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Abstract

Metabolic reprogramming and metabolic plasticity allow cancer cells to fine-tune their
metabolism to adapt to the ever-changing environments of the metastatic cascade, for which
lipid metabolism and oxidative stress are of particular importance. Continuous production of
NADPH, a cornerstone of both lipid and redox homeostasis, is essential for proliferation and cell
survival suggesting that cancer cells may require larger pools of NADPH to efficiently
metastasize. NADPH is recycled through reduction of NADP+ by several enzymatic systems in
cells; however, de novo NADP+ is synthesized only through one known enzymatic reaction,
catalysed by NAD+ kinase (NADK). Here, we show that NADK is upregulated in metastatic
breast cancer cells enabling de novo production of NADP(H) and the expansion of the NADP(H)
pools thereby increasing the ability of these cells to adapt to the oxidative challenges of the
metastatic cascade and efficiently metastasize. Mechanistically, we found that metastatic
signals lead to a histone H3.3 variant-mediated epigenetic regulation of the NADK promoter,
resulting in increased NADK levels in cells with metastatic ability. Together, our work presents a
previously uncharacterized role for NADK as an important contributor to breast cancer
progression and suggests that NADK constitutes an important and much needed therapeutic
target for metastatic breast cancers.
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Breast cancer is the most common malignancy that affects Western women. While the primary
tumour can be treated by surgery and adjuvant therapy, metastases are a major cause of
mortality (1-3). Thus, the ability to effectively treat solid tumours is largely dependent on the
capacity to prevent and/or treat metastatic disease. Metastasis is a complex process in which
cancer cells escape the primary tumour, invade the adjacent tissue, enter into and survive in
circulation and eventually colonize distant sites (1-3). As such, cancer cells that go through the
metastatic cascade need to overcome many obstacles and adapt to many different
environments to retain vitality and eventually thrive as metastatic lesions. Metabolic
reprogramming and metabolic plasticity provide cancer cells with the flexibility necessary to
withstand these challenges and power the development of metastatic disease (4, 5). Lipid
metabolism and oxidative stress are of particular importance in the metastatic cascade (4, 6-9).
In fact, disruption of either lipid or redox homeostasis has profound effects in the ability of
cancer cells to thrive as metastases (10-14).

A cornerstone of both lipid and redox homeostasis is nicotinamide adenine dinucleotide
phosphate (NADP+) metabolism. Reduced NADP (NADPH) powers biosynthetic pathways
(including lipid synthesis) as well as redox homeostasis (15) and continuous production of
NADPH is essential for cell survival and proliferation (16). Thus, we questioned if maintaining
NADPH levels is important for breast cancer metastasis. To test this, we expressed
triphosphopyridine nucleotide oxidase (TPNOX) in the highly metastatic 4T1 triple negative
breast cancer (TNBC) model. TPNOX is an engineered mutant of the naturally occurring
Lactobacillus brevis NADH oxidase that is strictly specific towards NADPH and whose
expression leads to NADPH oxidation into NADP+ thereby decreasing NADPH availability (17).
To evaluate the effects of TPNOX expression on the metastatic ability of 4T1 cells, we grew
these cells in 3D conditions, which have been shown to be a better surrogate than 2D growth for
the metabolic alterations that occur in metastasis (18). TPNOX expression severely blunted the
ability of these cells to grow in soft agar (Fig. 1a), demonstrating the importance of NADPH for
the 3D growth and metastatic potential of these cells. Based on these results, we hypothesized
that breast cancer cells may hijack pathways that reduce NADP+ into NADPH to maintain the
NADPH levels necessary for 3D growth and efficient metastasis. To test this we took advantage
of clonal subpopulations, which were isolated from a 4T1 mammary tumor and display different
metastatic abilities (19), to measure NADP+ and NADPH levels. NADPH levels were
significantly higher in the broadly metastatic 4T1 clone, which can form metastases, compared
to a locally invasive 4T07 clone, which can invade out of the primary tumor but fails to form
metastases (Fig. 1b). Unexpectedly, we observed no change in NADP+ levels (Fig. 1c) putting
forward the idea that breast cancer cells with metastatic ability may increase their total NADP(H)
pools. Changes in the total NADP(H) pools are regulated by de novo NADP(H) synthesis, via
phosphorylation of nicotinamide adenine dinucleotide (NAD+) to form NADP+, which is
catalyzed by NAD kinases (NADKs) (15) (Fig. 1d). To evaluate if indeed metastatic proficient
cells have higher rates of de novo NADP(H) synthesis we traced the incorporation of isotopic
label from deuterated nicotinamide, [°H]NAM, into the NADP(H) pools (20). We observed
increased label incorporation into the NADP+ and NADPH pools of the 4T1 clone when
compared to the 4T07 clone (Fig. 1e and 1f), demonstrating that de novo NADP(H) synthesis is
increased in breast cancer cells with the ability to effectively metastasize. Mammalian de novo
NADP(H) synthesis can be catalyzed by two NADK isoforms, a cytosolic (NADK) and a
mitochondrial one (NADK2) (15). Considering that the increase in reactive oxygen species
(ROS) in disseminated cancer cells has previously been shown to occur in the cytosol before it
propagates to both cytosol and mitochondria in metastatic lesions (10) as well as the fact that
fatty acid synthesis occurs in the cytosol, we reasoned that the cytosolic NADK might be
responsible for the increase in de novo NADP(H) synthesis observed in our experiments. In
support of this idea, we observed that NADK levels are increased in the metastatic proficient
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4T1 clone compared to the 4T07 clone that cannot effectively metastasize (Fig. 1g). Moreover,
we observe the same trend in NADK levels when comparing human breast cancer cell lines
derived from metastatic and non-metastatic sites (Fig. 1h). These observations raised the
guestion of whether increased NADK levels could be generalizable to human cancer. Evaluation
of human breast cancer samples showed an increase in NADK levels in metastases versus their
matched primary tumors (Fig. 1i) indicating a direct relevance of de novo NADP(H) synthesis via
NADK to metastasis formation in humans.

