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Abstract

Objective: Diffuse large B-cell lymphoma (DLBCL) is a heterogeneous group of non-Hodgkin lymphomas (NHLs) often
sub-classified into major germinal centre (GC) and activated B-cell (ABC) cell-of-origin types. We have previously shown
vitamin D receptor (VDR) expression in plasmablastic ABC-DLBCL cells and demonstrated inhibition of their growth by
exogenous vitamin D (VitD3); however, the vitamin D biology of GC-DLBCL cells remained unclear.

Design/methods: Study of VDR and related molecule expression and vitamin D response across a panel of DLBCL and
myeloma cell lines by western blot, qPCR, flow cytometry and cell counting techniques. Analysis of gene expression and
ChIP-seq in published cell line and/or primary DLBCL datasets.

Results: We show that some BCL6™ GC-DLBCL cell lines express low levels of VDR, but appear resistant to VitD3, and
associate VDR positivity in both GC- and ABC-DLBCL cell lines with the poor prognosis plasmacytic/activation marker
CD38. ChIP-seq data suggest that VDR may be a direct BCL6 target. Functionally, VitD3 and the EB-1089 analogue can
reduce growth, inhibit MYC expression and increase CD38 expression by 50-400% on ABC-DLBCL and myeloma but not
GC-DLBCL cells. CD38 is also activated by VitD3 treatment of human peripheral B cell lines, where VDR can bind to the
CD38 locus, suggesting direct regulation.

Conclusions: Combined VDR and cell-of-origin assessment may contribute to a greater understanding of vitamin D's role
in mature B-cell lymphoma and its interplay with BCL6 and MYC.

Keywords: vitamin D receptor (VDR); DLBCL; non-Hodgkin's lymphoma; myeloma; CD38; daratumumab; VitD3; EB-1089; MYC;
growth arrest; BCL6

Introduction

There is now a significant body of clinical evidence insufficiency in circulating vitamin D levels with poor
implicating vitamin D in B-cell lymphoma and outcomes (1, 2, 3, 4, 5, 6, 7, 8), and vitamin D
myeloma biology. Multiple studies have linked supplementation in patients with aggressive lymphoma
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may slightly improve survival rates (8). In contrast, a
recent study found no significant effect on event-free
survival when patients with indolent non-Hodgkin’s
lymphoma were given supplemental vitamin D (9),
suggesting a complex picture of vitamin D biology in
lymphoma. Increased susceptibility of VDR-deficient
mice to carcinogen-induced lymphoblastic lymphoma
(10) might corroborate a role of active vitamin
D signalling in lymphoma suppression. Many vitamin D
studies have been performed with analogues, such as
EB-1089, which may have improved activity without
hypercalcaemic effects (11). However, despite mounting
evidence for a relationship between increased circulating
vitamin D and better clinical outcomes in mature B-cell
malignancies, mechanisms underlying this relationship
are incompletely understood and a high degree of
biological heterogeneity in these diseases is likely to
confound analyses.

Current evidence indicates that, at least in part, vitamin D
serum levels and VDR polymorphism may be relevant in
lymphoma and myeloma disease through effects of
vitamin D on the VDR receptor in malignant cells. VDR
expression has been described in normal lymphocytes
(12, 13) and cells of multiple mature B-cell malignancies,
including Hodgkin lymphoma (14), myeloma (15), and
primary effusion lymphoma (PEL) (16), reviewed in (7).
There is some in vitro evidence for anti-proliferative
effects of VitD3 on myeloma and lymphoma cells
(15, 17, 18), and we previously demonstrated that
treatment of activated B-cell (ABC)-type DLBCL
lymphoma cells with VitD3 or the low-calcaemic
analogue EB-1089 reduces proliferation by
approximately 30%. This effect is likely mediated via
reductions in the expression of Rb, CDK4 and cyclins
A2, B2, D3 and E1 and a post-transcriptional decrease
in MYC protein (19). Overall, currently available data are
consistent with a model in which sufficient levels of
circulating vitamin D improve prognosis, at least in
part, by directly inhibiting growth of lymphoma and
myeloma cells. Conversely, loss of  this
vitamin D-dependent growth inhibition under
hormone-deficient conditions may facilitate increased
tumour cell proliferation.

