).
Read counts per sample prior to and following species-
specific read separation are presented in Ounline
Supplementary Table S1.

The experimental design allowed for global transcript
level comparisons between three distinct MCL fractions:
mono-cultured MCL cells (SEP), adherent MCL cells in co-
culture (ADH), and suspension MCL cells in co-culture
(SUSP) (Figure 1B). Pairwise comparisons of transcript lev-
els for the three MCL fractions identified a total 3697
genes that are differentially expressed in at least one com-
parison after 24 h mono-/co-culture (FDR g-value <0.05).
The heat map in Figure 1C shows relative transcript levels
across the three cell populations. Overall, the largest dif-
ference is between the ADH fraction and the suspension
cells in mono-culture (SEP) and co-culture (SUSP), which
while distinct, are more similar to each other (column den-
drogram, Figure 1C).

The Venn diagram sets in Figure 1D show the number
of genes that are differentially expressed between each
pair of MCL cell populations: 3453, 1471 and 1050 genes
were differentially expressed in the respective compar-
isons of ADH relative to SEP (ADH/SEP), SUSP relative to
SEP (SUSP/SEP) and ADH relative to SUSP (ADH/SUSP).
The three comparison groups of differentially regulated
genes are highly overlapping with half the genes occurring
in two or more groups (Figure 1D). Given the previously
reported survival advantage conferred to lymphoma cells
adhering to stromal cells in co-culture,** and as this com-
parison provides the best opportunity for specifically
understanding molecular aspects associated with adhesion
to stromal cells, we focused the analysis on the 1050 genes
with altered transcript level between the two MCL cell
fractions within the co-culture system (ADH/SUSP).
Altogether, 137 of these genes were changed more than 2-
fold at the transcript level (Figure 1E). Significantly
changed genes in the ADH fraction with the highest fold
change are presented in Table 1 (Complete lists of signifi-
cantly changed genes are available in Online Supplementary
Tables 52-S4).

Gene expression and co-culture dependent changes in
stromal cells

The study design did not allow for an in-depth com-
parison of transcript levels in stromal cells analogous to
the analysis of cancer cells above. Thus a detailed analy-
sis of differentially expressed stromal cell genes is not
reported here. Nonetheless, 100 genes were significantly
changed at the transcript level between mono- and co-
cultured stromal cells (Figure 2). These include the
chemotactic molecules Ccl2 and Ccl7, both with higher
transcript levels in the co-cultured MS-5 cells. These can
interact with the CCR2 cytokine receptor, which is
expressed in Jeko-1 MCL cells. A complete list with sig-

A Color Key
- 0 1
Row Z-Score

SEP COCULT

B MS-5, COCULT/SEP

Fold change

Genes, n=100

Figure 2. Significant transcript level changes between mono- and co-cultured
stromal cells. (A) Heatmap representation of the 100 genes with significant
transcript level changes between co-cultured (COCULT) and mono-cultured
(SEP) and MS-5 stromal cells (FDR g-value <0.05) after hierarchical clustering.
(B) Ranked fold changes for the 100 genes with altered transcript levels
between COCULT and SEP MS-5 stromal cell fractions.
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Table 2. Functional clusters of genes distinguishing stromal-cell attached MCL cells from mantle cell lymphoma (MCL) suspension cells in co-

culture.

C

Description

Functional categories

Genes

Functional clusters for which gene transcripts are more abundant in adherent MCL cells compared to suspension MCL cells in the same co-culture

CD40 and
NF-B signaling

cl

c2 Toll-like receptor and
MAP kinase signaling

c3

c4

cH

cb

c7

Respiration

Lymphocyte
activation

BCL2 family
and anti-apoptosis

Extracellular
matrix - Matrisome

B-cell receptor/
cytokine signaling

[ kappaB kinase kappaB cascade, Positive regulation
of I KappaB kinase NF kappaB cascade, positive

regulation of signal transduction, Protein kinase cascade,
regulation of I kappaB kinase NF kappaB cascade

Reactome activated TLR4 signaling, Reactome innate immune system,

Reactome map kinase activation in TLR cascade, Reactome MAPK targets
nuclear events mediated by map kinases, Reactome MYD88 mal cascade
initiated on plasma membrane, Reactome NFxB and MAP kinases activation
mediated by TLR4 signaling repertoire, Reactome nuclear events kinase

and transcription factor activation, Reactome toll receptor cascades,
Reactome TRAF6 mediated induction of NFiB and MAP kinases upon
TLR7 8 or 9 activation, Reactome TRIF mediated TLR3 signaling

Reactome respiratory electron transport ATP synthesis

by chemiosmotic coupling and heat production by uncoupling
proteins, Reactome TCA cycle and respiratory

electron transport

KEGG allograft rejection, KEGG autoimmune thyroid disease,

KEGG cell adhesion molecules cams, KEGG graft versus host disease,
KEGG type I diabetes mellitus, KEGG viral myocarditis,

