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Abstract Metabolic and epigenetic reprogramming play important roles in cancer therapeutic resis-
tance. However, their interplays are poorly understood. We report here that elevated TIGAR (TP53-
induced glycolysis and apoptosis regulator), an antioxidant and glucose metabolic regulator and a target
of oncogenic histone methyltransferase NSD2 (nuclear receptor binding SET domain protein 2), is mainly
localized in the nucleus of therapeutic resistant tumor cells where it stimulates NSD2 expression and el-
evates global H3K36me2 mark. Mechanistically, TIGAR directly interacts with the antioxidant master
regulator NRF2 and facilitates chromatin recruitment of NRF2, H3K4me3 methylase MLL1 and elon-
gating Pol-II to stimulate the expression of both new (NSD2) and established (NQO1/2, PRDXI and
GSTM4) targets of NRF2, independent of its enzymatic activity. Nuclear TIGAR confers cancer cell resis-
tance to chemotherapy and hormonal therapy in vitro and in tumors through effective maintenance of
redox homeostasis. In addition, nuclear accumulation of TIGAR is positively associated with NSD2
expression in clinical tumors and strongly correlated with poor survival. These findings define a nuclear

TIGAR-mediated epigenetic autoregulatory loop in redox rebalance for tumor therapeutic resistance.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cancer therapeutic resistance often involves epigenetic and
metabolic reprogramming' . For instance, NSD2, also known as
MMSET, preferentially dimethylates H3K36 and is overexpressed
in a subset of multiple myeloma and many types of solid tumors
including breast, prostate and lung cancers'~~°. Work from us and
others has demonstrated that NSD2 overexpression promotes
cancer cell survival and drives endocrine resistance while NSD2
silencing sensitizes cancer cells to chemotherapy'”’'°. One
major mechanism of aberrant NSD2 functions is to mediate
epigenetic reprogramming to de-regulate the expression of key
glucose metabolic enzymes (HK2, G6PD and TIGAR) in
reprograming tumor glucose metabolism"''. However, the
mechanism that drives NSD2 overexpression in therapeutic
resistant cancer cells remains unclear.

TIGAR (TP53-induced glycolysis and apoptosis regulator)
functions as a fructose-2,6-bisphosphatase (F2,6bPase) to redi-
rect glucose carbon flux from glycolysis to the pentose phos-
phate pathway (PPP)'?. Enhanced PPP can promote the
production of NADPH to strengthen cellular antioxidant defense
and protect cells from ROS-associated cell damage and
apoptosis in neurons, skeletal muscle and oocytes'> '>. In
addition, TIGAR has been reported to be involved in different
stages of cancer progression, including development and meta-
stasis'® "', High levels of TIGAR were observed in multiple
types of cancers and correlated strongly with poor survival of
patients in chronic lymphocytic leukemia, ovarian cancer, lung
cancer and nasopharyngeal carcinoma™”'""?'. Moreover,
several studies showed that TIGAR was associated with cancer
therapy resistance. The expression of TIGAR was up-regulated
in cancer cells treated with chemotherapy, ionizing radiation
or targeted therapeutics and TIGAR silencing sensitized cells to
the therapiesg‘]&D*M. In tamoxifen resistant breast cancer cells,
NSD2 is recruited to the promoter-proximal region to stimulate
TIGAR expression via its methylase activity'. Although initially
identified as a P53 target, TIGAR’s overexpression is often
uncoupled from P53 and displays different biological functions
in a context-dependent manner. In a KRAS-driven pancreatic
ductal adenocarcinoma model, TIGAR plays distinct functions

in different stages of cancer development and progression via
controlling cellular ROS level”. As a glycolysis modulator,
TIGAR was shown to localize in cytoplasm and associate with
mitochondria in complex with the hexokinase HK2 in response
to hypoxia®®. TIGAR can also translocate into mitochondria and
promote mitochondrial functions via SIRT1 (sirtuin 1)-PGCla
(PPARG coactivator 1 alpha) pathway'®. Interestingly, the
increased nuclear localization of TIGAR has also been observed
in chemotherapy drug or hypoxia treated liver cancer cells and in
metastatic lung cancer cells'”?’. However, the function of nu-
clear TIGAR remained unknown.

The transcription factor NF-E2-related factor-2 (NRF2) is a
master activator of genes for cell antioxidant response”®*’. In
normal cells without oxidative stress, NRF2 is kept in the cyto-
plasm at a low level by KEAP1 for proteasome degradation.
Under oxidative and other stresses, the ubiquitin ligase activity of
KEAPI1 is inactivated, allowing NRF?2 to accumulate and bind as a
heterodimer with so-called small MAF proteins binds to the
antioxidant response element (ARE) at target genes, such as
NQOI, HOI and GCLM in stimulation of their expression”*’.
However, in cancer cells and tumors, NRF2 is often constitutively
activated due to the loss of KEAP1 function, induction by KRAS
and MYC oncogenes, or other poorly defined mechanisms”*>’.
NRF2 can directly stimulate the expression of PPP and other
NADPH generating enzymes in maintenance of redox homeostasis
in tumorigenesis and resistance to cancer therapeutics®®"".
Thus, NRF2 appears to display similar functions to those of
TIGAR in cancers”, suggesting that NRF2 and TIGAR may be
coordinated in driving cancer progression.

