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Abstract

Background Although most patients with diffuse large B-cell ymphoma (DLBCL) achieve complete remission after
first-line rituximab-containing immunochemotherapy, up to 40% of patients relapse and require salvage therapy.
Among those patients, a substantial proportion remain refractory to salvage therapy due to insufficient efficacy or
intolerance of toxicities. A hypomethylating agent, 5-azacytidine, showed a chemosensitizing effect when primed
before chemotherapy in lymphoma cell lines and newly diagnosed DLBCL patients. However, its potential to improve
outcomes of salvage chemotherapy in DLBCL has not been investigated.

Results In this study, we demonstrated the mechanism of 5-azacytidine priming as a chemosensitizer in a platinum-
based salvage regimen. This chemosensitizing effect was associated with endogenous retrovirus (ERV)-induced viral
mimicry responses via the cGAS-STING axis. We found deficiency of cGAS impaired the chemosensitizing effect of
5-azacytidine. Furthermore, combining vitamin C and 5-azacytidine to synergistically activate STING could be a poten-
tial remedy for insufficient priming induced by 5-azacytidine alone.

Conclusions Taken together, the chemosensitizing effect of 5-azacytidine could be exploited to overcome the
limitations of the current platinum-containing salvage chemotherapy in DLBCL and the status of cGAS-STING has the
potential to predict the efficacy of 5-azacytidine priming.
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Background

Diffuse large B-cell lymphoma (DLBCL) is the most
common histologic subtype of non-Hodgkin lym-
phoma (NHL) [1]. Approximately 60-70% of patients
with DLBCL achieve complete remission with first-line
regimens, such as rituximab, cyclophosphamide, doxo-
rubicin, vincristine, and prednisone (R-CHOP) [2]. How-
ever, up to 40% of patients have disease relapse or are
refractory to their initial therapy [3]. For those patients,
salvage chemotherapy is required, but the majority of
patients succumb to their disease or require high-dose
chemotherapy with autologous stem cell transplantation
(ASCT) because of the limited efficacy of salvage treat-
ment [4]. Newer treatment strategies including targeting
B-cell surface antigen CD79 and chimeric antigen T-cell
(CAR-T) therapy improved outcomes of those relapsed or
refractory DLBCL patients [5, 6]. Polatuzumab vedotin,
a monoclonal antibody-drug conjugate targeting CD79,
received Food and Drug Agency approval in combination
with bendamustine and rituximab (pola-BR), based on an
open label clinical trial which showed superior response
rate of pola-BR compared to BR [7]. However, the ben-
efit of pola-BR was demonstrated only in transplant-
ineligible patients. In addition, extra-ordinary costs make
the wider use of CAR-T difficult. Thus, salvage chemo-
therapy followed by autologous hematopoietic cell sup-
port is still the mainstay of the second chance for cure in
relapsed or refractory DLBCL patients. However, salvage
chemotherapy and high-dose chemotherapy inevitably
cause substantial toxicities, especially in elderly or frail
patients who cannot tolerate these regimens [8]. There-
fore, potentiating the effect of chemotherapy without sig-
nificant toxicities is required.

Epigenetic modulators, such as hypomethylating
agents, have been used to treat patients with myelod-
ysplastic syndrome (MDS) or acute myeloid leukemia
(AML). The mechanism of action underlying the clini-
cal efficacy of 5-azacytidine remains to be elucidated [9].
To date, most of the focus on the mechanisms of action
of DNA methyltransferases inhibitor (DNMTi) has been
on the reversal of acquired aberrant DNA methylation of
tumor suppressor; however, interest has now switched
to the role of activation of endogenously methylated
sequences such as the cancer—testis antigens (CTAs) and
ERVs [10]. Previous data have suggested 5-azacytidine-
mediated irreversible inactivation of DNA methyltrans-
ferases (DNMTs) followed by restoration of aberrantly
methylated tumor suppressor genes (TSGs) as a major
mechanism [11]. However, global DNA demethylation
by 5-azacytidine is not correlated with clinical objective
response [12]. More recently, it has been reported that
low-dose 5-azacytidine and its deoxy derivative, decit-
abine (also known as 5-aza-2’-deoxycytidine), mediate
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double-stranded RNA (dsRNA) formation, which acti-
vates the pattern recognition receptor MDA5 [13]. Spe-
cifically, low-dose 5-azacytidine treatment reactivates
previous epigenetic silencing of ERV element expres-
sion in the human genome. The activated ERV element
forms dsRNA, which is recognized by dsRNA sensors as
viral genetic material. This low-dose 5-azacytidine treat-
ment tricks cancer cells into behaving as virus-infected
cells to generate a so-called viral mimicry state [14]. Viral
mimicry induces an interferon (IFN) response, which is
responsible for sensitization to subsequent chemother-
apy or immune checkpoint therapy [15].

Epigenetic modifications, such as DNA methyltrans-
ferase inhibition and histone deacetylase inhibition,
cause sensitization to the cytotoxic effects of chemo-
therapeutic drugs in solid tumors [16]. The hypometh-
ylating agents 5-azacytidine and decitabine restore the
efficacy of platinum derivatives in several types of can-
cer cell lines in vitro [17], and this chemosensitization
has been evaluated in clinical trials [18]. Hypomethylat-
ing agent-induced chemosensitization is exerted via the
reprogramming of cancer cells without altering the DNA
sequence and causing DNA demethylation with minimal
DNA damage. This non-cytotoxic mechanism is valu-
able because hypomethylating agents improve sensitivity
to salvage chemotherapy but do not increase toxicity in
DLBCL cells [19, 20]. These advantages could lead to the
use of hypomethylating agents to overcome refractori-
ness to platinum derivative-containing salvage chemo-
therapy for DLBCL without additional treatment toxicity,
thereby increasing the overall survival of relapsed/refrac-
tory DLBCL patients and allowing more patients to pro-
ceed to ASCT. In this study, we elucidated the effect and
mechanism of 5-azacytidine as a potential chemosensi-
tizer in cisplatin-resistant DLBCL cells.