PID IL12 STAT4 pathway

KEGG viral myocarditis signal, PID IL12 STAT4 pathway

Anti apoptosis, Apoptosis GO, Negative regulation of apoptosis,
Negative regulation of developmental process, Negative regulation
of programmed cell death, Programmed cell death

KEGG cytokine cytokine receptor interaction,

NABA matrisome associated, NABA matrisome,
NABA secreted factors

Cell activation, Immune response, Inmune system process,
Leukocyte activation, Lymphocyte activation, Positive regulation
of immune system process, Positive regulation of multicellular
organismal process, Regulation of immune system process,
Regulation of lymphocyte activation, Regulation of multicellular
organismal process, T-cell activation
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BST2, BUD31, CARDY, CASP1, CD40),

CDKNIC, FAF1, HMOX]I, IKBKE, LGALS],
LGALSY, LITAF, MAP3K6, MIERT, MKNKT, MKNK2,
MULI, NDFIP2, NEK6, NMI, NR4A3,

OTUDT7B, PLCEI, PRDX4, REL, RHOC, RIPK2,
SIK1, SLC20A1, SLC35B2, SQSTM], STK17B,

STK38L, TAB2, TBK1, TICAMI, TLRS,
TMEM9B, TRAF2, TRIP6, VAPA

APP, ATF1, CD180, CNPY3, DUSP3, DUSP7, IRAK4,
JUN, MAP2K3, MAP2K4, MAP2K6, MAPK10, MAPK11,
MAPK?7, MAPKAPK2, MEF2C, PELI1, TLR1,

TLR10, TLR2, TLR4, TLR7

ATP5B, ATP5C1, ATPSD, ATPSF1, ATP5GI, ATPS),
BSG, COX4I1, COX5A, COX5B, COX6B1, COX6C,
COX7A2L, COXT7B, COX7C, COX8A, CYCI, CYCS,

DLD, ETFA, ETFB, ETFDH, FH, IDH3A, IDH3B,
IDH3G, L2ZHGDH, LDHA, LDHB, MDH2, NDUFAI,
NDUFAI2, NDUFA2, NDUFA3, NDUFA5, NDUFAS,
NDUFA9, NDUFABI1, NDUFB10, NDUFB2, NDUFB3,
NDUFBS, NDUFB7, NDUFBY, NDUFS3, NDUFS4,
NDUFS5, NDUFS6, NDUFS8, NDUFV2, OGDH,
PDHAL, PDHX, PDKI, PDP1, PDP2, SDHB, SDHD,
SLC16A1, SLC16A3, SUCLAJ, SUCLG1, UQCRII,
UQCRB, UQCRC2, UQCRFS1, UQCRH, UQCRQ

CAV1, CD28, CD80, CD86, HLA-DOB,
HLA-DQA2, HLA-DRA, HLA-DRBI,
HLA-E, MYHI5, PRF1

AATE ACVRI, AMIGO2, ANXA5, BAG1, BCL2AI,
BCL2L1, BCL3, BIK, BNIP1, BRE, CASP7, CD70,
CD74, CDK5R1, CDKN2D, COL4A2, DAD1, DDAH2,
DUSP22, FAIM3, GADD45B, GPXI, IERS, 1124,
MCL1, MRPS30, NOL3, NOTCH4, PEAI5, PIM1,

PLAGLI, PMAIP1, PPPIR13B, PPP1R15A, PSEN2,
RUNX3, SERPINBY, SIRT2, STK17A, TNFAIPS,

TNFSF9, TRIAP1, TSPO, UTP11L, XIAP

ADAMS, ANGPTLS6, ANXA6, CCLAL2, CLECITA,

COL9A2, CRELD2, CRIM1, CSF1, CST7, CSTB,
CTSH, CTSZ, EDA, EMILIN2, HBEGE, HYAL2,
IGFBP4, INHBE, KAZALD1, P4HAI, PDGFA, PLOD3,
PLXNAI, S100A11, S100A4, S100A6, SDC3, SDCA4,
SEMATA, SERPINE2, SRGN, THPO, VEGFA, VWASA,
WNT10A, ZP3

AIMP1, CD164, CD22, CD79A, CD83, CD97, DYRKS,
ELF4, FTHI, GEM, GPR65, HDACY, HELLS,
ICOSLG, IL32, IL4R, LATZ, LAX1, LRMP, LY86,
MS4AI, NFIL3, NLRC3, PDCDI, PRELIDI, PREXI,
PTGERA, SIT1, SP2, TAPBP, TGFB1, TNFRSF14, XBP1
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® c8

c9

cl0

cll

cl2

cl3

cl4

clb

cl6

cl?