In this study, we demonstrate that TIGAR can act as a tran-
scriptional regulator. Nuclear accumulation of TIGAR was
markedly elevated in therapeutic resistant tumor cells and strongly
correlated with poor survival in therapeutics-treated patients.
Nuclear TIGAR interacts with NRF2 and facilitates NRF2 trans-
location to the nucleus to activate the expression of NSD2 and the
antioxidant program in conferring cancer therapeutic resistance.
We thus uncovered a novel, nuclear function of TIGAR in
mediating a positive feedback loop involving TIGAR, NRF2 and
NSD?2 in reprogramming of epigenetics and redox homeostasis for
cancer therapeutic resistance.
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2. Materials and methods
2.1.  Cell culture and transfection

Human breast cancer cell lines MCF-7 and T47D, non-small-cell lung
carcinoma (NSCLC) cell line A549, lung carcinoid cell line H727,
and embryonic kidney cell line 293T were obtained from American
Type Culture Collection (ATCC, USA). MCF-7 and 293T cells were
cultured in DMEM supplemented with 10% fetal bovine serum
(FBS). T47D, A549 and H727 cells were cultured in RPMI1640
supplemented with 10% fetal bovine serum (FBS). The tamoxifen
resistant (TamR) sublines MCF-7 TamR and T47D TamR and radi-
oresistant subline MCF-7 RadR (MCEF-7/C6) cells were generated
and cultured as described previously'*>. The doxorubicin resistant
(DoxR) sublines A549 DoxR cells were generated by maintaining the
parental cells in medium containing 5—50 nmol/L. doxorubicin
for over 6 months. All cell culture media were supplemented with
100 U/mL penicillin and 100 pg/mL streptomycin (Gibco, Grand
Island, NY, USA). Cells were grown at 37 °C in 5% CO, incubators
and transfected using DharmaFECT1 for siRNA knockdown.

2.2.  Antibodies and chemicals

Antibodies against the following proteins/epitopes were used with
the sources and dilution for Western blotting indicated: NSD2
[Abcam, ab75359 (29D1); 1:2000]; TIGAR (Abcam; ab37910;
1:2000; Santa cruz; sc-166291; 1:500); HK2 (Cell signaling;
#2867; 1:2000); G6PD (Abcam; ab133525; 1:2000); GAPDH
(Cell signaling; #2118; 1:4000); (-actin (Santa cruz; sc-47778;
1:2000); NRF2 [Santa cruz (H-300); sc-13032; 1:500]; KEAP1
(Santa cruz; sc-15246; 1:500); CDC6 (Santa cruz; sc-9964;
1:500); tubulin (Santa cruz; sc-5286; 1:2000); cleaved-PARP1
(Cell signaling; #9542; 1:1000); cleaved-caspase7 (Cell
signaling; #9491; 1:1000); H3K36mel (Abcam; ab9048; 1:2000);
H3K36me?2 (Active Motif; #39255; 1:2000); H3K36me3 (Abcam;
ab9050; 1:2000); H3K9me3 (Abcam; ab8898; 1:2000);
H3K27me3 (Abcam; ab6002; 1:2000); H3K4me3 (Abcam;
ab8580; 1:2000); H3 (Active Motif; #39163; 1:2000); V5-tag
(Abcam; ab27671; 1:2000). Antibodies used for ChIP assays are
the following: NSD2 (rabbit antiserum, as described in Ref. 7;
TIGAR (Abcam, ab37910, Lot. GR16129-1); NRF2 [Santa cruz
(H-300); sc-13032]; H3K36me2 (Active Motif; #39255);
H3K27ac (abcam; ab4729), H3K4me3 (Abcam; ab8580), H3
(Active Motif; #39163), MLL (EMD Millipore; clone 9-12; #05-
765), RNA polymerase II (Santa cruz; sc-899), pSer2-CTD of Pol-
I (Active Motif; #61083), pSer5-CTD of Pol-II (Active Motif;
#39749), MAFF (Boster, A07784-2), and MAFG (Boster,
A04636-2). Sources for chemicals are as follows: tert-butylhy-
droquinone (tBHQ, Sigma, #112941), hydrogen peroxide solution
(Sigma, H1009), 4-hydroxytamoxifen (Sigma, H7904), doxoru-
bicin hydrochloride (Dox, TargetMol, T1020). Other chemicals
are from Sigma (St. Louis, MO, USA) unless indicated otherwise.

2.3.  Generation of lentiviruses and TIGAR stable expression
subline cells

V5-tagged TIGAR (WT) lenti-vector in pLX304 was from
DNASU (https://dnasu.org). TIGAR-TM (triple-mutation, H11A/
E102A/H198A)'?, which lost the ability to hydrolyze Fru-2,6-P2,
kindly provided by Dr. Karen Vousden (The Beatson Institute,
UK) was PCR amplified and inserted into a modified version of
pLX304 and the mutations were confirmed by sequencing.

Nuclear localization signal (NLS) sequence (3X)- and V5-tagged
TIGAR was generated in the modified pLX304 vector with the
NLS sequence tagged at the C-terminus TIGAR and the V5
sequence tagged at the N-terminus. Lentiviruses were produced in
293T cells after co-transfection of the above lentivirus vector,
psPAX2 and pMD2.G into cells in 10 cm dishes, as described™”.
To generate TIGAR-overexpressing A549 cell sublines,
A549 cells were infected for 6 h, in the presence of polybrene,
with the above lentivirus. Infected cells were selected with Blas-
ticidin (10 pg/mL, InvivoGen, USA) for 4—6 weeks. Individual
blasticidin-resistant clones were isolated, expanded and examined
for ectopic TIGAR expression by immunoblotting. Clones ho-
mogeneously expressing TIGAR were maintained in medium
containing 10 pg/mL blasticidin.

2.4.  Apoptosis, cell growth, gRT-PCR, immunoblotting and
ChIP assay

Cell apoptosis and growth assays were performed as previously
described”®. Gene expression analyzed by qRT-PCR, immuno-
blotting and ChIP assay was performed as previously described”"*.
Primers are listed in the Supporting Information Table S1.

2.5.  Assays for NADPH/NADP™ ratio, G6PD activity and ROS
level

Different times after the indicated treatments, cells were washed
with PBS, scraped and harvested. NADPT/NADPH ratios were
measured with NADP"/NADPH quantification kit (BioVision,
USA) and G6PD activity was measured with Glucose-6-Phosphate
Dehydrogenase Activity Assay Kit (BioVision, USA) following
their corresponding instruction. ROS levels were analyzed as
previously described'**.