In the heterogeneous disease DLBCL, research has
identified subtypes with specific biological pathway
activities that can be targeted therapeutically. The
major ABC-DLBCL and germinal centre (GC)-DLBCL
subtypes were originally established by gene
expression profiling, and assignment of tumours to
these categories has improved stratification of patients
for therapy (20, 21). Tumours are now categorised
clinically as GC subtype or non-GC subtype, the
latter including ABC and a small proportion of
unclassified/type 3 DLBCL cases. While ABC-type DLBCL
features robust NF-xB-driven IRF4 expression and
chronic active B-cell receptor (BCR) signalling (22),
GC-DLBCL shares with its normal counterparts
expression of a large number of genes under the
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control of the GC B-cell master transcription factor
BCL6. While R-CHOP therapy combining anti-CD20
rituximab antibody with cytotoxic therapy has
improved DLBCL outcomes, many patients still do not
respond or relapse, and multiple novel therapies such as
those targeting CD38 (23) have been trialled (24, 25).
Advances in the understanding of DLBCL disease have
been driven by complementary studies of
primary patient material and multiple GC-DLBCL and
ABC-DLBCL cell lines, with which detailed in vitro
studies can be performed.

One marker highlighting the heterogeneity of DLBCL
disease is CD38, a multifunctional immune activation
surface protein (26) expressed consistently on
myelomas (27) but on only a proportion of DLBCL
(28, 29, 30). Importantly, CD38 expression is associated
with poor outcomes in DLBCL (30), and while now an
established therapeutic target in myeloma (31), CD38 is
an evolving therapeutic target in DLBCL. In particular,
CD38-targeting therapeutic strategies, such as the
monoclonal antibody daratumumab, have shown
modest efficacy in clinical DLBCL trials (25, 32, 33).
Notably, due to these limited effects and development
of resistance to CD38-targeted therapy in myeloma,
therapeutic strategies enhancing CD38 expression are
being actively sought (reviewed in (33)).

In the present study, we link CD38 expression in subsets of
both GC- and ABC-DLBCL cell lines with that of VDR.
Functionally, we find that in vitro VitD3 or its analogue
EB-1089 are sufficient to enhance surface CD38
expression and reduce growth of myeloma and
ABC-DLBCL cells, but interestingly not GC-DLBCL cells,
despite their VDR expression. CD38 can be activated by
VitD3 also in immortalized human B-cell lines, where
liganded VDR can bind to the CD38 locus, suggesting
direct regulation. Preliminary analyses suggest that in
GC-DLBCL cells, VDR expression may be regulated by
BCL6 via direct binding to the VDR locus and vitamin
D response may be silenced via multiple
mechanisms. Combined, our data support a model in
which cell-of-origin subtype determines vitamin D
responsiveness of DLBCL cells in vitro and may provide
arationale for combination of CD38 targeting in ABC-type
DLBCL and multiple myeloma with vitamin D
supplementation in the future.

Materials and methods

Human cell lines

Cell lines were maintained at fewer than 30 passages
according to standard procedures in RPMI 1640 media
supplemented with 10% foetal bovine serum and were
used within 10 passages of supply or STR profiled to
confirm identity, as previously (19). In vitamin D ligand
experiments, cells were treated with ethanol vehicle or
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107 M 1a,25-hydroxyvitamin D (vitamin Ds/VitD3) or
10~7 M EB-1089 (Sigma, UK). Viability and proliferation
were monitored by trypan blue exclusion dye assay
and/or MTS assay (Promega, UK).

Immunohistochemistry

For immunohistochemistry, formalin-fixed and
paraffin-embedded tissues were sectioned and mounted
on slides before dewaxing and antigen retrieval by
microwaving in 50 mM Tris and 2 mM EDTA, pH 9.0.
Primary antibodies recognizing VDR
(Santa Cruz, USA; clone D6 at 1:200), CD20 (in-house
clone L26 at 1:20), CD38 (Vector Laboratories, UK;
VP-C348 at 1:50) or isotype control (mIgGl R&D
Systems, USA; MABO002 at 1:50) were applied overnight
at 4°C or room temperature for 30 min, and the EnVision
system (Dako, USA) was used for detection alongside
haematoxylin counterstaining (Sigma) where required.
For VDR/CD20 double labelling without counterstain,
immunostaining was repeated using a second primary
antibody and blue substrate (Vector SG, Vector). Images
were acquired using an Olympus BX51 microscope with
40% objective. Morphological analysis was performed
using Image] software (NIH, USA). Tumour CD38 and
VDR staining scores on human tumours represent
approximate percentage of tumour stained multiplied
by stain intensity graded 0-3.