)

Cell adhesion
and migration

VAV2,VAV3

Vacuolar ATPase
and acidification
of cell
compartments

Cell-cell
signaling

Cholesterol
and nuclear
receptors

Proteasome

Endoplasmic
reticulum stress
and exosome

MHC/ antigen
presentation

Actin cytoskeleton
remodeling

Cytoskeleton

KEGG focal adhesion, KEGG leukocyte transendothelial migration,
Reactome integrin cell surface interactions

KEGG epithelial cell signaling in Helicobacter pylori infection,
Reactome iron uptake and transport,

Reactome latent infection of homo sapiens

with mycobacterium tuberculosis

Cell cell signaling

Reactome cholesterol biosynthesis,
Reactome nuclear receptor transcription pathway

Biocarta proteasome pathway, KEGG proteasome,

Reactome activation of NF kappaB in B cells, Reactome antigen
processing cross presentation, Reactome CDK mediated phosphorylation
and removal of CDC6, Reactome cyclin E associated events during

G1 S transition, Reactome destabilization of mRNA by AUF1 HNRNP DO,
Reactome downstream signaling events of B-cell receptor BCR,
Reactome ER phagosome pathway, Reactome host interactions

of HIV factors, Reactome regulation of apoptosis, Reactome regulation
of mRNA stability by proteins that bind AU rich elements,

Reactome regulation of ornithine decarboxylase ODC,

Reactome signaling by the B-cell receptor BCR,

Reactome VIF mediated degradation of APOBEC3G

Reactome PERK regulated gene expression,
Reactome activation of genes by ATF4

KEGG antigen processing and presentation

Biocarta Rho pathway

Reactome response to elevated platelet cytosolic CA2,

remodeling/ vesicle Reactome platelet activation signaling and aggregation

docking

Cytokine signaling
and nucleus
cytoplasm
transport

cl8 Histones

cl9 Cellcycle

M phase

c20  Ap63 signaling

pathway

Reactome cytokine signaling in immune system,
Reactome IL 3 5 and GM CSF signaling,

Reactome interferon alpha beta signaling,

Reactome interferon gamma signaling,

Reactome interferon signaling, Reactome signaling by ILS

Reactome meiosis, Reactome meiotic recombination,
Reactome amyloids, Reactome RNA POL [ promoter opening,
Reactome deposition of new CENPA containing nucleosomes
at the centromere

M phase, Mitosis, M phase of mitotic cell cycle, PID PLK1 pathway

PID delta NP63 pathway

ACTB, ACTG1, ARHGAP5, BCAR1, CTNNA2, MYL12A,
PTK2B, RAC2, RAC3, RAP1A, RASSFS, VASP,

ATP6VOAL, ATP6VOB, ATP6VOE1, ATP6V1CI, ATP6V1C2,
ATP6VID, ATP6VIEL, FTL, HMOX2, TFRC

CHRNBI, GCHI, GRIK1, HOMERI, HPRT1, HTR2C,
KCNMB2, KLF10, MPZ, NMB, POMC, SRI, SYPLI, ZYX

CYP51A1, DHCRT, FDFT1, HMGCR, HMGCS],
HSD17B7, IDI1, IDI2, MSMO1, MVD, MVK, NR4A2,
RARA, RARG, SQLE

AKT3, AP2S1, ARF1, ATP6V1H, BAD, BANF1, CASPY,
ELMOI, FBXW11, GRB2, HCK, IKBKB, KPNAI,
MLSTS, NPM1, NR4AI, NRAS, NUPLI, PACS1, PPIA,
PRKCB, PSMAL, PSMA4, PSMAT, PSMAS, PSMBI,
PSMB10, PSMB2, PSMB3, PSMB4, PSMB5, PSMB6,
PSMB8, PSMBY, PSMC3, PSMC4, PSMC5, PSMD11,
PSMD12, PSMD13, PSMD14, PSMD3, PSMD4,
PSMD7, PSMD8, PSMD9, RAN, RASGRP1, RASGRP3,
RELA, RPS27A, SHCI, SKP1, SLC25A5, TCEBI,
TCEB2, THEM4, TRIB3

ASNS, ATF3, ATF4, ATF6, DDITS, EIF2S1, EXOSCI,
EXOSC3, EXOSC4, EXOSC7, EXOSCY, HERPUD],
NFYA

B2M, CANX, CTSB, HLA-A, HLA-C, HLA-DMA,
El%xAéDMB, HLA-DPAI, HLA-DRB4, HSPA4, PSMES3,

ACTR3, ARHGAP6, ARPC1B, ARPC2, ARPC3, ARPC5,
CFL1, DIAPHI, GSN, PIP5KIA, PIPSKIB

ABCC4, CD63, DGKG, DGKH, HSPA5, PFN1, PLEK,
STX4, TMSB4X, TUBA4A, WDR1

CD44, CIITA, CISH, EIF4E, EIF4G2, FYN, IFI35,
[FITMI, IFITM2, IFNGRI, IFNGRZ, IL2RA, IL2RG,
IRF2, IRF4, JAK2, JAK3, KPNA4, LCK, LYN, MAP3KS,
MXI, NUP153, NUP35, NUP37, NUP54, OAS3, PTPNG6,