Results

5-Azacytidine pretreatment resensitizes cisplatin-resistant
DLBCL cell lines to cisplatin to varying degrees

A platinum-based anti-neoplastic agent is an essential
component of salvage regimens for aggressive lympho-
mas, for example, rituximab, gemcitabine, dexametha-
sone, and cisplatin (R-GDP) for relapsed/refractory
DLBCL and Hodgkin lymphoma [21]. As a single agent
in humans, cisplatin is administered at a dose of up to
80 mg/m?, which can achieve an approximately 14.4 uM
plasma peak concentration with a plasma half-life of
0.44 h [22]. The clinically achievable concentration of cis-
platin was determined to be 7 uM by pharmacokinetic
simulation (Fig. 1A). Thus, the sensitivity of six DLBCL
cell lines to cisplatin was defined with a cutoff of 7 uM in
our study. Among the six DLBCL cell lines, three (OCI-
LY3, Toledo, and OCI-LY19) were sensitive to cisplatin,
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Fig. 1 5-Azacytidine pretreatment resensitizes cisplatin-resistant DLBCL cell lines to cisplatin to varying degrees. A Plasma levels of cisplatin in
human patients following intravenous injection of an 80 mg/m? dose. Red points represent the determined value for the patient at that time point
reported by a widely cited paper. Black points represent the mPBPK model-predicted value using typical physiological and biochemical parameters.
The dashed line indicates the top clinically achievable dose. B The IC50 value was calculated using a cell viability assay. The dashed line indicates the
top clinically achievable dose. € Bar chat of IC50 values for cisplatin in six DLBCL cell lines; *p <0.05, **p <0.01 and ***p <0.001 (two-way ANOVA). D
Bar chat of log2-transformed IC50 fold change values. E-J. Subcutaneous tumor growth, xenograft tumor images and tumor weights of xenografts
from OCI-LY1 and SU-DHL2 tumor-bearing athymic nude mice. E and H *p <0.05, **p < 0.01 and ***p < 0.001 (two-way ANOVA). G and | *p < 0.05,

**p<0.01 and ***p<0.001 (t test). AZA: 5-azacytidine

and the other three (OCI-LY1, SU-DHL2, and SU-DHLS)
were resistant (Fig. 1B), according to cisplatin half-maxi-
mal inhibitory concentration (IC50) values of each lines.

To determine whether 5-azacytidine could overcome

resistance to cisplatin in DLBCL cell lines, the six DLBCL
cell lines were incubated for three consecutive days with
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low-dose (0.3 uM) 5-azacytidine prior to cisplatin treat-
ment in vitro (Additional file 1: Fig. S1A). A cell viabil-
ity assay showed that 5-azacytidine enhanced cisplatin
sensitivity in all three resistant DLBCL cell lines (Fig. 1C,
Additional file 1: Fig. S2A—F). Although all three resist-
ant DLBCL cell lines showed a significant increase in
sensitivity, only the SU-DHL2 and SU-DHLS8 cell lines
regained cisplatin chemosensitivity and exhibited IC50
values below the clinically achievable concentration
(Fig. 1C). By comparing the cisplatin IC50 values meas-
ured with or without 5-azacytidine pretreatment, we
found that the resistant DLBCL cell lines received dif-
ferent degrees of benefits from this epigenetic priming:
SU-DHLS cells gained the most benefit, followed by SU-
DHL2 cells, and OCI-LY1 cells gained the least benefit
(Fig. 1D).

We then performed an in vivo study to evaluate the effi-
cacy of 5-azacytidine in sensitizing the effect of cisplatin
using xenograft models (Additional file 1: Fig. S1B). In the
OCI-LY1 xenograft model, 5-azacytidine pretreatment
augmented the effect of cisplatin on day 16, although it
was not statistically significant (p=0.1898, two-way-
ANOVA) (Fig. 1E). However, this inhibitory trend was
not sustained beyond day 19 (Fig. 1E-G). In contrast,
5-azacytidine epigenetic priming significantly increased
the cytotoxic effect of cisplatin on day 16 (p =0.046, two-
way-ANOVA), and moreover, this combination effect
was durable in the SU-DHLS8 xenograft model on day 19
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(p=0.049, two-way-ANOVA) (Fig. 1H-]). The responses
of the in vivo studies in Fig. 1E, F, G, H, I, and ] correlate
with the level of cisplatin resistance in Fig. 1B, C, and D.
Adding 5-azacytidine to OCI-LY1 cells did not have a sig-
nificant effect in vivo but it did to SU-DHLS, which were
sufficiently primed by 5-azacytidine in Fig. 1B, C, and D.
Taken together, these data suggested that 5-azacytidine
epigenetic priming augmented the cytotoxic response to
cisplatin in cisplatin-resistant DLBCL cell lines to vary-
ing degrees, to be specific, most significant on SU-DHL8
and almost negligible on OCI-LY1. The mechanism
underlying this phenomenon has been investigated in the
following experiments.

Low-dose 5-azacytidine induces DNA demethylation
without DNA damage

To determine whether 5-azacytidine-induced chemo-
sensitization is dependent on DNA damage, the DNA
damage marker phospho-H2AX was evaluated each
day after 5-azacytidine treatment. Three consecutive
days of low-dose 5-azacytidine treatment had negligible
impacts on phospho-H2AX (Fig. 2A). Three consecutive
days of low-dose 5-azacytidine treatment decreased the
global DNA methylation level, detected using 5-methyl-
cytosine (5mC) DNA dot blotting, in all six DLBCL cell
lines (Fig. 2B). In addition, low-dose 5-azacytidine treat-
ment decreased the DNMT1 protein levels in all six
DLBCL cell lines (Fig. 2C). These data indicated that
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Fig. 2 Low-dose 5-azacytidine induces DNA demethylation without DNA damage. A Phospho-H2AX expression in the indicated DLBCL cell
lines was detected using Western blotting; UV-treated cell was serving as positive control. B 5mC DNA dot blots showing the effect of low-dose
5-azacytidine on the global DNA methylation level for each cell line, and methylene blue served as the DNA loading control. C DNMT1 protein
levels were detected using Western blotting in PBS or 5-azacytidine-treated cells
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5-azacytidine induced DNA demethylation in all DLBCL
cell lines without causing DNA damage.