Western blotting

Whole-cell lysates were prepared, and protein was
quantitated by BCA assay (ThermoFisher Scientific, UK).
40 pg lysate was subjected to western blotting after 12%
SDS-PAGE, using antibodies recognising hVDR (D-6, Santa
Cruz Biotech; 1:1,000), BCL6 (191E/A8, in-house
supernatant; 1:250), B-actin (AC15, Sigma; 1:20,000),
MYC (D3N8F, Cell Signaling, USA; 1:1,000) or FOXP1
(JC12, in-house supernatant; 1:30). Blots were incubated
in PBS containing 5% milk 0.02% Tween-20, and signals
were detected using ECL reagent (GE Healthcare, UK).

Flow cytometry

Surface CD38 protein was detected by FACScalibur
(BD Biosciences, UK) after staining with APC-conjugated
primary  antibody  recognizing human  CD38
(HIT-2, 17-0389-41, ThermoFisher) or APC-conjugated
isotype control (mouse IgG1k, 17-4714-81, ThermoFisher).

Quantitation of gene expression

For realtime PCR analysis, total RNA was
column-purified (Qiagen, UK) and 1 pg was converted
to cDNA using superscript III enzyme (Life
Technologies, UK). Universal MasterMix 1I
(LifeTechnologies) and the following TaqMan assays
(all Applied Biosystems, UK) were used for quantitative
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amplification on a Chromo4 instrument (BioRad, UK):
hVDR (Hs01045840_m1), hIRF4 (Hs00180031_m1), hIGF1
(Hs01547656_m1), hHPGD (Hs00960587_m1), hSLA
(Hs00277129_m1), hBCL6 (Hs00153368_m1) and hIL6
(Hs00985639_m1). Normalisation was performed by the
AACt method using one or more VIC-labelled controls
(18s — 4318839, hTBP — 4325803, and hB2M - 4326319E).

Bioinformatic analyses

DepMap (https://depmap.org/portal/data_explorer_2/)
was used to examine gene transcript expression in
36 DLBCL-annotated cell lines, specifically A3KAW,
A4FUK, CCLFHEMEOO001T, DB, DOHH2, EJ1, FARAGE,
HF, HT, KARPAS422, KML1, NUDUL1, OCILY132,
OCILY18, OCILY19, OCILY3, OCILY7, PFEIFFER, RC,
RCKS8, RI1, RL, SUDHL10, SUDHL2, SUDHL4, SUDHLS5,
SUDHL6, SUDHLS, TOLEDO, U2904, U2940, U2946, ULA,
VAL, WILL1 and WSUNHL. Cell lines were ascribed
subtype where possible based on the published
literature; however, 6 ‘GC cell lines (OCI-Ly19,
TOLEDO, SUDHL8, OCI-Ly7, RC and HF) showed
uncharacteristic low or absent expression of GC
marker genes BCL6, SERPINA9 and MYBL1 and robust
expression of ABC marker genes IRF4, XBP1 and KCNA3
and were therefore removed from analyses showing
subtype (Fig. 1F and Supplemental Fig. S9 (see section
on Supplementary materials given at the end of the
article)). Expression data were exported and replotted
in MS Excel. For comparison of VDR and CD38 expression
in primary DLBCL tumours, RNA-seq data from Yan
et al’s GSE147986 consisting of 107 DLBCL cases
with  cell-of-origin (COO) subtype information
(GC-DLBCL n = 32, ABC-DLBCL n = 48 and type 3 n = 27)
(34) were obtained from Gene Expression
Omnibus (GEO), and gene expression values were
log,-transformed. For examination of potential VDR
regulator expression in DLBCL subtypes, RNA-seq
datasets GSE125966 consisting of 538 DLBCL
(GCB-DLBCL n = 298, ABC-DLBCL n = 151 and
unclassified n = 89) (35) and GSE147986 (34) were
obtained from GEO. Expression levels of genes of
interest were tested across DLBCL subtypes. To analyse
VDR and BCL6 binding to VDR and CD38 loci in the human
genome (version HG18), ChIP-seq data from Hatzi et al
(36) and Ramagopalan et al. (37) were inserted as custom
tracks into the UCSC browser (https://genome.ucsc.edu/).
Software GEO2R was used to analyse gene expression
data (dataset GSE22176) from untreated and 36 h
vitamin D3-treated EBV-immortalised B-cells, as
described in Ramagopalan et al.