SEHIL, STAT1, STAT3, STAT5A, STAT5B, TNIPZ, TOL
LIP, UBE2L6, USP18, VAVI, YES]

Functional clusters for which gene transcripts are less abundant in adherent MCL cells compared to suspension MCL cells in the same co-culture

DIDO1, DMCI1, HIST1H2AC,
HISTIH2BD, HISTIH2BE, HISTIH2BG,
HISTIH2BO, HIST1H3B, HISTIH3D, HISTIH3E,

HISTIH3G, HISTIH3H, HIST1H4J, HISTIH4K,
HIST2H2AA4, HIST2H2BE, HIST2H4A, HIST4H4,
MSHS5, SUN2, SYNEI, SYNE2

ANLN, ATM, AURKA, BIRC5, BRSK1, BUBI, BUBIB,

CDC25B, CDC25C, CENPE, CIT, DLGAP, EGF, ESPLI,
KIF11, KNTCI, NEK2, NUMAI, PLK1, RAD52, TAFIL,
TPX2, TTK, XRCC2

ADA, BDKRB2, BRCA2,
CCNB2, FASN, HBP1, MRE11A, NRG1, RAB3S,
STXBP4, TOP2A
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c21  Chromosome
organization,
Rho/ Rac family
GTPase signaling
and WNT signaling

Chromosome organization and biogenesis, KEGG
hedgehog signaling pathway

c22  Kinetochore
assembly/ function

Reactome mitotic prometaphase

c23 Mitotic
centrosome

c24 Kinesins Reactome kinesins

Regulation of small GTPase mediated signal transduction,

Reactome recruitment of mitotic centrosome proteins and complexes

ACIN1, ARAP1, ARHGAP27, ARID1A, BMP7, BNIP3,
BPTF, CDC42BPB, CREBBP, DDX11, DFFB, DMPK,
EHMTI, ERCC4, FGD4, FGD6, GAS1, HDACI0),
HDAC6, HUWE1, KAT2A, KAT6A, KAT6B, KDM4A,

MAP3K12, MRE11A, NOTCH2, NSD1, PDS5B, PIF1,
PRKACB, PRMT7, RALBP1, SATBI, SMARCCS, STK36,
;%’\I\E‘% TEP1, TERT, TOP2A, TSC1, WNT16, WNT5A,

CASC5, CDCA8, CENPA, CENPI, CENPT, CKAP5,
%(A)%{l;l, NDC80, NUF2, RANBP2, SGOL2, SKA2,

AKAPY, ALMS1, CDK5RAP2, CENPJ, CEP135, CEP164,

CEP192, CEP70, CETN2, CKAP5, CLASP1, CNTRL,
CSNKIE, DCTNT, DYNCIHI, DYNCII2, OFD1, PCMI,
PCNT, TUBB4A, TUBGCP6

KIF15, KIF18A, KIF20A, KIF23, KIF2C, KIF3C, KIF4A,
KIF4B, KIF5A, KIF9, KIFCI, KLC3, KLC4

Clusters (C) of functional categories identified from Gene Set Enrichment Analysis leading edge analysis (see Figure 3): 17 clusters (c1-c17) contain 76 of 182 functional cat-
egories and 455 of 653 genes with increased transcript levels in the adherent Jeko-1 fraction (ADH) of the co-culture as compared to MCL cells in suspension in co-culture
(SUSP) and 7 clusters (c18-c24) contain 16 of 20 functional categories and 148 of 166 genes with decreased transcript levels in the ADH fraction. Genes with significantly higher
(n=146) or lower (n=45) transcript levels in the ADH fraction as compared to SUSP are marked in red and blue, respectively.

A

Genes (n = 653)
cl c3 c5 c8

c10 cii

ci8 c21 c23 c24

c19 c20 c22

nificant transcript level changes between mono- and co-
cultured MS-5 stromal cells is available in Online
Supplementary Table S5.

Adhesion dependent changes in MCL cells are
associated with four main functional themes

Gene set enrichment analysis was used to identify func-
tional categories enriched in the significantly up- (182
gene sets) or down-(20 gene sets) regulated genes in MCL
cells adhered to stromal cells. Leading-edge genes (n=819),
which account for the level of the enrichment score for

(z81L=u)
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Figure 3. Identification of functionally
related clusters of genes by Gene Set
Enrichment Analysis leading edge analy-
sis. Heatmaps showing clustering of
functional categories and leading edge
genes that are up-regulated (A) or down-
regulated (B) in adherent Jeko-1 cells rel-
ative to suspension of Jeko-1 cells in co-
cultures. The numbers of leading edge
genes and functional categories are
shown in each panel: 24 clusters (c1-
c24), defined as having 210 genes and
>1 functional categories, were identified
(see Table 2 for more details). Four addi-
tional groups of genes that contain many
functional categories but which do not
fulfill the cluster criteria are denoted i-iv.