2.6. SIRNAs

siRNAs for gene knockdown were purchased from Dharmacon
(Thermo, USA) and used following the manufacture’s protocol. The
siRNA target sequences for each gene are as follow: NSD2#1,
AGGGAUCGGAAGAGUCUUCAA; NSD2#2, GCACGCUACAA-
CACCAAGU; TIGAR#1, GCAGCAGCUGCUGGUAUAU; TIGA
R#2, UUAGCAGCCAGUGUCUUAG; TIGAR#3, GCAUGGA-
GAAACAAGATTTAA; HK2#1, CCAAAGACAUCUCAGACAU
UG; HK2#2, GCAGAAGGUUGACCAGUAUCU; Nrf2#1, AUAAU
UGUCAACUUCUGUCAGUUUG; Nrf2#2, AAUGAGUUCACU-
GUCAACUGGUUGG; Control, CAGUCGCGUUUGCGACUGG.

2.7.  Co-immunoprecipitation (Co-IP)

Cells were lysed in RIPA lysis buffer [Tris-HCI, 50 mmol/L, pH
7.4; Nonidet P-40 (NP-40), 1%; deoxycholate-Na, 0.25%; NaCl,
120 mmol/L; EDTA, 1 mmol/L; 1% glycerol] freshly supple-
mented with 1 mmol/LL PMSF, protease inhibitor cocktail from
Roche, 1 mmol/L. NaF and 1 mmol/L NaVO; on ice for 30 min.
Lysates were centrifuged at 4 °C for 10 min at 10,000 x g. The
protein concentration was measured and normalized. 5 mg protein
(10 mg/mL) was precleared with 60 pL protein A/G (1:1) agarose
beads (Roche, USA) at 4 °C for 1 h, then incubated with 3 ng
primary antibody or normal rabbit IgG as a control at 4 °C
overnight and subsequently with 50 pL protein A/G agarose beads
for 2 h at 4 °C. Beads were washed 3 times with lysis buffer. The
immunoprecipitates were boiled in 50 pL. SDS sample buffer for
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10 min, and half of the sample volume was analyzed by
immunoblotting.

2.8.  GST pull-down assay

GST pull-down was performed as previously described’. TIGAR
cDNA (WT or the TM mutant) were PCR amplified and inserted
into pGEX-KG vector at BamHI and Xbal sites and the inserted
DNA fragments were sequenced. His-tagged NRF2 in pET28b (+)
were described in Kim’s report’®, or made by inserting the PCR
product for aa 534—605 of NRF2 into pET28b (+) at Xhol and
BamHI sites. His-p97/VCP was described before™.

2.9.  Reporter gene assay

Transient transfection and reporter gene assays were performed as
previously described’. HEK293T cells were transfected with
NQO-1-ARE-luciferase reporter plasmid, expression plasmid for
NRF2 and TIGAR in pLX304 vector from DNASU (https://dnasu.
org), and pCMV-beta-Gal was used as internal control.

2.10.  Immunofluorescence microscopy

Cells on the coverslips were fixed with 4% paraformaldehyde for
10 min and permeated by treatment with blocking buffer (1 x PBS
plus 10% normal goat serum) containing 0.25% Triton X-100 for
30 min. Cells were the incubated with anti-TIGAR antibody
(rabbit, Abcam; ab37910; mouse, Santa cruz; sc-166291), anti-
NRF2 antibody (rabbit, Proteintech; 16396-1-AP; rabbit, Gene-
Tex; GTX103322) or anti-V5-tag (mouse monoclonal, Abcam;
ab27671), used at 1:500. Cell nuclei were stained with DAPI.
Alexa-488 conjugated anti-rabbit IgG (Molecular Probe) and
Alexa-488 conjugated anti-mouse IgG (Molecular Probe) were
used at 1:1000 as secondary antibodies. Images were captured in a
Zeiss LSM780 laser-scanning microscope (Zeiss, Germany) with
a Plan-Apochromat 40 X oil immersion objective. Images were
processed using the tool in the LSM 780 Meta ZEN 2011 software
package.

2.11.  Immunohistochemistry (IHC), patient tumor specimens,
and statistics analysis

IHC was performed as previously described””®. Sections of tissue
microarrays (TMAs) were incubated with anti-NSD2 monoclonal
antibody (Abcam, 29D1) or anti-TIGAR antibody (Abcam37910,
Lot. GR16129-1), at 1:50 and 1:100 dilutions respectively, over-
night at 4 °C, followed by incubations with biotinylated secondary
antibody and the ABC reagents in the Vectastain Elite Kit, visu-
alized by staining with diaminobenzidine chromogen solution and
followed by counterstaining with hematoxylin. TMAs contained
specimens from about 450 cases of informative breast cancer
patient who were subsequently treated with adjuvant tamoxinfen
therapy. All primary invasive breast cancers used in this study
were from the Manitoba Breast Tumor Bank (MBTB, CancerCare
Manitoba and University of Manitoba)’®. MBTB embraces the
policies and operating protocols of the Canadian Tumor Re-
pository Network and operates with approval from the Research
Ethics Board of the Faculty of Medicine, University of Manitoba
(Canada). The histopathology assessment of the MBTB bio-
specimens, the cohort characteristics, ERa-positive status deter-
mination, and sample selection for tissue microarray (TMA)
construction are described before®’. A total of 450 cases were

represented on the original TMAs. The tumor numbers (n)
analyzed for some markers, however, were less than 450, due to
exhaustion of some tumor cores from previous uses. The current
cohort characteristics are progesterone receptor (PR)-positive
(>20 fmol/mg protein), 77.7% (261/336); PR-negative, 37.5%
(126/336); low-grade, 27.7% (93/336); intermediate-grade, 61.6%
(207/336); high-grade, 10.7% (36/336); tumor size <2.5 cm,
55.5% (187/337); tumor size >2.5 cm, 44.5% (150/337); age <50
years, 6.9% (23/335); age >50 years, 93.1% (312/335); node-
negative, 49.6% (164/331); node-positive, 50.5% (167/331). The
median follow-up was 99 months (range 9—217 months). The
TMA section was scored negative if <1% of the breast epithelial
cells displayed any staining and scored positive if >5% of the
cells displayed staining in the nucleus with moderate to high in-
tensity. High TIGAR expression by immunostaining was defined
as >10% and low was 0—10%. Relationships in immunostaining
among groups were analyzed with the x? test. Other statistical
analysis was performed as previously described”’.