5-Azacytidine induces transcriptome changes in DLBCL cell
lines

Upon 5-azacytidine treatment, hierarchical clustering of
the top variable gene expression profiles showed clus-
tering by cell line and not by 5-azacytidine treatment,
suggesting that 5-azacytidine did not have a dominant
effect on the transcriptome (Fig. 3A). The effects on gene
expression appeared to be divergent among the cell lines.
The same non-dominant effect of 5-azacytidine on the
transcriptome has also been reported in AML [23]. Con-
sequently, to explore the expression profiles of genes that
were related to both cisplatin sensitivity and 5-azacyti-
dine treatment, we evaluated the differentially expressed
genes (DEGs) between cisplatin-resistant DLBCL cell
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lines and cisplatin-sensitive DLBCL cell lines with a con-
servative threshold with p values <0.05, but not adjusted
p values <0.05 (Additional file 1: Fig. S3A). Addition-
ally, we identified the DEGs between the PBS-treated
group and the 5-azacytidine-treated group with p values
<0.5 (Additional file 1: Fig S3B). There were 2001 DEGs
related to cisplatin sensitivity and 1092 DEGs associated
with 5-azacytidine treatment. Among them, 122 genes
were overlapping (Fig. 3B). Then, hierarchical clustering
was performed using the expression profiles of the 122
genes, and the results identified two clusters. One clus-
ter included OCI-LY1 cells treated with PBS, OCI-LY1
cells treated with 5-azacytidine, SU-DHL2 cells treated
with PBS, and SU-DHLS cells treated with PBS, suggest-
ing unsatisfactory chemosensitization in OCI-LY1 cells
(Fig. 3C). On the other hand, SU-DHL2 and SU-DHLS8
cells that were treated with 5-azacytidine belonged to
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Fig. 3 Low-dose 5-azacytidine treatment altered the expression of cisplatin sensitivity-related genes but did not have a dominant effect on the
transcriptome. A Hierarchal clustering of the top variable gene expression profiles (interquartile range of probe sets between cell lines > 1). B
Overlapping genes between the cisplatin sensitivity-related gene set and the 5-azacytidine treatment-regulated gene set. C The gene expression
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the other cluster, which reflected satisfactory chemosen-
sitization (Fig. 3C). These data suggested that low-dose
5-azacytidine treatment altered the expression of cispl-
atin sensitivity-related genes but did not have a dominant
effect on the transcriptome.

5-Azacytidine treatment activates ERV expression in DLBCL
cell lines

The differences in gene expression in each DLBCL cell
line were subtle upon 5-azacytidine treatment, which
may not be persuasive to explain the epigenetic prim-
ing effect of 5-azacytidine. Therefore, we explored the
ERV activation profiles among various DLBCL cell
lines. 5-Azacytidine can induce specific ERV transcripts
in ovarian cancer [13, 24], melanoma [13], colorec-
tal cancer [25], and endometrial cancer cells [26], thus
activating the viral defense response. To analyze the
genome-wide expression of human ERVs, we used an
ERVmap pipeline that allowed for locus-specific genome-
wide identification of proviral ERVs transcribed based on
RNA-sequencing (RNAseq) data [27]. The open-source
code of ERVmap and the accompanying web tool for
quantifying ERVs in RNA-sequencing data are publicly
available [27]. Comparison of the detectable transcribed
ERVs revealed unique expression levels in each cell line
(Fig. 4A). In all of the analyzed cell lines, we observed
23-35% of the ERVs at detectable levels (Fig. 4B). The
count of total detectable ERV loci and sum of normalized
ERYV expression per cell line are shown in Fig. 4C and D.
To identify ERVs induced by 5-azacytidine treatment,
we excluded ERVs that were expressed in both the PBS-
and 5-azacytidine-treated cell lines (Fig. 4E). Among all
six cell lines, the SU-DHLS8 had the greatest number of
5-azacytidine-induced ERV loci and the highest level of
expression (Fig. 4F, G). In addition, the 5-azacytidine-
induced ERV locus number and expressed level were
correlated, suggesting that the expression of 5-azacyt-
idine-induced ERVs was contributed by more different
ERV loci but not by transcription of some loci at higher
levels (Fig. 4H). To verify the ERVmap data, we selected
four ERVs randomly, which from the results of a previous
study [25]. These four ERVs were measured using qPCR.
The ERV elements were significantly increased in SU-
DHLS cells after three consecutive days of 5-azacytidine

(See figure on next page.)
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treatment, which was consistent with the ERVmap pipe-
line results (Fig. 4I-L).

5-Azacytidine-induced chemosensitization is mediated

by the cGAS-STING axis

The activated ERV element forms dsRNA, after which
dsRNA is detected by three signaling receptors: (1) toll-
like receptor 3 (TLR3), which is located both on the cell
membrane and in the endosomal membrane; (2) retinoic
acid inducible gene I (RIG-I), which is located in the
cytosol; and (3) melanoma differentiation associated gene
5 (MDAD5), which is also located in the cytosol [28]. Acti-
vated dsRNA sensors showed increased RNA transcript
and protein expression levels [13]. Therefore, to identify
whether 5-azacytidine-induced ERVs activated dsRNA
sensors, the protein and RNA levels of these three
dsRNA sensors were detected using Western blot and
normalized expression data based on RNA-sequencing
data. Low-dose 5-azacytidine treatment activated MDA5
in the OCI-LY1, SU-DHL2, SU-DHLS8, and OCI-LY3
cell lines but not in the Toledo and OCI-LY19 cell lines
(Fig. 5A, B). This phenomenon was also shown in solid
tumors such as colorectal and ovarian cancers. The very
modest MDAS5 activation in the Toledo cell line might be
caused by the high level of ADAR1 (Additional file 1: Fig.
S4). ADARI regulates dsRNA through adenosine-to-ino-
sine editing and destabilization of RNA duplexes [29]. In
OCI-LY19 cells, low-dose 5-azacytidine activated TLR3,
as the RNA and protein expression levels increased
(Fig. 5A) but not the cytosolic dsSRNA sensors. RIG-I was
not involved in 5-azacytidine-induced dsRNA recogni-
tion in any of the DLBCL cell lines (Fig. 5A, B). These
data suggested that 5-azacytidine-induced dsRNA sensor
activation might not account for the varying degrees of
chemosensitizing effect in DLBCL cells.

The life cycle of ERV elements also entails the transient
formation of RNA:DNA hybrids via using tRNAs as prim-
ers for reverse transcription [30]. Most ERVs are non-
functional due to DNA recombination, mutations, and
deletions. Some ERVs, however, especially proviral ERVs,
contains polymerase (pol) with reverse transcriptase
activity [13, 31, 32]. Cytosolic RNA:DNA hybrids can
activate the cGAS-STING axis [33]. Therefore, to inves-
tigate cGAS-STING axis activation, we evaluated protein

Fig.4 5-Azacytidine activates ERV expression in DLBCL cell lines. A ERV expression profiles are shown using a heatmap. B Histogram of the
number of reads attributed to each of the 3220 ERV loci sorted in order of highest to lowest expressed ERVs for each cell line, x-axis: 3220 ERV
loci in percentage scale, y-axis: scaled expression levels of ERVs in each cell line. C The total ERV locus number is shown using a bar chat. D