(0z=u)
sali0bajed jeuonoung

each of the functional categories, were clustered across the
set of identified functional categories to produce heat
maps showing clusters of genes and functional categories
that together identify functional differences between
adherent and suspension cells in the co-culture. Figure 3
identifies 24 functional clusters (containing at least 10
genes and = 1 functional category) for genes with
increased (17 clusters, Figure 3A) or decreased (7 clusters,
Figure 3B) transcript levels in adherent MCL cells. The
genes and functional categories defining each cluster are
listed in Table 2, and full lists of leading edge genes and

Global mRNA changes in stroma-bound lymphoma cells -

haematologica | 2018; 103(4) 673 -



I A. Arvidsson et al.

A Jeko-1 ADH/SUSP (1050) CLL LN/PB (2090) B
m
2 2 g
- - 2
g £33
ABRACL IL21R
ACTB 1Lan
ACTG1 JUN
AIMP1 KIAA0040
ALAS1 KIF11
ANLN KIF14
ARGLU1 KIF20A
ARL6IP1 KIF4A
ARRDC3 KLF13
MCL LN/PB (4136) ASPM MAP3K1
ATP6VIC1 MAPK6
AURKA MFSD2A
c Jeko-1 correlation with primary MCL samples BACH2 MKi67
BAZ2A MTHFD2
° BCAR3 NAB2
- BIRC3 NABP1
- BIRCS NAMPT
BUB1 NDFIP2
BUB1B NEK2
© o Clorf43 NEK6
: ccL3 NFKB1
7] ccLe NFKBIE
2 4| CCNB1 NUAK2
g ° CCNB2 NUSAP1
a cDC20 PNP
< cDC25B PPIF
- o
& o cDeas PPP1R15A
x & CDKN2D PRR11
= CENPA PTPN?
L CENPE RASGRP2
CENPF RBM17
° % @ CHST11 RBM33
oo v o RPRD2
CTDSP2 SAPCD2
T T T T T T T zTNAL‘ ZCAI
YLD EMA4B
4 2 1 2 4 8 18 DCUN1D5 SEMA7A
MCL LN/PB FC DENND2D SETDB2
DLGAPS sGoL2
DUSP4 SLC43A3
D Jeko-1 correlation with primary CLL samples Fera Suaps
ENO1 SRGN
© ° ENTHD2 SRSF11
L ° ESPL1 STK38
® ° ETVS TACC3
R o FAM65A TAGAP
O ol °, FAM72B TAGLN2
w ° - FAM72D TIMM17A
= o 3 FMNL3 TMEM2
=3 ° o FOXO1 TOP2A
g @ o e GTSE1 TPI
o * HELLS TPX2
< i % HEXB TROAP
3 ol e HJURP TTC7A
£ o .e% HMMR TUBG1
° . '& £ ') HSPAS UBE2G1
° ‘to. ICAM1 usP28
& ® P IL15RA 2ZNF395
° %
L]
1 ) Figure 4. Differentially expressed genes in co-culture adherent mantle cell lymphoma
P! 1 2 4 é 16 (MCL) cells overlap with microenvironment-regulated genes in MCL and chronic lympho-
cytic leukemia (CLL) patients. (A) Venn diagram showing overlaps between differentially
CLL LN/PB FC expressed genes between adherent and suspension Jeko-1 cells in co-culture (ADH/SUSP)
compared with microenvironment-regulated genes from microarray studies of MCL and
E CLL patients, where transcript levels in lymph nodes were compared to those of peripheral
S blood (data from GSE21029 and GSE70910, respectively). The numbers of differentially
W AoH expressed genes (FDR g-value < 0.05) for each data set are shown. (B) Comparison of the
direction of regulation for the 116 genes in the overlap of all three data sets. Color-coding
00 15 is red for genes up-regulated in adherent cells/lymph node and blue for down-regulated
genes. Fold change values are shown for each gene and data set. (C) Scatter plot showing
500 fold changes for 348 genes with significant transcript level changes in both adherent MCL
cells relative to suspension co-culture cells (Jeko-1 ADH-SUSP FC) and MCL patient lymph
node relative to peripheral blood (MCL LN-PB FC). Spearman Rho=0.843 (P=1.83x10*%)
o 10 for genes with coherent directional change in the two data sets where red data points
§ (n=135) represent up-regulated genes and blue data points (n=114) down-regulated. Gray
200 data points (n=99) represent genes with opposite direction of regulation between the two
data sets. (D) Scatter plot showing fold changes for 228 genes with significant transcript
level changes in both adherent MCL cells relative to suspension co-culture cells (Jeko-1
200 [ 5 ADH-SUSP FC) and CLL patient lymph node relative to peripheral blood (CLL LN-PB FC).
l Spearman Rho=0.746 (P=8.39x10%) for genes with coherent directional change in the
160 : two data sets where red data points (n=121) represent up-regulated genes and blue data
: points (n=34) down-regulated. Gray data points (n=73) represent genes with opposite
1 = 1 - 11 direction of regulation between the two data sets. (E) A core gene set of 13 cell-adhesion
o B related microenvironmentally regulated genes in MCL and CLL (see text for details).
5 3 £ 5 & T 2 3 € £ g Transcript levels of the genes in adherent (ADH, black bars) and suspension (SUSP, gray
8 8 g & g § £ & 5 a § bars) MCL cells in co-cultures are plotted; mean transcripts per million reads (TPM) where
-2z a " L= the read counts are normalized to library size and feature length+Standard Deviation.
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enriched gene sets from GSEA are presented in Online
Supplementary Tables S6-S9.