2.12.  Analysis of tumor TIGAR mRNA expression association
with clinical outcome

The Kaplan—Meier estimates were used to compute the survival
curves. Kaplan—Meier curves were obtained for relapse-free
survival times of breast cancer patients (n = 665) who received
tamoxifen only and lung cancer patients, and with tumors strati-
fied by TIGAR expression levels, using an online survival analysis
tool (http:/kmplot.com), as described'~*®. Statistical significance
was determined by the log-rank test.

2.13.  Xenograft tumor models

BALB/c nu/nu athymic mice (4 weeks old) were purchased from
GemPharmatech, Nanjing, China. Briefly, 5 x 10°® A549 or A549-
TIGAR-NLS cells were suspended in 100 uL. PBS/Matrigel (1:1)
and subcutaneously injected into male BALB/c nu/nu athymic
mice. When the tumor volume was approximately 80 mm?>, the
mice were randomly grouped (n = 7 mice per group) and received
vehicle or doxorubicin (intraperitoneally (i.p.); 4 mg/kg per five
days). Tumor growth was monitored every 3 days by calipers with
volume calculated using Eq. (1):

V= m x (Length x Width?)/6 (1)

The mice were sacrificed at the end of the studies. Tumors
were harvested, weighted and subjected to further use. All animal
care and experiments were approved by the Institutional Animal
Care and Use Committee of Sun Yat-sen University, Guangzhou,
China.

2.14.  Statistical analysis

Cell culture-based experiments were performed three times or
more unless indicated otherwise. The data are presented as mean
values + standard deviation (SD) from three independent exper-
iments. Statistics analysis was performed using two-tailed Stu-
dent’s ¢ tests to compare means. P < 0.05 was considered
significant. Patient survival curves were generated using the
Kaplan—Meier method, taking into account censored data. The
curves were compared using the log-rank test (Mantel-Cox)”’.
Pearson’s x> test was used to determine the immunostaining as-
sociation between NSD2 and nuclear TIGAR.
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3. Results

3.1. TIGAR stimulates NSD2 overexpression and global histone
H3K36 methylation in therapeutic resistant cancer cells

Our previous study demonstrated that TIGAR was strongly up-
regulated by NSD2 in the therapeutic resistant cancer cells'. This
prompted us to examine whether TIGAR is involved in the
resistance. First, we analyzed the effects of TIGAR silencing on
cancer cell survival and found that TIGAR knockdown strongly
induced apoptosis in therapeutic resistant cancer cells including
MCF-7 TamR (tamoxifen resistance) and MCF-7 RadR (ionizing
radiation-resistance) (Supporting Information Fig. S1). Interest-
ingly, TIGAR silencing resulted in more significant inhibition of
growth in therapeutic resistant MCF-7 TamR and MCF-7 RadR
cells than in the therapeutic-sensitive parental cells (Fig. 1A and
B). Surprisingly, we observed that knockdown of TIGAR resulted
in a dramatic decrease of NSD2 protein and mRNA expression
preferentially in the therapeutic resistant cancer cells (Fig. 1C and
D). In the tamoxifen-sensitive cells the inhibition was marginal
(Fig. 1C and D). Moreover, consistent with the inhibition of NSD2
expression, TIGAR silencing in TamR cells markedly decreased
the NSD2 methylase activity-associated global H3K36me?2 level
but not that of other histone H3 marks (Fig. 1E). Together, these
results suggest that in therapeutic resistant cells, elevated TIGAR
is required for the overexpression of NSD2 and NSD2-associated
histone hypermethylation at H3K36.
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3.2.  TIGAR is localized in the nucleus of therapeutic resistant
cancer cells

Our unexpected observation of the strong impacts of TIGAR
knockdown on NSD2 expression and activity prompted us to
examine the possibility of TIGAR function as a gene expression
regulator. First, we examined the subcellular localization of
TIGAR in the cancer cells. Immunofluorescence (IF) analysis
shows that a major proportion of endogenous TIGAR protein was
localized in the nucleus of TamR cells, RadR cells and DoxR cells
(Fig. 2A and Supporting Information Fig. S2). Immunoblotting
analysis of fractionated cell extracts also demonstrated that a high
proportion of TIGAR was localized in the nuclei of the resistant
cells (Fig. 2B). Moreover, ectopic expression of V5-tagged wild
type (V5-TIGAR) was mainly localized in the nuclei of TamR
cells. In contrast, V5-tagged G6PD protein was localized in the
cytoplasm (Fig. 2C). Interestingly, three-point mutations that
inactivate TIGAR’s enzymatic activity'? (V5-TIGAR-TM) did not
affect TIGAR protein nuclear localization, suggesting that nuclear
localization of TIGAR protein is independent of TIGAR enzy-
matic activity. To further verify TIGAR nuclear localization, we
performed IF analysis using a different anti-TIGAR antibody. The
results also show that TIGAR was mainly localized in the nucleus
and that TIGAR siRNA dramatically decreased TIGAR level in the
nucleus (Fig. 2D). Together, these results strongly suggest that
TIGAR is mainly localized in the nuclei of therapeutic resistant
tumor cells and may function as a gene expression regulator.
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TIGAR mediates NSD2 overexpression and global histone methylation in therapeutic resistant cancer cells. (A) The indicated cells

were transfected with TIGAR or control siRNA, after the indicated time points, viable cells were counted. (B) The indicated cells were transfected
with TIGAR or control siRNA, after 5 days, viable cells were counted. Cell survival rate was calculated as a percentage of the viable cells in
TIGAR siRNA versus control siRNA treated group. (C) The indicated cells were transfected with TIGAR or control siRNA. Three days later, cells
were harvested for immunoblotting analysis. (D) MCF-7-TamR, MCF-7 RadR and MCF-7 cells were transfected with 7/GAR or control siRNA.
Two days later, cells were harvested for analysis of relative NSD2 mRNA levels by qRT-PCR. (E) MCF-7-TamR cells were transfected with
TIGAR or control siRNA. Three days later, cells were harvested for immunoblotting with antibodies against total or modified histone H3. Results
shown are representative of at least three independent experiments. The data are presented as the mean £ SD of triplicate of each sample (n = 3;