Statistical analyses

Statistical  testing  for  significant  differences
(indicated where P < 0.05 by asterisk and P < 0.01 by
double asterisk) in growth arrest, IL6 transcript and
nucleus/cytoplasm ratio experiments was performed
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using Student’s t-test in MS Excel. g-value for significance
of VDR and CD38 transcript correlation in the DepMap
cell line dataset was calculated by generating individual
P-values from comparisons of VDR with all ‘CD’ factors,
and subsequent Benjamini-Hochberg multiple testing
correction using the website https://www.sdmproject.
com/. P-value for significance of VDR/CD38 protein
correlation in primary tumours was calculated in MS
Excel from correlation coefficient and sample size
using the formula found at https://www.statology.org/.
VDR and CD38 transcript correlation in primary DLBCL
samples was assessed using Spearman or Pearson
correlation coefficients according to whether data
followed non-normal or normal distribution,
respectively, as determined by Shapiro-Wilk tests.
Linear regression models with 95% confidence
intervals were fitted to visualize their relationships for
all DLBCL cases, or based on DLBCL subtypes. Multiple
testing correction was conducted using the

Benjamini-Hochberg false discovery rate method, and
q < 0.05 was considered statistically significant.
Differential gene expression across DLBCL subtypes
was tested using ANOVA with Holm-Siddk post hoc
tests or Kruskal-Wallis tests with Dunn’s post hoc tests
for normal or non-normally distributed expression,
respectively. Correction for multiple testing was
performed wusing the Benjamini-Hochberg false
discovery rate method, and g < 0.05 was considered
statistically significant.

Results
Vitamin D receptor (VDR) protein is expressed

in both GC- and ABC-type DLBCL cells

Having previously identified VDR expression in a subset
of ABC-DLBCL «cell lines with plasmablastic
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characteristics (SUDHL9 and HLY-1 (19)), we screened
additional DLBCL cell lines for VDR expression.
Interestingly, several GC-DLBCL cell lines expressed
both VDR transcript and protein, demonstrating that
VDR is not restricted to plasmablastic ABC-subtype
DLBCL (Fig. 1A, C, D). In this small panel, there was a
trend for higher VDR transcript and protein expression in
VDR+ ABC versus VDR+ GC cell lines, and in lines of both
subtypes, BCL6 transcript levels were somewhat reduced
in VDR+ cell lines (Fig. 1B). Nuclear localisation of VDR
protein was confirmed by immunostaining of the
GC-DLBCL cell line OCI-Ly8 (Fig. 1E). The study of
VDR transcripts in a wider DLBCL cell line panel
(n = 30, DepMap) showed positivity in approximately
50% and demonstrated a striking inverse relationship
between BCL6 expression and that of VDR (Fig. 1F),
confirming results from our smaller cell line cohort.
Analysis of BCL6 ChIP-seq data in OCI-Lyl GC-DLBCL
cells (36) identified multiple potential regions in the
VDR locus bound by BCL6 (Supplemental Fig. S1), and
more detailed examination identified within the first VDR
intron region (Fig. S1 red arrow) a 5-TTCCAGGC-3'
sequence matching a BCL6-binding site consensus
5-TTCNAGG(A/C)-3' (Supplemental Fig. S2),
suggesting that BCL6 may directly regulate
VDR  expression. An identical 5-TTCCAGGC-3
sequence was identified in the VDR 3’ region bound
by BCL6, and multiple additional potential
binding sites with reduced homology to the consensus
were located in BCL6-bound regions of the VDR locus
(data not shown).