The total ERV normalized expression is shown using a bar chat. E Venn diagram showing the number of baseline ERV, post-treatment ERY,

and 5-azacytidine-induced ERV conditions in each cell line. F The number of 5-azacytidine-induced ERV loci in each cell line is shown using a
bar chat. G The 5-azacytidine-induced ERV normalized expression level in each cell line is shown using a bar chat. H Correlation between the
5-azacytidine-induced ERV locus number and ERV expression. I-L The expression levels of several ERVs were detected using gPCR. I-L *p <0.05,

**p<0.01 and ***p <0.001 (two-way ANOVA). AZA: 5-azacytidine
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and RNA levels using western blotting and normalized
RNAseq expression data, respectively. Among the cis-
platin-resistant DLBCL cell lines, the double-stranded
DNA (dsDNA) sensor cGAS was intrinsically highly
expressed in SU-DHLS cells, followed by SU-DHL2 cells,
but was not expressed in OCI-LY1 cells (Fig. 5C, D). Acti-
vated cGAS synthesizes cGAMP that acts as an agonist of
the endoplasmic reticulum-resident protein STING [34].
Among the cisplatin-resistant DLBCL cell lines, 5-azacyt-
idine treatment significantly increased STING expression
in the SU-DHLS cell line, modestly increased expression
in the SU-DHL2 cell line, and had no effect in the OCI-
LY1 cell line (Fig. 5E, F). Here, we found that the cGAS-
STING axis was closely related to cisplatin sensitivity
in both intrinsic and 5-azacytidine-sensitized cell lines,
except the OCI-LY3 cell line, suggesting that the mecha-
nism related to cisplatin sensitivity in the OCI-LY3 cell
line was cGAS-STING independent. We then explored
the expression level of another dsDNA sensor, TLRY.
Similar to cGAS, TLR9 can recognize RNA:DNA hybrids
[35], and activating TLR9 has demonstrated potential as
a novel immunotherapeutic approach to improve clas-
sic cancer therapies [36]. The TLR9 expression level was
intrinsically high in OCI-LY3 cells and further increased
after 5-azacytidine treatment (Fig. 5G, H). The STING
and TLRY activation patterns were significantly corre-
lated with cisplatin sensitivity (Fig. 5I). In addition, the
STING activation levels were consistent with the 5-aza-
cytidine-induced cisplatin-sensitizing effects, despite the
Pearson r value=1 potentially due to the limited sample
number (Fig. 5]).cGAMP-bound STING activates down-
stream kinases to activate the transcription factors IRF3
and NF-kB [37]. Therefore, we used the phospho-IRF3
level to identify IRF3 activation. For the NF-kB pathway,
IKK and NF-kB p65 are phosphorylated and then trans-
location to the nucleus. Thus, IKK and NF-kB p65 have
been reported to be early-response genes after 5-azacyti-
dine treatment [14]. In this study, we treated the DLBCL
cell lines for three consecutive days, so phospho-IKK and
phospho-NF-kB p65 were not appropriate for detecting
signaling activation. As an alternative, we used phospho-
IxBa, which has been identified as a late-response gene
after 5-azacytidine treatment, to monitor NF-«kB sign-
aling activation [14]. The phospho-IRF3 and phospho-
IxBa levels showed that the IRF3 and NF-kB signaling
pathways were significantly activated in SU-DHLS cells
and that the NF-«B signaling pathway was only slightly

(See figure on next page.)
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activated in SU-DHL2 cells; however, neither the IRF3
nor NF-«B signaling pathway was activated in OCI-LY1
cells after 5-azacytidine treatment (Fig. 5K, L). Overall, in
the DLBCL cell lines, the activation of intrinsic dsDNA
sensors, including cGAS-STING and TLR9, was associ-
ated with cisplatin sensitivity. Low-dose 5-azacytidine
could induce immunogenic ERV element transcrip-
tion and formation of RNA:DNA hybrids recognized by
intrinsic dsDNA sensors in DLBCL and thus activate the
innate immune response. cGAS-STING axis activation
was crucial to increasing the sensitivity to cisplatin treat-
ment by 5-azacytidine priming.

cGAS-STING-mediated viral mimicry is dependent

on reverse transcriptase activity

To verify whether the cGAS-STING mediated viral
mimicry response was dependent on reverse tran-
scriptase activity, we inhibited reverse transcriptase
activity using delavirdine mesylate. Delavirdine mesylate
is a non-nucleoside reverse transcriptase inhibitor that
selectively inhibits reverse transcriptase and has low cel-
lular cytotoxicity [38]. The reverse transcriptase activity
assay showed that treatment with 50 pM of delavirdine
mesylate one time and exposed for 3 days significantly
repressed 5-azacytidine-induced reverse transcriptase
activity in all three cell lines (Fig. 6A—C). Meanwhile,
we found that the reverse transcriptase activity was
increased after 5-azacytidine treatment in SU-DHL2
cells and SU-DHLS cells, but no significant change was
found in OCI-LY1 cells (Fig. 6A—C). In addition, reverse
transcriptase inhibition abolished the 5-azacytidine
priming-induced chemosensitizing effect in SU-DHL2
cells and SU-DHLS8 cells as showed by cisplatin IC50
values (Fig. 6D, E, Additional file 1: Fig. S5B, C). The
reverse transcriptase inhibition also abrogated STING
and downstream IkBa activation in SU-DHL2 cells and
blocked both IkBa and IRF3 activation in SU-DHLS cells
(Fig. 6G-I). However, in OCI-LY1 cells, reverse tran-
scriptase inhibition neither showed influence on 5-azacy-
tidine priming-induced chemosensitizing, nor on STING,
IxBa and IRF3 activation (Fig. 6D, G and Additional file 1:
Fig. S5A). To further investigate whether cGAS-STING
was implicated in viral mimicry in DLBCL, we knocked
down cGAS and STING using siRNAs in SU-DHLS
cells. Then, by detecting the expression levels of cGAS
and STING with and without 5-azacytidine treatment in
the negative control and knockdown cell lines, we found