*P < 0.05, ¥*P<0.01, ***P<0.001).
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Figure 2

TIGAR s translocated into the nucleus of therapeutic resistant cancer cells. (A) Cellular localization of endogenous TIGAR protein

in indicated cells was examined by IF confocal microscopy (original magnification, 400 x). Cells were immunostained with anti-TIGAR antibody
(green, ab37910). The nucleus is marked with DAPI (blue). The scale bar represents 10 um. (B) Immunoblotting of whole cell lyates (W),
cytoplasmic (C) or nuclear (N) extractions from indicated cells. (C) MCF-7 TamR cells, transfected with V5-TIGAR (WT: wild type and TM:
triple mutation) and V5-G6PD protein expressing PLX304 plasmid, were examined by IF confocal microscopy (original magnification: 400 x).
Cells were immunostained with anti-V5 (green). The nucleus is stained with DAPI (blue). The scale bar represents 10 um. (D) MCF-7 RadR cells
were transfected with TIGAR or control siRNA. Three days later, cellular localization of endogenous TIGAR protein in indicated cells was
examined by IF confocal microscopy (original magnification, 400 x). Cells were immunostained with anti-TIGAR antibody (green, sc-166291).
The nucleus was stained with DAPI (blue). The scale bar represents 20 pm.

3.3. Nuclear TIGAR acts as a novel NRF2 coactivator in
stimulation of NSD2 expression and an antioxidant program

To determine whether nuclear TIGAR directly controls NSD2
gene expression, we performed ChIP with anti-TIGAR antibody to
detect potential TIGAR association with a chromatin region with
qPCR primer sets designed to scan a 10 kb region of NSD2 gene.
Indeed, our ChIP analysis demonstrated that TIGAR specifically
occupied a region centered approximately 1 kb upstream of NSD2
transcriptional start site (TSS). Interestingly, the TIGAR occu-
pancy at the NSD2 promoter region was significantly increased by
tamoxifen in the TamR cells but not in the tamoxifen-sensitive
cells (Fig. 3A). Upon examination of possible transcription fac-
tor binding sites at the TIGAR binding region, we identified two

putative sites for transcription factors NRF2, the primary regulator
of cellular antioxidant program (Supporting Information
Fig. S3A). Our further ChIP demonstrated that NRF2 indeed
bound to the same region as TIGAR and that its binding, like that
of TIGAR, was also increased by tamoxifen (Fig. 3B). Next, to
examine the function of TIGAR at NSD2 promoter, we knocked
down TIGAR and then performed ChIP. Results show that TIGAR
knockdown strongly diminished the occupancy by NRF2 at NSD2
promoter (Fig. 3C and Fig. S3B). Thus, high levels of TIGAR were
crucial for recruitment of NRF2. Similar TIGAR knockdown and
ChIP analysis demonstrated that TIGAR mediates the recruitment
of histone methylase MLL1, the NRF2 heterodimerization partner
MAFF and MAFG, and the deposition of activating histone mark
H3K4me3 and H3K36me?2 at NSD2 promoter. Moreover, TIGAR
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was also important for recruitment of transcriptional elongation-
competent RNA polymerase II complex at NSD2 promoter as
TIGAR suppression significantly decreased the occupancy of
phospho-Ser2 form of Pol-II CTD (Fig. 3C and Fig. S3E). These
results suggest that nuclear TIGAR plays an important role in
facilitation of NRF?2 activation of NSD2 gene expression in the
therapeutic resistant cells.

Next, to examine whether TIGAR functions as a novel coac-
tivator of NRF2, we performed an antioxidant response element
(ARE)-driven reporter assay. Our results show that co-expression
of TIGAR strongly enhanced NRF2-mediated transactivation
(Fig. 3D). Consistently, TIGAR also induced NSD2 promoter-
driven luciferase activity (Fig. S3C). To address whether the
fructose-2,6-bisphosphatase activity of TIGAR is involved, we
performed the reporter assay with the mutant TIGAR that contains
three point mutations (TIGAR TM) that eliminates its enzymatic
activity as previously reported’. Interestingly, the mutant TIGAR
displayed a coactivator activity similar to that of the wild type
TIGAR (Fig. 3D). Further supporting that TIGAR is a novel
coactivator of NRF2 and that NSD?2 is a novel target of NRF2, we
found that, in cells treated with an NRF2 activator compound
tBHQ, TIGAR suppression strongly inhibited tBHQ induction of
NSD?2 as well as a number of previously established NRF2 target
genes such as NQO2, PRDXI, GCLM and GSTM4™° (Fig. 3E).
Furthermore, ChIP analysis with the TamR cells demonstrated that
NRF?2 is critical for TIGAR occupancy and the high level of
H3K4me3 mark at NSD2 promoter (Fig. S3D). As it might be
expected, knockdown of NRF2 and TIGAR strongly inhibited the
expression of NSD2 and its targets HK2, G6PD and TIGAR in the
TamR and A549 cells (Fig. 3F, G, Fig. S3F and S3G). TIGAR
knockdown also decreased NRF2 protein level (Fig. S3H),
whereas the knockdown did not change the expression of KEAP1.
Moreover, similar to the effects seen with TIGAR suppression, a
dramatic rise of ROS and cell death and a decrease of NADPH
were observed in the TamR cells with NRF2 knockdown
(Fig. S3I). Together, these results strongly suggest that nuclear
TIGAR can act as a transcriptional coactivator of NRF2 to facil-
itate NRF2 recruitment to target gene NSD2 and NRF2-mediated
activation of antioxidant program.