VDR+ DLBCL cell lines frequently display blastic
morphology and gene expression

VDR expression in ABC-DLBCL cells is associated with a
plasmablastic-like phenotype (19), and we considered
whether GC-DLBCL cells might also show this
association. To test this, we compared morphology and
gene expression of VDR+ and VDR"8 DLBCL cell lines. The
most strongly VDR+ cell lines from each DLBCL subtype,
OCI-Ly8 (GC-DLBCL) and HLY-1 (ABC-DLBCL), did show an
increased nuclear-to-cytoplasmic ratio suggestive of
blastic morphology and displayed high proliferative
rates (Supplemental Fig. S3 and S4). Some VDR+ lines
also exhibited stronger expression of IRF4, IGF1, HPGD
than VDR™# lines (Supplemental Fig. S5), suggestive of
increased activation status. Expression of SLA was
strongly inverse to that of VDR in all cell lines
(Supplemental Fig. S5). Activated VDR has been
reported to repress the NF-«B pathway (38), and
accordingly, the strongly plasmablastic cell line HLY-1
has reduced expression of many NF-xB pathway
transcripts in comparison with ABC-DLBCL cell lines
OCI-Ly3 and OCI-Lyl0 (Supplemental Fig. S6).
Interestingly, VDR+ GC-DLBCL lines SUDHL4 and MIEU
have broadly similar NF-xB pathway transcript status
to VDR"™ counterparts DB and Karpas-422,
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suggesting a potential lack of VDR activation in these
lines (Supplemental Fig. S6).

VDR+ DLBCL cell lines frequently display
expression of the plasmacytic/activation
marker CD38

To further investigate a potential association between
VDR and an activated phenotype, we screened cell lines
for expression of CD38, a surface plasmacytic/activation
marker of myeloma and blastic lymphoma, and
discovered a strong positive association between VDR
and CD38 expression (Fig. 2A and B). A strong and
significant positive relationship between CD38 and VDR
transcripts in a larger panel of B-cell lymphoma cell lines
was also apparent in DepMap (39) analysis (Fig. 2C). The
validity of this finding was confirmed by preliminary
immunohistochemical analysis of a small cohort of
seventeen primary DLBCL and myeloma tumours
stained previously for VDR (19) (Fig. 3A and B), and a
significant positive correlation between VDR and CD38
transcript levels was also apparent in an independent
primary DLBCL dataset, in both GC and ABC subtypes
(Fig. 30).

VDR+ GC-DLBCL cells are resistant to CD38
modulation by both VitD3 and EB-1089

Co-expression of VDR and CD38 in lymphoma cells led us
to examine potential regulation of CD38 expression by
vitamin D ligands. We treated VDR+ cell lines with VitD3
or with EB-1089, a low-calcaemic vitamin D analogue with
potentially greater potency and clinical relevance (11).
Importantly, both VitD3 and EB-1089 were able
to significantly increase absolute CD38 expression in
ABC-DLBCL and myeloma cell lines (Fig. 4A and B,
lower panels, Fig. 4C), equating to increases of
approximately 50-400%. Analysis of public gene
expression data from duplicate/triplicate samples of six
independent EBV-transformed human peripheral B
lymphocyte (PBL) cell lines treated for 36 h with
calcitriol/VitD3 (37) confirmed that CD38 transcripts
were upregulated (Supplemental Fig. S7) and that in 2
of 2 cell lines (855 and 861) subjected to VDR ChIP-seq
analysis, liganded VDR can directly bind to the CD38 locus
at 2 upstream regulatory regions (Supplemental Fig. S8).
In sharp contrast, VDR+ GC-DLBCL cells were resistant to
VitD3-induced CD38 activation (Fig. 4A and B upper
panels, Fig. 40).

VDR+ GC-DLBCL cells are resistant to vitamin
D-dependent growth inhibition, MYC inhibition
and IL6 induction

Having observed resistance to vitamin D-dependent
CD38 activation in VDR+ GC-DLBCL cell lines, we
investigated whether these cells are deficient in other
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Figure 2

VDR positivity is associated with CD38 expression in DLBCL cell lines. (A) Flow cytometry (log scale) of surface CD38 expression on human DLBCL cell lines,
VDR status (top) designated from data in Fig. 1; (B) mean fluorescence intensity of surface CD38 expression from experiments as in A, after subtraction of
isotype value, n = 3, mean + SD; and (C) DepMap analysis of VDR and CD38 transcript expression in DLBCL cell lines.