Fig. 5 5-Azacytidine induces chemosensitization mediated by the cGAS-STING axis. A-H The expression levels of target proteins were measured
using Western blotting and RNA-sequencing data. MDAS5, RIG-I, cGAS, and STING are encoded by the IFIH1, DDX58, MB21D1, and TMEM173 genes,
respectively. | Pearson correlation between the dsDNA sensor activation level and cisplatin sensitivity. J Pearson correlation between cGAS-STING
activation and the chemosensitization effect. K, L The expression and phosphorylation levels of IRF3 and IkBa were measured using western

blotting
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that both ¢cGAS and STING siRNAs had good knock-
down effects on their target genes (Fig. 6J). Knockdown
cGAS blocked 5-azacytidine-induced STING upregula-
tion (Fig. 6]). Next, we measured downstream IxBa and
IRF3 activation and found that both ¢cGAS and STING
knockdown could abrogate downstream signal activa-
tion (Fig. 6K-L). Taken together, these data suggested
that cGAS-STING was implicated in viral mimicry cyto-
solic sensing in DLBCL and was dependent on reverse
transcriptase activity. Except for the proviral ERVs, long
interspersed nuclear elements (LINEs) may also be one
contributor to the reverse transcriptase activity. There-
fore, we analyzed the LINEs expression using TElocal
which is a tool utilizes both uniquely and ambiguously
mapped reads to quantify transposable element expres-
sion at the locus level. As shown in Additional file 1: Fig.
S6, among the three cisplatin-resistant DLBCL cell lines,
an increase LINEs expression was found on OCI-LY],
and a slight increase was found on SU-DHL2 after 5-aza-
cytidine treatment. However, the LINE expression did
not increase on SU-DHLS, while it decreased after 5-aza-
cytidine treatment (Additional file 1: Fig. S6), suggesting
5-azacytidine-induced ERVs expression was the main
contributor to the reverse transcriptase activity.

A combination of vitamin C and 5-azacytidine could be

a potential remedy for insufficient epigenetic priming
Combining vitamin C and 5-azacytidine can enhance
immune signals, including increasing expression of
bidirectionally transcribed ERV transcripts, increasing
cytosolic dsRNA levels, and activating the IFN-inducing
cellular response [39]. This synergistic effect is likely the
result of both passive DNA demethylation by 5-azacy-
tidine and active conversion of 5mC to 5-hydroxym-
ethylcytosine (5ShmC) by ten-eleven translocation (TET)
enzymes at long terminal repeat (LTR) regions of ERVs
because vitamin C acts as a cofactor for TET proteins
[39]. To overcome the insufficient epigenetic priming on
OCI-LY1 and further improve the effect of epigenetic
priming on SU-DHL2, a combination of three consecu-
tive days of low-dose (0.3 pM) 5-azacytidine treatment
and three days of 250 uM vitamin C administration was
applied. The combination of 5-azacytidine and vitamin C
further improved cisplatin sensitivity in SU-DHL2 cells
but not in OCI-LY1 cells (Fig. 7A, Additional file 1: Fig.

(See figure on next page.)
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S7A, B). In addition, the combination treatment activated
STING expression in SU-DHL2 cells but not in OCI-
LY1 cells (Fig. 7B). Consistent with these in vitro data, in
OCI-LY1 xenograft models, the combination of 5-azacy-
tidine and vitamin C exhibited limited benefit in enhanc-
ing cisplatin sensitization (Additional file 1: Fig. S7C-E).
In a previous study, we showed that GLUT3, a major
transporter of the oxidized form vitamin C, is essential
to vitamin C treatment efficiency [40]. Therefore, we
detected the GLUT3 expression levels in OCI-LY1 and
SU-DHL2 cells (Fig. 7C). Although both OCI-LY1 and
SU-DHL2 cells had low SLC2A3 (gene encoding GLUT3)
mRNA levels, SU-DHL2 cells showed higher GLUT3
protein expression than OCI-LY1 cells (Fig. 7D). Vita-
min C acts as a cofactor of TET2; however, the TET2
mRNA level was lower in OCI-LY1 cells than in other
DLBCL cell lines (Additional file 1: Fig. S7F), which also
might be one of the reasons for the low efficacy of vita-
min C in OCI-LY1 cells. To further verify the effect of
the vitamin C and 5-azacytidine combination treatment,
we transduced OCI-LY1 cells with a GLUT3-overex-
pressing lentivirus or empty vector lentivirus (Fig. 7E).
Epigenetic priming using a combination of vitamin C
and 5-azacytidine significantly improved the cisplatin-
sensitizing effect (Fig. 7F). It was worth noting that in
the SLC2A3-overexpressing OCI-LY1cell line, the IC50
of cisplatin dropped below the clinically achievable dose
after combination epigenetic priming (Fig. 7F). Moreo-
ver, STING expression was activated after combination
epigenetic priming in the SLC2A3-overexpressing OCI-
LY1cell line (Fig. 7G). Consistent with the in vitro data,
in SLC2A3-overexpressing OCI-LY1 xenograft models,
the combination of 5-azacytidine and vitamin C signifi-
cantly improved the tumor-suppressive effect of cisplatin
compared with that in empty vector-transduced OCI-
LY1 xenograft models (Fig. 7H-]). These data suggested
that vitamin C could be a solution to address insufficient
epigenetic priming and that GLUT3 was indispensable in
this remedy.

Discussion

Epigenetic priming-induced chemosensitization is a
potential solution for the unmet needs of salvage chem-
otherapy. However, its potential and mechanism for
improving outcomes in relapsed/refractory DLBCL

Fig. 6 cGAS-STING-mediated viral mimicry was dependent on reverse transcriptase activity. A-C Reverse transcriptase activity was measured

after PBS, AZA, RTi, and AZA + RTi treatment on OCI-LY1, SU-DHL2, and SU-DHLS, respectively. D-F IC50 values were calculated using cell viability
measured on day 5 after pretreatment with PBS, AZA, RTi, and the AZA + RTi combination on OCI-LY1, SU-DHL2, and SU-DHLS, respectively. G-I The
expression of cGAS and STING and phosphorylation levels of IRF3 and IkBa were measured using western blotting after PBS, AZA, RTi, and AZA 4 RTi
treatment on OCI-LY1, SU-DHL2, and SU-DHLS, respectively. J-L The expression of cGAS and STING and phosphorylation levels of IRF3 and IkBa
were measured in the negative control and knockdown cell lines with and without 5-azacytidine treatment on SU-DHL8 cells. A and B *p < 0.05,
**p<0.01 and ***p<0.001 (two-way ANOVA). AZA: 5-azacytidine, RTi: reverse transcriptase inhibitor (delavirdine mesylate)
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Fig. 7 A combination of vitamin C and 5-azacytidine could be a potential remedy for insufficient epigenetic priming. A IC50 values were calculated
using cell viability measured on day 5. *p < 0.05, **p <0.01 and ***p <0.001 (two-way ANOVA). B, STING expression levels were measured using
western blotting. C, D GLUT3 expression levels were measured using RNA-sequencing data and western blotting, GLUT3 is encoded by the SLC2A3
gene. E GLUT3 expression levels were measured using western blotting of empty vector-expressing and SLC2A3-overexpressing OCI-LY1 cell lines,
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G STING expression levels were measured using western blotting. H-J Subcutaneous tumor sizes, xenograft tumor images, and tumor weights of
xenografts from empty vector-expressing or SLC2A3-overexpressing OCI-LY1 tumor-bearing models are shown. *p <0.05, **p <0.01 and ***p <0.001
(t test). AZA: 5-azacytidine, VC: vitamin C, OE: overexpression