3.4. TIGAR physically interacts with NRF2 and promotes NRF2
nuclear translocation

It is well established that NRF2, a master regulator of antioxidant
defenses, translocates to the nucleus upon activation by oxidative
stress. Since our study identified TIGAR acting as a novel coac-
tivator of NRF2, we next examined whether nuclear TIGAR is
also involved in antioxidant defenses. Employing IF analysis, we
indeed found that NRF2 activating compound tBHQ significantly
increased nuclear localization of TIGAR in cancer cells (Sup-
porting Information Fig. S4A). We also observed that TIGAR
silencing decreased the nuclear NRF2 signal induced by H,0,
(Fig. 4A and Fig. S4B). To further examine whether TIGAR is
involved in NRF2 translocating into nucleus, we expressed
TIGAR with a nuclear localization signal (NLS) sequence. IF
analysis shows that V5-tagged TIGAR-NLS was exclusively
expressed in the nucleus and strongly enhanced NRF2 accumu-
lation in nucleus (Fig. 4B).

We next examined whether TIGAR and NRF2 physically
interacted with each other in cancer cells. Reciprocal co-IP ex-
periments show that endogenous TIGAR was indeed associated
with NRF2 in TamR cells, and that NRF2 activator tBHQ

treatment enhanced the association (Fig. 4C and Fig. S4C). GST
pull-down with purified proteins demonstrated that TIGAR
directly interact with NRF2 and that the interaction is independent
of TIGAR enzymatic activity (Fig. 4D, left). Furthermore, GST
pull-down with different truncated fragments of NRF2 protein
showed that the interaction appeared to be mediated by the C-
terminal, Neh1—Neh3 region of NRF2 which contains a bZIP
DNA binding and transactivation domains® (Fig. 4D, right).
These results collectively suggest that nuclear TIGAR directly
associated with NRF2 and promotes NRF2 location.

3.5.  Nuclear TIGAR promotes cancer therapy resistance via
stimulating redox balance

We next examined whether elevated TIGAR alone is sufficient to
drive therapeutic resistance through NSD2 and redox homeostasis.
Ectopic expression of TIGAR, which distributed to both the nu-
cleus and cytoplasm, resulted in a robust suppression of Tam-
induced ROS and a significant increase of G6PD activity, and
strongly promoted the survival of Tam-sensitive cells (Supporting
Information Fig. S5A). Employing V5-tagged TIGAR-NLS which
exclusively expressed in the nucleus, we examined whether nu-
clear TIGAR possesses similar functions. Our results show that
nuclear TIGAR strongly enhanced NSD2 and HK2 expression,
suppressed Tam-induced ROS and cell death, and increased
cellular GO6PD activity (Fig. 5A). Consistent with the notion that
the function of nuclear TIGAR—NSD2 axis is not restricted to
TamR cells, in the lung cancer cells that were treated by either
chemotherapy drug doxorubicin or H,O,, expression of nuclear
TIGAR dramatically induced NSD2 and HK2 protein expression
and GO6PD activity and strongly decreased ROS and cell death
(Fig. 5B). Moreover, knockdown of TIGAR in lung cancer cells
resulted in a marked decrease of cell survival especially when the
cells were treated with doxorubicin (Fig. 5C). Interestingly, the
F2,6bPase-defective mutant of TIGAR when endowed with NLS
displayed activities similar to those of the wild type TIGAR in
NSD2 gene expression and ROS rebalance (Fig. 5SA—C). More-
over, nuclear TIGAR expression strongly stimulated the expres-
sion of NSD2, HK2, G6PD, NQOI and PRDX]I (Fig. S5B).

We next evaluated the effect of nuclear TIGAR on tumor
growth and chemotherapy resistance. As shown in Fig. 5D,
expression of nuclear TIGAR strongly promoted the growth of
A549 lung cancer xenograft tumors (black line versus blue line).
More importantly, nuclear TIGAR-overexpressing tumors were
statistically more resistant to doxorubicin treatment than the
vector-control tumors (Fig. 5D, E, Fig. S5C, and S5D; yellow line
versus red line). In addition, immunoblotting analysis of tumor
tissues revealed that nuclear TIGAR overexpression markedly
increased NSD2 expression and blocked doxorubicin induction of
cleavage of caspase and PARP1, which are indicators of cell death
in the xenograft tumors (Fig. 5F). These results together with the
results shown above suggest that TIGAR localized in the nucleus
can act as a potent transcriptional coactivator of NRF2 to stimulate
the downstream targets, such as NSD2, effectively rebalance ROS
and confer cancer chemotherapy resistance.