vitamin D responses (Fig. 5). In particular, we measured
vitamin D-dependent growth inhibition, MYC
protein downregulation, and IL6 upregulation, all of
which we observed previously in VDR+ HLY-1 cells
(19). Strikingly, while both vitamin D ligands
significantly inhibited growth of VDR+ ABC-DLBCL
and myeloma cell lines, such inhibition was not
observed in any VDR+ GC-DLBCL cell line with either
ligand (Fig. 5A and B). Consistent with this finding, the
vitamin D-dependent downregulation of MYC protein
detectable in ABC-DLBCL HLY-1 cells (19) was lacking in
GC-DLBCL cell lines (SUDHL4, SUDHL6 and MIEU,
Fig. 5C). Similarly, VitD3-dependent activation of IL6
was significant in both VDR+ ABC-DLBCL cell lines but
not in GC-DLBCL cell lines (Fig. 5D). There was no
detectable binding of liganded VDR to either MYC or
IL6 loci in PBL lines, suggesting indirect or post-
transcriptional effects on these genes in B-lineage
cells (data analysed from Ramagopalan et al (37),
data not shown).

In summary, data presented here show VDR transcript
and protein expression in approximately 50% of DLBCL
cell lines. VDR expression is positively associated with
that of CD38 and in vitro is reduced in BCL6™ GC-DLBCL
cells, where BCL6 can bind to the VDR locus. Critically,
multiple vitamin D responses, including upregulation
of CD38 and downregulation of MYC, are deficient in
BCL6™ GC-DLBCL cells. These findings highlight a
potentially important role for VDR and the vitamin D
pathway alongside BCL6 and MYC in DLBCL biology.

Discussion

CD38 is now a well-established therapeutic target in
myeloma although resistance can develop (23, 27, 31, 40),
and trials in DLBCL have shown limited efficacy
(25, 32, 33). For these reasons, clinically feasible
strategies to activate CD38 expression in these
indications are desirable (reviewed in (33)).
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VDR positivity is associated with CD38 expression in DLBCL tumours. (A) Representative CD38 staining of primary mature B-cell tumours previously stained
for VDR expression (19); (B) comparison of semi-quantitated VDR and CD38 IHC staining on our primary tumour cohort showing a trend for positive
correlation; and (C) comparison of VDR and CD38 transcript expression in 107 DLBCL tumours subtyped as GC, ABC or type 3 (GSE147986 dataset) (34).

Hormone-dependent upregulation of CD38 expression in
malignant haematological cells has been described
previously, most notably by retinoid in myeloma cells
(40), and such studies have led to some potential
retinoid-driven improvements in CD38 therapy
response in myeloma (41). Interestingly, activation of
CD38 expression by VitD3 is a property conserved with
normal B-cells and T-cells (42, 43, 44), where combined
VitD3 and retinoid may have greater effect than either
alone (43). Importantly, oral vitamin D supplementation
has already been shown to increase the abundance of
CD38+ human B-cells in vivo (45), and the anti-CD38
antibody response in myeloma is related to CD38
expression level (40). Our findings suggest that, subject
to validation of functional effects in vitro, VitD3 or
analogue therapy could combine with anti-CD38
therapy both in myeloma and in ABC-type DLBCL.
Furthermore, given the tight interplay between vitamin
D and retinoid biology, and our previous finding that
RAR-related orphan receptor A (RORA) targeting can
synergise with that of VitD3 (19), in vitro studies of

combined VitD3 and RA effect on CD38 expression may
be warranted. Mechanistically, ChIP-seq and transcript
analyses of data from human PBL cell lines indicate that
vitamin D-mediated upregulation of CD38 occurs at the
transcript level and is likely direct, with liganded VDR
binding to the CD38 locus at two distinct locations
upstream of the transcription start site. Although the
VDR and CD38 relationship is strong in cell lines, it is
somewhat weaker in primary samples, which we believe
may be due to confounding expression of both molecules
in non-tumour cell types (for example, expression of VDR
in epithelia and Langerhans cells (19)).

Growth inhibitory effects of vitamin D on myeloma cell
lines are consistent with those described previously (15,
17), while data presented here and previously (19) show
that vitamin D is also a robust inhibitor of cell division
and MYC protein expression in VDR+ ABC-DLBCL cells
in vitro. These effects provide insight into a mechanism
potentially underlying inferior event-free survival in
lymphoma patients with vitamin D serum insufficiency


https://doi.org/10.1530/EO-25-0057

E ] Soilleux et al.