are unknown (Additional file 1: Fig. S8). In the current
study, we showed that 5-azacytidine epigenetic prim-
ing improved platinum-based salvage chemotherapy
in DLBCL via ERV-induced cGAS-STING activation
rather than via dsRNA sensor activation. In addition,

heterogeneous cGAS/STING expression was observed in
DLBCL patients, and the cGAS/STING deficiency could
impair the chemosensitizing effect (Fig. 8A). Vitamin C
showed the potential to improve insufficient epigenetic
priming, and this effect was dependent on the GLUT3
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level (Fig. 8B). Although there are still difficulties to be
overcome, our study suggested that the effectiveness of
epigenetic priming would increase the efficacy of salvage
chemotherapy in patients with DLBCL.

This study aimed to elucidate the effect of 5-azacytidine
as a chemosensitizer in a cisplatin-containing salvage
regimen and demonstrate the mechanism to help explain
further clinical data.

By comparing cisplatin sensitivity in DLBCL cell
lines with or without 5-azacytidine pretreatment, we
concluded that 5-azacytidine had efficacy as a chemo-
sensitizer in a cisplatin-containing salvage regimen.
However, the degree of benefit varied among the cells.
Different degrees of sensitization indicated a compli-
cated mechanism of action. Several clinical studies
have reported that 5-azacytidine shows a chemosensi-
tizing effect in newly diagnosed or relapsed/refractory
DLBCL, but not all patients receive the same benefit
[11, 41]. Therefore, it is essential to demonstrate the

mechanism and develop a mechanism-based method to
predict the chemosensitizing effect.

In this study, we found that both dsRNA sensors,
including MDA5 and TLR3, and dsDNA sensors,
including cGAS and TLRY, were activated by 5-azacy-
tidine treatment, although the degree of activation of
each sensor in each cell line differed (Fig. 5A—H). Our
data suggest that dsDNA sensors, especially cGAS-
STING axis, are critical contributors to the chemosen-
sitizing function of 5-azacytidine. Finally, we assessed
the activation status of the cGAS-STING downstream
transcription factors IRF3 and NF-kB and confirmed
that epigenetic priming using 5-azacytidine potentially
improved cisplatin sensitivity. The mechanism of action
was attributed to ERV-induced cGAS-STING activa-
tion, and cancer cell-intrinsic cGAS expression levels
showed the potential to predict chemosensitization,
which delineates a strategy for salvage chemotherapy.
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Heterogeneous expression levels of cGAS and
STING were observed in DLBCL patients (Additional
file 1: Fig. S9A, B), and deficiency of cGAS in DLBCL
cells impaired the chemosensitizing effect and caused
insufficient epigenetic priming in cisplatin resistant
cells. Here we tried to propose a concept to stratify
DLBCL patients (Additional file 1: Fig. S9C); however,
this prediction method still needs optimization, such
as machine learning base on multi-omics data and
validation.

Vitamin C showed the potential to improve insuffi-
cient epigenetic priming, and this effect was depend-
ent on the GLUT3 level. However, the detailed
mechanism about how STING being upregulated by
vitamin C if ¢cGAS is not detecting the transcribed
repetitive elements still needs a further study. Here
we speculated that the combination of 5-azacytidine
and vitamin C could activate a positive feedback loop
between IRF9 and STING (Additional file 1: Fig. S10).
A previous report showed that IRF9 can be induced by
decitabine and TET2-catalytic domain [42], so there is
a large possibility that IRF9 could also be induced by
5-azacytidine and vitamin C combination treatment.
In addition, a positive feedback loop between IFR9 and
STING has also been reported by Ma et al. [43]. So,
this positive feedback loop may activate STING inde-
pendent of cGAS.

In a previous study, Liu et al. [39] showed synergistic
effects mediating inhibition of cancer cell proliferation
and increased apoptosis between physiological levels
of vitamin C and decitabine. Therefore, insufficient
epigenetic priming could be addressed with physiolog-
ical levels of vitamin C if overcome GLUT3 deficiency.
For example, AICAR (an AMPK activator, in phase 3
trials) has shown potential to pharmacologically acti-
vate GLUT3 expression [44]. AICAR was also shown
to mediate protection against cisplatin-induced acute
kidney injury [45]. Here, although we did not explore
the effect of AICAR, it may shed new light on 5-aza-
cytidine-induced epigenetic priming in salvage chemo-
therapy in DLBCL.

Conclusion

In conclusion, epigenetic priming using 5-azacytidine
could potentially improve cisplatin chemosensitivity in
cisplatin-resistant DLBCL cell lines. The cGAS-STING
pathway was the critical contributor to resensitization.
Our ongoing phase II trial (NCT03719989) with par-
allel biomarker analysis will reveal whether the results
we obtained in this preclinical work are translatable to
the clinic and can be applied in the future.
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Methods

Cell lines

The DLBCL cell line OCI-LY1 was cultured in Iscove’s
modified Dulbecco’s medium (IMDM; Gibco, Grand
Island, NY, USA) supplemented with 20% fetal bovine
serum (FBS; Gibco, Grand Island, NY, USA) and 1% peni-
cillin—streptomycin (Gibco, Grand Island, NY, USA) at
37 °C and 5% CO,. The DLBCL cell line OCI-LY19 was
cultured in alpha-MEM supplemented with 20% FBS
and 1% penicillin-streptomycin (Gibco, Grand Island,
NY, USA) at 37 °C and 5% CO,. The DLBCL cell lines
SU-DHL8 and OCI-LY3 were cultured in RPMI 1640
medium (WELGENE, Seoul, Republic of Korea) supple-
mented with 20% FBS and 1% penicillin—streptomycin at
37 °C and 5% CO,. The DLBCL cell lines SU-DHL2 and
Toledo were cultured in RPMI 1640 medium supple-
mented with 20% FBS and 1% penicillin—streptomycin at
37 °C and 5% CO,. The cell lines were obtained from the
American Type Culture Collection and DMSZ. STR anal-
ysis was conducted after sampling for authentication. All
DLBCL cell lines used in this study were Epstein—Barr
virus (EBV) negative.