Most functional gene clusters can be attributed to a
small number of cellular themes, including B-cell activa-
tion and immune cell signaling (c2, ¢4, ¢7, 10, c17), apop-
tosis and anti-apoptosis (c1, c5), cell adhesion and migra-
tion (c6, ¢8, c15, c16), and early mitosis (c19, c22, 28,
c24). The first three themes contain up-regulated genes in
adherent cells while the fourth cluster contains down-reg-
ulated genes. Genes in the B-cell activation-related clusters
included B-cell receptor components, co-stimulatory sur-
face molecules and soluble factors (e.g. CD794, CD86,
CD180, ICOSLG, PDCD1 and TGFB1). The apoptosis-
related clusters contained anti-apoptotic BCL2-family
genes (e.g. BCL2A1, BCL2L1 and MCL1) while adhesion-
and migration-related clusters included ACTB, ACTG1
and TUBA4A. The mitosis-related genes are primarily
involved in early mitosis steps such as mitotic onset (e.g.
AURKA, CCNB2 and PLK1), spindle establishment (e.g.
BUB1, CENPA, CENPE), and kinetochore formation (e.g.
KIF20A, KIF4A, KIF5A). These themes are each compati-
ble with survival strategies resulting from adherence
dependent changes in immune cell characteristics, apopto-
sis pathways and cell cycle status. Other clusters (c9, c11,
c13, c20, c21) represent more general functional character-
istics, which could in principle contribute to one or more
of the process-related themes. Finally, there are 4 clusters
(8, c12, c14, c18) for which fewer than 10% of member
genes are differentially regulated even though they do
form part of the GSEA leading edge. These clusters may
be important but they contain only 11 significantly differ-
entially regulated genes. For example, the c12, containing
proteasome subunits, is of interest given the use of the
proteasome inhibitor, bortezomib, for treatment of refrac-
tory MCL.

Apart from the clustered genes there are several leading-
edge genes that are not easily clustered because they occur
in many functional classes (Groups i—iv, Figure 4A).
Examples include NFKB1, NFKB2, ICAM1, CCL3 and
CCL4 and the groups, as well as other results are detailed
in the Ounline Supplementary Appendix. Secreted CCL3/4
levels increased in co-cultures and upon MCL-cell simula-
tion with anti-IgM (Online Supplementary Figure S1).

Altogether 199 of the 1050 genes with significantly
altered transcript levels (19%) were functionally classified
by GSEA. Network analysis connected an additional 495
adhesion regulated genes to the 24 GSEA clusters, thus
functionally connecting approximately 65% of the 1050
differentially expressed genes. Network analysis did not
identify any gene networks not connected to GSEA clus-
ters, strongly suggesting that we have identified the main
processes and pathways defined by differential expression
of genes in adherent cells.

Overlap between adhesion-regulated MCL cell genes
and microenvironment-regulated genes in MCL and
CLL patients

Analysis of publicly available data from two independ-
ent studies of CLL and MCL** identified 2090 and 4136
differentially expressed genes, respectively, between cells
from lymph node and blood (FDR g-value<0.05).
Comparison of the 1050 adhesion-associated genes
observed in the in vitro co-culture system with differential-
ly expressed genes from the CLL and MCL datasets
showed significant overlaps of 228 genes (22%,

P=2.7x10%) and 348 genes (34%, P=8.2x10*), respectively
(Figure 4A). In all, 116 genes were differentially expressed
in all three datasets (Figure 4B). Forty-eight (41 %) of these
genes are included in the GSEA leading edge used to
define cell-adhesion-related processes and 32 (28%) of
these are members of one of the 24 functional clusters
(Table 2), with 29 being in clusters that primarily define
the four functional themes discussed previously. Thus the
116 genes that overlap between the three studies are rep-
resentative of the gene clusters defining adhesion-associ-
ated gene expression. For 65 of the genes, the direction of
regulation (up or down) was the same in each of the three
datasets, assuming similarity between adherent cells in
vitro and lymph node cells in vivo. Similarities are also indi-
cated by fold change correlations for genes that are differ-
entially regulated in both the in vitro co-culture system and
the MCL and CLL datasets (Figure 4C and D). Although
there are differences between in vivo and in vitro studies,
the co-culture system faithfully reproduces a significant
subset of differential gene regulation events observed in
MCL and CLL patients.