Endocrine Oncology (2026) 6 e250057
https://doi.org/10.1530/E0-25-0057

A GC-DLBCL
MIEU SU-DHL4 SU-DHL-6 0C|-Ly8 _— iso(ype
= vehicle
| A A o
A i
ABC-DLBCL Myeloma
SU-DHL-9 HLY-1 JIN-3 Thiel RPMI-8226 NCI-H929
= :
3 & /\ % i
o H P9 I
3 “ i 1 /4 “".
o 5 2 .
CD38
B
GC-DLBCL
MIEU SU-DHL+4 SU-DHL-6 OCl-Ly8 mmmm  isotype
wm yehicle
% seex EB-1089
ABC-DLBCL Myeloma
SU-DHL-9 HLY-1 JUN-3 Thiel RPMI-8226 NCI-H929
=
3 I
o b 1
§ ; ) 4 1"-.
CD38
C
- 1600 )
§ 1400 m VitD3
g 1200 m EB-1089
§_ 1000
§ 800 Figure 4
E 600 VDR+ GC-DLBCL cells are resistant to CD38
g 400 modulation by both VitD3 and EB-1089. (A and B)
E I i i Flow cytometry (logso scale) of surface CD38
o 200 expression on human DLBCL cell lines treated for
0 _i_—.—__;.._iL. iL n. 48 h with ethanol vehicle or 10~ M VitD3 (panel
200 | % % % ; 5 2 2 g & A)or 10”7 M EB-1089 (panel B); (C) summary data
= 8 8 ) g T - = * < from three experiments, mean + SD. CD38
2] (2] © ® @ g changes in all ABC-DLBCL and myeloma but not
& GC-DLBCL lines were statistically significant with
GC-DLBCL ABC-DLBCL Myeloma

and improved prognosis in R-CHOP-treated patients
following vitamin D supplementation (8). Furthermore,
given the poor prognosis of MYC+ DLBCL (46), the
downregulation of MYC protein expression by either
VitD3 or EB-1089 analogue observed here in
ABC-DLBCL cells in vitro may prove to be an important
way to target MYC. A post-transcriptional indirect
mechanism for vitamin D targeting of MYC via the E3
ligase FBW7 (gene FBXW?7) (47) is likely in ABC-DLBCL
cells given their expression of FBXW?7 (DepMap, data not
shown) and transcript-independent MYC protein

both ligands (P < 0.05).

downregulation (19). In GC-DLBCL, further studies in
additional cell lines will be required to understand the
role of MYC translocation in impaired vitamin D
responses (of the VDR+ GC-DLBCL cell lines tested for
MYC downregulation, SUDHL4 and SUDHL6 both
display MYC rearrangements (48), while the
translocation  status of MIEU is unknown).
CCLE analyses indicate that mutations at threonine
T58 within MYC, which can stabilize MYC protein (49),
are not present in either SUDHL4 or SUDHL6 cell lines.
Notably, MYC and vitamin D deficiency are both poor
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prognostic factors in DLBCL, and MYC
positivity in malignant cells was more frequent in
patients with VitD3 deficiency (46). This finding is
consistent with in vivo downregulation of MYC
by vitamin D.

The inability of multiple VDR+ GC-DLBCL cell lines
SUDHL4, SUDHL6, MIEU and OCI-Ly8 to mediate
vitamin-D dependent growth arrest at the 48 h time
point after treatment with either 107 M VitD3 or
EB-1089 is both clear and intriguing. These data
are consistent with a previous report using the
VDR+ GC-DLBCL cell line DOHH2 (18) but contrast with
a historical report (50) showing reduced SUDHL4
proliferation after 48 h vitamin D treatment. While the
reasons for this discrepancy remain unclear, outgrowth
of distinct SUDHL4 subclones (see, for example, CD45 high
and low populations (51)) may be responsible.
Importantly, our data show functional inhibition of
VitD3 response in four independent VDR+ GC-DLBCL
cell lines wusing four independent readouts
(proliferation, MYC inhibition, IL6 activation and CD38
activation). Our findings showing vitamin D resistance in
some B-cell lymphoma populations may provide a partial
explanation for the observed lack of clinical response to
vitamin D supplementation in a recent indolent B-cell
lymphoma trial (9). Interestingly, VDR expression is
reduced in BCL6™ GC-DLBCL versus BCL6"°Y
ABC-DLBCL cell lines in vitro, which could indicate yet

ABC GC-DLBCL cells after 40 cycles of amplification.