GLUT3-overexpressing cell line

A lentiviral vector for GLUT3 overexpression (len-
tiviral ORF clone of SLC2A3, mGFP tagged, CAT#:
RC204430L4) and an empty vector (pLenti-C-mGFP-
P2A-Puro Lentiviral Gene Expression Vector, CAT#:
PS100093) were purchased from Origene. The overex-
pression vector or empty vector was cotransfected into
H293T cells with pRSV-REV (Addgene #12253), pMDLg/
pRRE (Addgene #12251), and pMD2.G (Addgene
#12259) using Lipofectamine 3000 reagent (Thermo
Fisher, Waltham, MA USA). Viral particles were har-
vested using a Lenti-X Concentrator (Takara, Kusatsu,
Shiga, Japan) after two days of culture. Transduction with
lentiviral particles was performed according to the mul-
tiplicity of infection (MOI) of OCI-LY1 cells. Positively
infected cells were sorted using fluorescence-activated
cell sorting (FACS; BD FACSAria III).

DLBCL xenograft models

We purchased 6- to 8-week-old female athymic nude
mice from The Jackson Laboratory. Mouse studies were
performed in specific pathogen-free (SPF) facilities with
approval of the Institutional Animal Care and Use Com-
mittee (IACUC) of Seoul National University (IACUC
approval number: SNU-210609-3). OCI-LY1, SU-DHL2,
empty vector-expressing OCI-LY1, or SLC2A3-overex-
pressing OCI-LY1 cells were subcutaneously injected into
the back of athymic nude mice. A total of 5 x 10° cells in
100 pL 1:1 PBS/high-concentration Matrigel (Corning,
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Glendale, AZ, USA) solution were injected. Tumor length
and width were measured twice a week with calipers.
Tumor volumes were calculated as (width? x length)/2.
On day 20, all mice were sacrificed, and the tumor xeno-
grafts were collected for imaging and weighing.

In vivo 5-azacytidine epigenetic priming and cisplatin
treatment
The 5-azacytidine (A1287, Sigma-Aldrich, Saint Louis,
MO, USA) was dissolved in warm DMSO (Sigma-
Aldrich, Saint Louis, MO, USA) to make a stock solution.
The injection solution was freshly prepared before each
use by diluting the stock solution with PBS and passing it
through a 0.22-pm filter for sterilization. Mice were ran-
domly grouped into 5-azacytidine treatment group and
no treatment group and then received an intraperitoneal
injection of 0.5 mg/kg 5-azacytidine in PBS for five con-
secutive days, starting on day 1 after the development of
tumors with a volume of approximately 150—200 mm?,
while the no-treatment group received the same volume
of PBS administered intraperitoneally.

Mice received an intraperitoneal injection of 5 mg/kg
cisplatin in PBS four times every two days, starting on
day 6 after 5-azacytidine epigenetic priming.

Simulation of cisplatin pharmacokinetics

The plasma levels of cisplatin in human patients fol-
lowing administration of an 80 mg/m?* dose, the highest
single dose recommended in the drug product label, via
intravenous injection have been reported previously [22].
At a specific time point, T, ,, and T;,, were determined
according to a widely accepted procedure [22]. The
physiologically based pharmacokinetic (PBPK) model-
predicted value was determined using typical physi-
ological and biochemical parameters with PKQuest [46].
Predicted pharmacokinetic curves were compared with
existing reports to ensure accuracy [47]. The clinically
achievable dose was determined according to the plasma
cisplatin concentration after T7,,.

In vitro azacytidine epigenetic priming

DLBCL cell lines were seeded in T75 flasks, cultured for
24 h, and then exposed to 0.3 puM 5-azacytidine for three
consecutive days. 5-Azacytidine was added to the culture
medium daily.

Cell viability assay

DLBCL cell lines were seeded in 96-well plates, cultured
for 24 h and then exposed to increasing doses of cispl-
atin for 48 h, as described previously [40]. Next, 10 pL
Cell Counting Kit 8 (CCK8) reagent (Dojindo, Japan)
was added to each well and incubated for 4 h. Then, the
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optical density (OD) values were measured at 450 nm
with a microplate reader.

Western blot analysis

Whole-cell lysates were collected using Kinexus protein
lysis buffer [containing 20 mM MOPS (pH 7.0), 2 mM
EGTA, 5 mM EDTA, 30 mM sodium fluoride, 60 mM
B-glycerophosphate (pH 7.2), 20 mM sodium pyrophos-
phate, 1 mM sodium orthovanadate, 1% Triton X-100,
1 mM PMSE, 30 pL/mL phosphatase inhibitor cocktail,
and 1 g/mL protein inhibitor cocktail (Hoffmann-La
Roche, Ltd., Switzerland)], as described previously [48].
The cell lysates were separated on 8-15% SDS-PAGE
gels and transferred to nitrocellulose membranes, which
were blocked, washed, and incubated overnight at 4 °C
with appropriate primary antibodies. After washing, the
membranes were incubated with an appropriate HRP-
conjugated secondary antibody, and enhanced chemi-
luminescence (ECL) was used to visualize the blots. The
antibodies used in this study are listed in Additional
file 1: Table S1.

Dot blot analysis

DNA samples were isolated using a QIAamp DNA
Micro Kit (Cat# 51306, QIAGEN, Hilden, Germany) as
described previously [40]. The isolated DNA was dena-
tured, and twofold serial dilutions were spotted onto a
nitrocellulose membrane in an assembled Bio-Dot appa-
ratus (Bio—Rad, Hercules, California, USA). After dry-
ing, blocking, and washing (1 x Tris Buffered Saline, with
0.1% Tween 20), the membranes were incubated over-
night at 4 °C with appropriate primary antibodies. Then,
an HRP-conjugated secondary antibody was added to
the membranes and incubated for 1 h, and ECL was used
to visualize the blots. In addition, another membrane
was stained with 0.02% methylene blue in 0.3 M sodium
acetate (pH 5.2) to visualize the DNA as a total genomic
DNA loading control.

RNA isolation

Total RNA was isolated using TRIzol reagent (Invitro-
gen). RNA quality was assessed with an Agilent 2100
bioanalyzer (Agilent Technologies, Amstelveen, The
Netherlands), and RNA quantification was performed
using an ND-2000 Spectrophotometer (Thermo Inc., DE,
USA).