3.6.  Nuclear TIGAR strongly correlates with NSD2 expression
and patient poor survival

To address the clinical significance of our findings, we next per-
formed IHC to examine TIGAR protein expression and its cellular
localization in the same cohort of breast cancer tumor specimens
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Figure 3  Nuclear TIGAR acts as a novel NRF2 coactivator for activation of NSD2 expression and the antioxidant program. (A) Left panels:
top, schematics of NSD2 promoter region with indicated locations of primers used in ChIP assay. Bottom, ChIP analysis of TIGAR occupancy on
NSD2 promoter region in Tam-treated, MCF-7-TamR cells. ChIP data are presented as a percentage of input signals. Right panel, relative TIGAR
occupancy at the NSD2 promoter (primer 4 site) in MCF-7 parental and TamR cells treated with vehicle or tamoxifen (TAM, 1 pmol/L). (B) ChIP
analysis of NRF2 occupancy at NSD2 promoter region in MCF-7-TamR cells (left) and at the NSD2 promoter site 4 in the indicated cells treated
with vehicle or Tam (right). Results shown are representative of at least three independent experiments. (C) ChIP analysis of relative occupancy by
NRF2, TIGAR, MLL1, RNA polymerase II (pol II), RNA pol II serine 2 phosphorylation (pol II-pSer2), RNA pol II serine 5 phosphorylation (pol
II-pSer5) and H3K4me3 and H3K27ac marks at the NSD2 promoter site (primer 4) in MCF-7-TamR cells transfected with control or TIGAR
siRNA. (D) Reporter gene assay with NQO-1-ARE-luciferase (right) and NSD2-promoter-luciferase (left) was performed by transfecting 293T
cells with vectors for the NQO1-ARE-dependent Firefly luciferase reporter and indicated constructs for expressing NRF2, TIGAR, TIGAR TM
(triple mutation). $-Gal construct was included as an internal control. (E) qRT-PCR analysis of indicated gene expression in MCF-7 cells
transfected with siTIGAR or control siRNA, and treated with vehicle or tBHQ (50 pmol/L). (F) gRT-PCR analysis of indicated gene expression in
MCF-7-TamR cells transfected with NRF2 or control siRNA. (G) Whole cell lysates from MCF-7-TamR cells were prepared, and IP was per-
formed with either anti-NRF2 antibody (top) or anti-TIGAR antibody (bottom) followed by IB with indicated antibodies. Results shown are
representative of at least three independent experiments. The data are presented as the mean = SD of triplicate of each sample (n = 3; *P < 0.05,
**P<0.01).
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Figure 4 TIGAR physically interacts with NRF2 and promotes NRF2 nuclear translocation. (A) MCF-7 cells were transfected with TIGAR or
control siRNA, after 3 days, cells treated with H,O, or vehicle for another 6 h, subcellular localization of TIGAR were examined by IF confocal
microscopy. Cells were immunostained with NRF2 antibody (green). The nucleus is stained with DAPI (blue). Merged images (Merge) are shown.
The scale bar represents 20 pum. (B) Subcellular localization of V5 tagged TIGAR and NRF2 were examined by IF confocal microscopy in A549
vector control cells or nuclear localization signal (NLS) linked TIGAR overexpressing cells. Cells were immunostained with V5 antibody (red)
and NRF?2 antibody (green). The nucleus was stained with DAPI (blue). Merged images (Merge) are shown. The scale bar represents 20 um. (C)
Whole cell lysates from MCF-7-TamR cells were prepared, and IP was performed with either anti-NRF2 antibody (top) or anti-TIGAR antibody
(bottom) followed by IB with indicated antibodies. (D) Top left, schematics of His-tagged human NRF2 protein with numbers indicating boundary
amino acid number at the indicated domains. GST pulldown assays were performed with GST-wild (WT) or mutant (TM) TIGAR and full length
His-tagged NRF2 or its deletion forms. His-p97/VCP was used as a negative control.

that we previously analyzed for NSD2'. Similar to other reports*, varying levels of cytoplasmic expression (Fig. 6A, tumor #1, and
TIGAR was detected in all tumor samples. In a cohort of 444 data not shown). Interestingly, we observed that a high percentage
breast carcinoma specimens, a majority of the tumors showed (73.2%) of the tumors displayed nuclear TIGAR staining with
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Figure 5 Nuclear TIGAR promotes cancer therapy resistance via stimulating redox balance. (A) MCF-7 cells were transduced with lentiviruses
expressing V5-TIGAR-NLS (WT, wild type and TM, triple mutation), Three days later, TIGAR localization was examined by IF confocal
microscopy (original magnification: 400 x), cells were immunostained with anti-V5 antibody (green). The nucleus is stained with DAPI (blue).
The scale bar represents 10 pm. Cells were also analyzed by immunoblotting with indicated antibodies, or treated with tamoxifen or vehicle for
another 24 h for analysis of ROS level, G6PD activity and for another 72 h for analysis of cell death. The data are presented as the mean + SD of
triplicates of each sample (n = 3; **P < 0.01). (B) A549 cells were transduced with lentiviruses expressing V5-TIGAR-NLS. Three days later,
cells were analyzed by immunoblotting with indicated antibodies, or treated with doxorubicin, H,O, or vehicle for another 24 h for analysis of
ROS level and for another 72 h for analysis of cell death. The data are presented as the mean £+ SD of triplicates of each sample (n = 3;
*#*P < 0.01). (C) A549 and H727 lung cancer cells were transfected with TIGAR or control siRNA. Two days later, cells were treated with vehicle
or doxorubicin for another 2 days, viable cells were counted. Results are representative of at least three independent experiments. The data are
presented as the mean =+ SD of triplicates of each sample (n = 3; **P < 0.01). (D) and (E) Nude mice bearing the A549-TIGAR-NLS or A549-
parental xenografts (n = 7 mice per group) received vehicle or doxorubicin [intraperitoneally (i.p.); 3 mg/kg per five days]. Black arrow indicates
the starting point of administration. Mean tumor volume = SEM and mean tumor weight &= SEM are shown (**P < 0.01). (F) Immunoblotting of
A549-TIGAR-NLS or A549-parental xenografts tumors after 30 days of treatment with vehicle or doxorubicin.
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Figure 6 Nuclear TIGAR strongly correlates with NSD2 expression and patient poor survival. (A) and (B) Anti-TIGAR IHC analysis was
performed on breast cancer TMAs. Representative images of cytoplasmic and nuclear staining in different tumors are shown (Top). Scale bar:
50 um. (C) Correlations between nuclear TIGAR expression and NSD2 expression in the tumors was analyzed using Pearson’s ¥? test. (D)
Kaplan—Meier analysis of overall survival from death due to breast cancer and recurrence-free survival of patients who received tamoxifen
monotherapy (n = 444) and were stratified by tumor nuclear TIGAR protein levels determined by IHC. (E) Kaplan—Meier survival curve analysis
of breast cancer patients, stratified by TIGAR expression (data were obtained from http://kmplot.com/analysis/).

different intensities, in addition to their cytoplasmic staining
(Fig. 6A, tumor #2, and Supporting Information Fig. S6A).
Consistent with the in vitro data that TIGAR controls the
expression of NSD2, we found that nuclear TIGAR expression
was strongly associated with the expression of NSD2 in the tu-
mors (Fig. 6B and C, P < 0.0001). Importantly, when nuclear
TIGAR staining was scored for the tumors, high levels of nuclear
TIGAR were found to associate with a significantly shorter overall
survival of the patients who received tamoxifen monotherapy
(Fig. 6D, P = 0.0398). Moreover, analysis of published tumor
datasets also showed a significant correlation between high tumor
TIGAR mRNA level and poor overall survival of breast cancer
patients subsequently treated with tamoxifen and of lung cancer
patients (Fig. 6E and Fig. S6B). Together, these results suggest

that nuclear TIGAR strongly correlated with NSD2 expression
and poor survival in cancer patients.