another defect in VDR functionality in GC-DLBCL cells,
one of VDR autoregulation. Mechanistically, BCL6 itself
may play a role in control of VDR expression, since it
appears to bind multiple VDR regulatory sequences,
including VDR autoregulatory regions (BCL6 D8
antibody track, Supplemental Fig. S1). Interestingly,
VDR and BCL6 may also bind a common region within
the first intron of CD38 (Supplemental Fig. S8),
although this would need to be confirmed in
lymphoma cells. The binding of BCL6 at multiple sites
across the VDR locus in OCI-Lyl cells suggests a
potentially complex mechanism of regulation, but in
contrast, there was no evidence for liganded VDR
binding to the BCL6 locus in PBL B-cell lines
(analysis of data from Ramagopalan et al, data not
shown). Thus, in mature B lineage cells, BCL6 may
function upstream rather than downstream of VDR as
has been described in THP-1 monocytes (52).

Our in vitro findings suggest that clinical patient
stratification according to tumoural VDR expression
and ABC/GC subtype status might clarify relationships
between vitamin D serum levels and outcome. Given
the apparently tight relationship between VDR and
CD38 expression, CD38 might be used as a surrogate
for VDR. In addition, the apparent distinction between
VitD3 sensitivity in different disease subtypes may
override contributions of, for example, VDR
polymorphism (53).
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Schematic diagram summarizing a working hypothesis regarding distinct
vitamin D and VDR biologies in DLBCL subtypes.

While growth arrest, MYC inhibition and IL6 and
CD38 activation readouts all point towards inhibition of
vitamin D response in VDR+ GC-DLBCL cells, it may be
important to consider potential contributions of
endogenous VDR functionality without
exogenous ligand (54, 55). Indeed, in ABC-DLBCL (HLY-
1) and myeloma (JJN-3) cell lines, VDR depletion can
reduce viable cell number (19). A positive connection
between VDR and proliferation is also suggested by a
relatively high proliferative rate of VDR+ OCI-Ly8,
SUDHLY and HLY-1 cell lines (Supplemental Fig. S3).
It will also be important to understand how our
in vitro findings translate to more complex in vivo
DLBCL environments.

What factors might be responsible for blocking vitamin D
responses in VDR+ GC-DLBCL cells? One factor may be
their relatively low VDR expression, although myeloma
cell lines also have low VDR expression (19) and respond
well to vitamin D, so we believe additional factors are
involved. In a preliminary literature screen, we identified
several factors or pathways previously linked with
vitamin D resistance or response in other models
(e.g. references (52, 56, 57, 58, 59)). Interestingly, we
found evidence for some preferential expression of
these in GC-DLBCL cell lines in DepMap analysis

(Supplemental Fig. S9), and some also showed
upregulated expression in primary GC- versus
ABC-DLBCL  samples (Supplemental Fig. S10).

Conversely, RXRA whose protein product is required
for vitamin D responses via formation of a VDR/RXRA
heterodimer (60) showed a trend towards greater
expression in IRF4+ cell lines (Supplemental Fig. S9)
although no association with subtype was observed in
primary samples (Supplemental Fig. S10).

Furthermore, in preliminary experiments with murine
A20 lymphoma cells, specific activation stimuli appeared
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sufficient to block vitamin D responses, suggesting that
differential vitamin D responsiveness in GC and
ABC-DLBCL cell types might be due to multiple
changes driven by distinct activation histories
(D. Gascoyne unpublished data). In summary, it
appears that subtype-specific expression profiles of a
cohort of factors, perhaps including BCL6, SPI1,
and HDAC1, may be responsible for distinct
vitamin D responses in GC and ABC-DLBCL
(summarised in Fig. 6).

Conclusion

Overall, the  present study  provides an
improved understanding of intersecting vitamin D
and CD38 hiologies in DLBCL cells clustered according
to cell of origin. Findings suggest that diagnostic
assessment of tumoural VDR expression matched to
the widely used histopathological classification of
DLBCL into GC and ABC subtypes may improve
stratification of patients destined to treatments who
may benefit from complementary VitD3
administration. In addition, a greater understanding
of mechanisms limiting vitamin D sensitivity of
GC-DLBCL cells may identify novel vulnerabilities in
this disease subtype.

Supplementary materials
This is linked to the online version of the paper at
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