Having shown that NADK is elevated in breast cancer metastases, we next probed its functional
consequences. To test this, we silenced NADK in 4T1 cells as well as in a human cell line with
high metastatic ability (MDA-MB-231 LM2 (21), referred to as LM2 hereafter). NADK silencing in
both 4T1 and LM2 cells resulted in decreased total NADP(H) levels as well as de novo
synthesized NADP+ in both cell lines (Extended Data Fig. la-c, Fig. 2a-d). Supporting the
importance of de novo NADP+ synthesis for metastatic-like growth, we observed that NADK
suppression in 4T1 or LM2 cells resulted in a pronounced decrease in their ability to grow in 3D,
both in soft agar (Fig. 2e and 2f) and in the presence of an extracellular matrix hydrogel (basal-
membrane extract — BME) (Fig. 2g and 2h). These data suggest that NADK suppression and
the concomitant contraction of the total NADP(H) pools might impair metastasis formation. To
directly evaluate how NADK might impact metastasis formation we performed lung colonization
assays, which revealed that NADK suppression drastically reduced the ability of LM2 cells to
effectively colonize the lung following a tail-vein injection (Fig. 2i).

To establish if the increase of NADK and consequent expansion of the NADP+ pools affect
metastatic colonization by enabling ROS detoxification and/or fatty acid synthesis, we first
measured ROS in 4T1 and LM2 cells upon NADK suppression. NADK knockdown in both cell
lines resulted in suppression of antioxidant defences as shown by an expected decline in
NADPH (Fig. 3a, Extended Data Fig. 2a) as well as a pronounced decline in reduced
glutathione levels, which relies on the reducing power of NADPH to be recycled (Fig. 3b,
Extended Data Fig. 2b). Accordingly, we observed a general increase in ROS (Fig. 3c,
Extended Data Fig. 2c and 2d) and concomitant increase in the oxidation status of the cytosol
as well as the mitochondria as evidenced by an increase in the oxidated fraction of
peroxiredoxin 1 (PRDX1, cytosolic) and peroxiredoxin 3 (PRDX3, mitochondrial) upon NADK
suppression (Fig. 3d). Moreover, in line with the importance of NADPH levels to power fatty acid
synthesis we observed a decline in intracellular lipid levels upon NADK suppression (Fig. 3e
and 3f). Importantly, NAD+ levels were not consistently altered upon NADK knockdown,
excluding a potential effect of NADK in powering metastasis through regulation of NAD+ levels
(Extended Data Fig. 1d and 1e). Having shown that NADK activity powers ROS detoxification
and lipid synthesis in metastatic breast cancer cells, we sought to determine if deregulation of
these pathways is at the root of the decline in metastatic ability upon NADK silencing.
Supplementation with either lipids or a powerful antioxidant (N-acetylcysteine — NAC) alone
were not sufficient to rescue the defect in BME growth elicited by the knockdown of NADK (Fig.
3g and Extended Data Fig. 2e). However, supplementation with both lipids and NAC gave both
4T1 and LM2 cells with NADK suppression a growth advantage both in 4T1 and LM2 cells (Fig.
3g and Extended Data Fig. 2e). Together, these observations suggest that expansion of the
NADP(H) pools via de novo synthesis of NADP+ by NADK is an important feature for successful
metastasis of breast cancer, by increasing redox power to fuel antioxidant defences and lipid
synthesis.