Thirteen of the 65 genes with conserved direction of
regulation (CCL3, CCL4, DUSP4, ETV5, ICAM1, IL15RA,
IL21R, IL4I11, MFSD2A, NFKB1, NFKBIE, SEMA7A,
TMEM2) had a fold-change value of 2 or more in the pres-
ent study (Figure 4E). CCL3, CCL4 and NFKBIE are mem-
bers of previously identified NF-xkB and BCR signatures®
and are likely to represent a broader activation of NF-kB
and BCR pathways (Online Supplementary Figure S2). Of
the 51 genes with a different regulation direction in one of
the three datasets, 43 showed a discrepancy in the in vitro
data in relation to the patient studies; 38 of these genes
were related to proliferation, early mitosis or mitotic spin-
dle formation.

Discussion

Mantle cell lymphoma is a B-cell lymphoma that is dif-
ficult to cure and patients experience frequent relapses,
often resulting from minimal residual disease. As
described above, adherence of lymphoma cells to stromal
cells within microenvironmental niches is thought to be
essential for their proliferation, survival and drug resist-
ance, as well as for their immunomodulatory ability to
recruit other cell types to the microenvironment.”""**

Here, we developed a co-culture model system to sys-
tematically dissect differences in gene expression that
occur in MCL cells and stromal cells that adhere to each
other, using genome-wide RNA sequencing. A total of
1050 adherence-specific genes in MCL cells represent 24
functionally defined gene clusters, many of which can be
attributed to four main functional themes. These corre-
spond well with the important biological and pathological
characteristics that functionally define lymphoma cells in
microenvironments. The identified functions may be
acquired characteristics specific to cancer cells or charac-
teristics associated with normal B cells. The 1050 differen-
tially regulated genes in adherent MCL cells significantly
overlap with genes that are differentially expressed in
lymph node, compared to blood, in MCL and CLL
patients. The most differentially regulated genes included
B-cell receptor signature genes that were not seen among
highly regulated genes in a previous study,” perhaps either
due to the different study designs used or because differ-
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ent in vitro systems reflect different aspects of microenvi-
ronment interactions.

Cell adhesion, migration and homing

Mantle cell lymphoma cell adhesion to stromal cells is
associated with induction of genes involved in cellular
adhesion and cell motility/migration. The extracellular
matrix cluster (c6) consists entirely of matrisome proteins,*
where 9 encode matrisome core proteins (glycoproteins,
collagens or proteoglycans) that constitute structural com-
ponents of extracellular matrix. The remaining 29 genes
encode matrisome-associated proteins, which modulate
extracellular matrix function, including cellular adhesion.
Other clusters contain structural components important for
cell rigidity and motility such as ACTB, ACTG1 and
TUBA4A. Additional cell-cell adhesion-related genes with
significantly higher transcript levels in adherent MCL cells
include ICAM1, ITGB2 and AMIGO2. These may be
important for homing of MCL cells to microenvironmental
niches and their retention in the niche.

The CXCR4 gene encoding a homing-related cytokine
receptor is down-regulated in adherent cells, consistent
with previous reports on microenvironment-associated
downregulation of its mRNA and protein level in MCL
and CLL patients as well as cell culture systems."” %%

The CXCR4 ligand, CXCL12, is expressed by the stro-
mal cells and can promote adhesion of MCL cells to
fibronectin and VCAM-1." Thus, this receptor-ligand pair
could facilitate homing and subsequent adhesion of MCL
cells to microenvironments.

Anti-apoptosis and cell survival

Anti-apoptosis clusters are up-regulated in adherent
cells and include genes involved in CD40 signaling (c1),
which is known to have an anti-apoptotic effect on MCL
cells.” A second example (c5) includes upregulation of
BCL2-family members (eg. BCL2A1, BCL2L1, and MCL1)
as well as BCL2 that is up-regulated in the co-cultured
MCL cells relative to mono-cultured cells. Importantly,
increased level of alternative family members causes
resistance to the BCL2 inhibitor ABT-737 in CLL,* thus
indicating their significance for designing therapies target-
ing the BCL2-family. Results expand previous knowledge
showing that stromal cell interaction protects MCL and
CLL cells from spontaneous and drug-induced apopto-

sig 8101

Cell proliferation

The observed downregulation of early mitosis genes is
consistent with previous observations showing cell cycle
arrest in MCL and diffuse large B-cell lymphoma (DLBCL)
cells upon interaction with stromal cells in vitro' as well as
lower response rates to cytostatic drugs observed for
adherent lymphoma cells compared to «cells in
suspension.’ Reduced proliferation of MCL cells co-cul-
tured with stromal cells lacking CD40L relative to cells
expressing CD40L¥ may indicate interaction partner-spe-
cific differences in proliferative response. While adherent
MCL cells up-regulate CD40, the CD40L was not detect-
ed, consistent with downregulation of cell cycle genes in
this system.