4. Discussion

Increasing evidence shows that both epigenetic and metabolic
reprogramming are involved in redox homeostasis'**!4!42,
However, the underlying mechanism by which they coordinate in
promoting cancer cell survival and drug resistance remains poorly
understood. Here, we reveal that nuclear TIGAR coactivated the
redox master regulator NRF2 to promote cancer therapeutic
resistance via mediating the expression and function of NSD2, an
oncogenic histone methylase. TIGAR has been characterized as a
F2,6BPase with functions in dampening glycolysis and enhancing
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the PPP to protect cells from damage induced by oxidative stress.
In this study, we unexpectedly found that TIGAR can act as a
transcriptional regulator. Nuclear TIGAR is readily detected by
different approaches and observed in different types of cancer
cells and tumors (e.g., radiation-resistant and tamoxifen-resistant
breast cancer cells and tumors and chemo-resistant lung cancer
cells), with a marked increase in cells resistant to therapy.
Importantly, ectopic expression of nuclear TIGAR conferred
cancer chemotherapy resistance both in vivo and in vitro. Mech-
anistically, we demonstrated that TIGAR physically interacts with
NRF2 and promotes NRF2 nuclear localization. Our further
mechanistic study revealed that TIGAR can act as a novel coac-
tivator of NRF2 to elevate the expression of both its new (i.e.,
NSD2) and established (e.g., NQO1/2, PRDX1 and GSTM4)
targets. These data collectively suggest that nuclear TIGAR is a
critical mediator in the NRF2 signaling.

Constitutive NRF2 activation plays a central role in anti-cancer
therapy resistance. An increasing number of regulators of NRF2
pathway are being identified”® ****. TIGAR is rather unusual in
that it is a glucose metabolic enzyme and shares a key function
with NRF2, namely stimulating the PPP for cellular redox con-
trol'>*>*® However, except a brief report on the distinct effect of
a porphyrin-loaded nanoparticles on the mRNA levels of NRF2
and TIGAR*, there has not been any studies on the physical and
functional associations between NRF2 and TIGAR. Our study
revealed that TIGAR is not only a coactivator of NRF2, it is also a
downstream target of NRF2, thus clearly underscoring the crucial
role of TIGAR in NRF2 signaling. Our previous study demon-
strated that NSD2 can reprogram glucose metabolism for thera-
peutic resistance via coordinately up-regulating the expression of
key metabolic enzymes for PPP and TIGAR'. Together with this
study, our data suggest there is a positive, autoregulatory loop
between TIGAR and NSD2 in mediating cancer therapeutic
resistance. Such tight connections among the three proteins un-
derscore the pivotal role of TIGAR—NRF2—NSD?2 axis in effec-
tive and sustained reprogramming of cancer cell metabolism and
epigenetics for therapeutic resistance. Mechanistically, we found
that TIGAR is required for binding of NRF2 to its chromatin site
and for active transcription marks (i.e., H3K4me3) and
transcription-competent Pol-II at the NSD2 promoter, providing
important insights into the function of both NRF2 and TIGAR.
Using recombinant proteins, we identified the C-terminal
Neh1—Neh3 region of 170 amino acids being the specific region
of NRF2 to interact with TIGAR. Interestingly, this C-terminal
region also mediates interaction of NRF2 with its hetero-
dimerization partners such as the small MAF proteins*. There-
fore, it is possible that this C-terminal region of NRF2 can interact
simultaneously with the small MAFs and TIGAR. Consistent with
this proposition, we observed that TIGAR is important for the
recruitment of NRF2 partner MAFF and MAFG to the NRF2
target. Moreover, we found that the F2,6bPase activity of TIGAR
appears to be dispensable for it to act as a NRF2 coactivator,
suggesting that its dual functions as a metabolic enzyme and
transcriptional regulator can be uncoupled, which can be relevant
for future therapeutics development targeting TIGAR.

The regulation of nuclear translocation of TIGAR is unclear at
this point. TIGAR does not contain a readily recognizable nuclear
localization signal sequence. Intriguingly, in Tam sensitive cells,
TIGAR does not appear critical for NSD2 expression, pointing to
the TIGAR—NSD2 axis being a unique mechanism that can
develop during cancer therapeutic resistance. Although elevated
NSD2 enhances its nuclear level, it is likely that nuclear

translocation of TIGAR is subject to multiple ways of modulation.
Similar to TIGAR, a nuclear form of PKM2 was described to
function as a co-activator for HIF1«, B-catenin and others, and is
subject to regulation by growth factors*® !, However, one
distinction between them is that nuclear TIGAR promotes meta-
bolic flux through the PPP for countering increased ROS and
enhancing tumor resistance to therapies while nuclear PKM2
facilitates aerobic glycolysis for cell proliferation and tumor
growth. Nevertheless, better understanding of the evolution of
TIGAR—NRF2—-NSD2 axis will provide valuable insights for
developing strategies to disrupt the metabolic-epigenetic loops for
more effective cancer therapy.

5. Conclusions

We report here that elevated TIGAR, an antioxidant, glucose
metabolic regulator and a target of oncogenic histone methyl-
transferase NSD2, is mainly localized in the nucleus of therapeutic
resistant tumor cells where it facilitates the recruitment of NRF2
to up-regulate antioxidant target genes including NSD2. In addi-
tion, nuclear accumulation of TIGAR is positively associated with
NSD?2 in clinical tumors and strongly correlated with poor sur-
vival. These findings define a nuclear TIGAR-mediated epigenetic
autoregulatory loop in redox rebalance for tumor therapeutic
resistance.
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