Quantitative real-time PCR (qPCR)

The expression of ERV elements was measured using
qPCR as described previously [48]. GAPDH mRNA
expression served as the internal control. The assay was
conducted using Bioneer SYBR Green qPCR Premix and
an Applied Biosystems 7500 PCR instrument. Total RNA
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was isolated with TRIzol reagent, and 2.5 ng total RNA
was used to produce cDNA from the isolated RNA with
c¢DNA EcoDry Premix (Takara, Kusatsu, Shiga, Japan)
according to the manufacturer’s instructions. The primer
sequences used in this study are listed in Additional file 1:
Table S2.

Knockdown of cGAS (encoded by MB21D1) and STING
(encoded by TMEM173) expression by RNA interference
(RNAI)

SU-DHLS cells were transfected with a set of small inter-
fering RNAs (siRNAs) targeting MB21D1, TMEM173,
or a non-targeting control siRNA. Transfections were
conducted using electroporation with the LONZA SF
kit DC-100 program (LONZA, Basel, Switzerland) and
4D X-units. The siRNA sequences used in this study are
shown in Additional file 1: Table S3.

Reverse transcriptase assay

The reverse transcriptase assay was performed accord-
ing to the user manual supplied with the EnzChek
Reverse Transcriptase Assay Kit (E22064, Thermo
Fisher, Waltham, MA USA). Equivalent concentrations
of whole-cell lysates were assayed, and the fluorescence
was measured at an excitation wavelength of 480 nm and
emission wavelength of 520 nm.

RNAseq library preparation and sequencing

Libraries were prepared from total RNA using a NEBNext
Ultra II Directional RNA-Seq Kit NEW ENGLAND Bio-
Labs, Inc., UK). mRNA isolation was performed using a
Poly(A) RNA Selection Kit (LEXOGEN, Inc., Austria).
The isolated mRNAs were used for cDNA synthesis
and shearing following the manufacturer’s instructions.
Indexing was performed using the Illumina indexes.
An enrichment step was carried out using PCR. Subse-
quently, the libraries were checked using an Agilent 2100
bioanalyzer (DNA High Sensitivity Kit) to evaluate the
mean fragment size. Quantification was performed using
a library quantification kit and StepOne Real-Time PCR
System (Life Technologies, Inc., USA). High-through-
put sequencing was performed as paired-end 100-bp
sequencing using a NovaSeq 6000 (Illumina, Inc., USA).

RNAseq data analysis

Cellular gene expression and proviral ERV locus expres-
sion were determined using the ERVmap pipeline [27].
The code is available on GitHub and via a web-based tool
on https://www.ervmap.com. Data mining and graphic
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visualization were performed using the R (version 4.0.5,
www.r-project.org) and Bioconductor packages [49].

Accession number

Expression data from DLBCL cell lines have been
deposited in the Gene Expression Omnibus and are
accessible under accession number GSE190319.

Statistical analysis

Data are presented as the mean + standard error of the
mean (SEM). All experiment groups contained at least
three biological replications or technical replications to
ensure adequate power to detect a pre-specified effect
size. The samples from each group were compared
by Student’s ¢ test, and multiple comparisons among
groups were performed using analysis of variance
(ANOVA) with the GraphPad Prism program 7.00.

Abbreviations

S5hmC 5-Hydroxymethylcytosine

5mC 5-Methylcytosine

AML Acute myeloid leukemia

ANOVA Analysis of variance
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DNMTi DNA methyltransferases inhibitor

DNMTs DNA methyltransferases

dsDNA Double-stranded DNA
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MDAS Melanoma differentiation-associated gene 5

MDS Myelodysplastic syndrome

NHL Non-Hodgkin lymphoma
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PBPK Physiologically based pharmacokinetic
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pola-BR Polatuzumab vedotin combination with bendamustine and
rituximab

R-CHOP Rituximab, cyclophosphamide, doxorubicin, vincristine, and
prednisone

R-GDP Rituximab, gemcitabine, dexamethasone, and cisplatin

RIG-I Retinoic acid-inducible gene |
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SiIRNAs Small interfering RNAs
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Additional file 1: Figure S1. A-B. Schematics of the in vitro and in vivo
treatment regimens, respectively. Figure S2. A-F. Six DLBCL
cell lines were exposed to 5-azacytidine (0.3 uM) or PBS for three consecu-
tive days followed by treatment with different doses of cisplatin for 48
hours. Cell viability measured on day 5 (normalized to that on day 3 for
AZA- or PBS-treated cells) is shown. Figure S3. A, Gene expression profiles
between the cisplatin-sensitive group and cisplatin-resistant group are
shown using a heatmap. R: Resistant, S: Sensitive, RS: Re-sensitization.

B, Gene expression profiles without or with 5-azacytidine treatment are
shown using a heatmap. Figure S4.The expression level of ADART deter-
mined using western blotting and RNAseqg-based normalized expression
data. Figure S5. Cell viability assay, OCI-LY1, SU-DHL2 and SU-DHL8 cells
were treated with PBS, AZA, RTi, and AZA+RTi, followed by treatment with
different doses of cisplatin for 48 hours. AZA: 5-azacytidine, RTi: reverse
transcriptase inhibitor (delavirdine mesylate). Figure S6. The LINEs expres-
sion levels in each cell lines treated with PBS or 5-azacytidine were shown
using a bar chat. Figure S7. A-B. OCI-LY1 and SU-DHL2 cells were
treated with 0.3 uM 5-azacytidine for three consecutive days and 250 uM
vitamin C once exposed for three days or only 0.3 uM 5-azacytidine or PBS
for three consecutive days, followed by treatment with different doses

of cisplatin for 48 hours. C-E, Subcutaneous tumor sizes, xenograft tumor
images and tumor weights of xenografts from OCI-LY1 tumor-bearing
models are shown. *p <0.05, *p < 0.01 and ***p < 0.001 two-way ANOVA). F.
The expression level of TET2 determined using RNAseg-based normalized
expression data is shown in a heatmap. Figure S8. Schematic diagram
showed the background of the current study. Epigenetic priming-induced
chemosensitization is a potential solution for the unmet needs of salvage
chemotherapy, however, its potential and mechanism to improve out-
comes in relapsed/refractory DLBCL is unknow. Figure S9. (A-B) MB21D1
and TMEM173, encoded cGAS and STING respectively, normalized expres-
sion level in 37 DLBCL patients (TCGA, PanCancer Atlas), (C) Concept
schematic diagram to stratify DLBCL patients according to cGAS/STING
expression level. The dots represent TCGA DLBCL patients' cGAS and STING
expression levels. Figure $10. Vitamin C showed the potential to improve
insufficient epigenetic priming, and this effect was dependent on the
GLUT3 level. Table S1. Antibodies. Table S2. RT-qPCR primer sequences.
Table S3. siRNA sequences.
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