Immune cell recruitment
Adherent MCL cells up-regulate genes involved in B-cell
receptor (BCR) downstream signaling, seen in BCR and

NF-kB gene signatures, including genes involved in
immune-modulation via recruitment of immune cells,
such as CCL3 and CCL4 that are known to be induced in
adherent MCL cells.”* CCL3 and CCL4 attract activated
T cells and monocytes, and CCL4 has been shown to
attract regulatory T cells.” T-cell infiltration has prognostic
relevance in MCL" and elevated serum levels of CCL3 and
CCL4 are correlated with an inferior prognosis in DLBCL
and CLL.*"*

A further example is the increased level of the
immunoregulatory chemokine IL-10 in adherent cells,
which permits autocrine survival signaling via the IL-10
receptor (ILI0RA, 2.9-fold up-regulated in co-cultured
cells) and STATS3 (cluster c17).® BCR activation can induce
such an autocrine survival loop in MCL which is attenuat-
ed by the proteasome-inhibitor drug, bortezomib.*
Elevated serum levels of IL-10 are associated with poor
disease outcome in DLBCL.* Regulatory B cells common-
ly express IL-10 and phenotypically-related CLL cells have
been ascribed similar immunosuppressive attributes.*

The importance of BCR-signaling is supported by obser-
vations that blocking BCR signaling by the BTK inhibitor
ibrutinib (PCI-32765) both lowered plasma levels of
CCL22, CCL4, TNF and IL-10 and caused MCL cells to
leave their protective microenvironmental niches and
enter the peripheral blood.” BTK-dependent secretion of
the affected cytokines was induced in vitro by co-culture
with stromal cells or IgM stimulation. Reduced transcript
and secreted level of IL-10 has also been observed in
DLBCL cell lines treated with ibrutinib or the mTOR
inhibitor, AZD2014.”

Ccl2, which could play a role in monocyte recruitment
and polarization similar to that shown in follicular lym-
phoma,* and Ccl7, which promotes and directs the migra-
tion of macrophages,* were up-regulated in adherent stro-
mal cells. Thus adherence of MCL cells to stromal cells
appears to be sufficient to establish the cytokine produc-
tion needed for recruitment of monocytic cells and T-cell
subsets even in the absence of such cells.

Utility of the co-culture model and identification of a
core set of microenvironment genes

The utility of the co-culture model system is supported
by the systematic identification of functional themes
that correspond well with current knowledge about how
lymphomas in general and MCL in particular develop
and survive. Relevance was further supported by overlap
of the 1050 adherence-regulated genes with microenvi-
ronment (lymph node) regulated genes in MCL and CLL
patients.”*' The overlap is similar in extent to the overlap
between the MCL and CLL data, indicating that the in
vitro model system reciprocates relevant aspects of
microenvironment-mediated gene regulation in lym-
phoma cells. The direction of regulation (up or down)
was not conserved between the three datasets in 51 of
the 116 genes that overlap between all three datasets,
and, perhaps unsurprisingly, it is most often the in vitro
data (43 of 116 genes) that differ from the in vivo studies.
Interestingly, most of these genes are associated with the
cell cycle, consistent with previous reports of cell cycle
arrest in MCL and DLBCL cells adhering to stromal
cells.” The effect of cell adherence on the cell cycle may
depend on specific properties of the interacting stromal

cells, as discussed above in relation to expression of
CD40L.Y
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Among 116 overlapping genes, a core gene set of 13
genes (fold change >2-fold) was identified. The core gene
set contains genes that relate to the four functional themes
and that have previously been coupled to lymphoma
pathogenesis (CCL3, CCL4, ICAM1, NFKB1 and IL21R) as
well as DUSP4, ETVS5, IL15RA, IL411 and NFKBIE that

have been described in a lymphoma context. The pres-

ence of the NFKBIE NF-kB inhibitor may appear contra-
dictory, but the apoptotic/anti-apoptotic responses to the
NF-«B pathway activity have been shown to be pluralistic
and context dependent.” The set also includes three genes
which have not previously been associated with lym-

phoma pathology, MFSD2A, SEMA7A and TMEM?2, sug-

gesting the existence of at least some relevant genes that

remain to be characterized.
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