Next, we sought to understand how NADK expression is regulated during tumour progression.
Considering the importance of NADP(H) pools for redox control and anabolic processes, we
reasoned that NADK induction might be an early event in the progression of breast cancers. To
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test this, we treated MCF10A, a breast epithelial cell line, with the well-established metastatic
inducers TGFB and TNFa (22). Consistent with their ability to promote EMT and the acquisition
of metastatic traits (Fig. 4c), three days of TGFB/TNFa treatment was sufficient to increase the
levels of NADP+ in MCF10As (Fig. 4a). Moreover, TGFB/TNFa treatment of HCC1806, a breast
cancer cell line derived from a primary tumour, increased de novo production of NADP+ (Fig.
4b). Accordingly, we observed that NADK levels were upregulated in these models as well as in
HCC38, another breast cancer cell line derived from a primary tumour, upon treatment with
TGFB/TNFa (Fig. 4c). We had previously demonstrated that in order for breast cancer cells to
acquire metastatic-like properties in response to TGFB/TNFa, an epigenetic reprogramming
regulated by histone H3 chaperones and the non-canonical H3.3 variant needs to occur (23).
Analysis of publicly available H3.3 ChlIP-seq in LM2 cells (23) demonstrated an enrichment of
H3.3 at the promoter region of NADK (Extended Data Fig. 3a), suggesting that NADK regulation
by metastatic signals such as TGF and TNFo might be mediated by H3.3 deposition. In
support of this hypothesis, ChIP-PCR analysis demonstrated H3.3 incorporation into the NADK
promoter was elevated in response to TGFB/TNFa treatment (Fig. 4d). H3.3 is thought to gap fill
the DNA in response to stimuli that decrease the incorporation of canonical histones into
chromatin (24). Suppression of CAF-1, the histone chaperone complex in charge of depositing
canonical histones into chromatin, has previously been shown to be sufficient to trigger this
H3.3 gap filling mechanism in breast cancer (23). Thus, we reasoned that if H3.3 gap filling is
mediating the induction in NADK in response to TGFB and TNFa, suppression of the CAF-1
complex alone should induce the increase in NADK. Suppressing the CAF-1 complex via
shRNA-mediated silencing of its subunit CHAF1B resulted in a similar increase in H3.3
enrichment at the promoter of NADK, increased levels of NADK and concomitantly increased
NADP(H) levels in non-metastatic breast cancer cells (Extended Data Fig. 3b-f), mirroring the
effects of TGFB/TNFa treatments. Moreover, suppression of HIRA, the chaperone responsible
for incorporation of H3.3 onto chromatin in genic regions, ablated the ability of TGFf and TNFa
to induce NADK levels and to increase NADP(H) levels (Fig. 4e-g, Extended Data Fig. 4a and
4b). Finally, because NADK levels are elevated in metastatic breast cancer cells (Fig. 1h) and
H3.3 was enriched at the NADK promoter of LM2 cells (Extended Data Fig. 3a), we evaluated if
suppressing HIRA in this context would also affect NADK levels and the NADP(H) pools. Our
data show that suppression of HIRA in breast cancer cells with metastatic ability decreased
H3.3 enrichment at the NADK promoter, resulting in a decrease in NADK mRNA and protein
levels and ultimately leads to the contraction of NADP(H) pools in these cells (Fig. 4h-I,
Extended Data Fig. 4c-e). These data show that metastatic signals drive NADK expression
through deposition of H3.3 into the NADK promoter resulting in its activation, illustrating a
complete epigenetic mechanism that regulates the NADP(H) pools.

Taken together, our results show that NADK upregulation and the consequent expansion in the
NADP(H) pools play a central role in the ability of breast cancer cells to colonize distal organs
and thrive as metastatic lesions by powering anabolic reactions and antioxidant systems.
Mechanistically, we demonstrated that this occurs in response to metastatic signals, such as
TGFB and TNFa, via chromatin remodelling that impinges on the histone H3.3 variant. Although
more in-depth studies are necessary to fully determine the scope of H3.3-mediated regulation of
metabolic pathways in breast cancer metastasis, this study adds NADK and de novo NADP(H)
synthesis to the growing list of essential metabolic adaptations that enable metastases to thrive.
Our results suggest that NADK might be an important new and effective therapeutic target for
advanced breast cancers and metastatic disease.
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Figure Legends

Fig. 1 — De novo NADP+ synthesis is upregulated in metastatic breast cancer cells. a, Soft
agar colony formation assay in 4T1 cells expressing TPNOX or GFP (n=6). b, ¢, NADPH (b)
and NADP+ (c) levels in 4T1 (broadly metastatic) and 4T07 (locally invasive) clones (n=3). d,
Schematic representation of NADP(H) synthesis and recycling. e, f, De novo NADP+ (e) and
NADPH (f) production from labeled NAM in 4T1 and 4T07 clones (n=3). g, NADK immunoblot in
4T1 and 4T07; representative image (n=4). h, NADK immunoblot in breast epithelial cells, non-
metastatic breast cancer cells and metastatic breast cancer cells; representative image (n=4). i,
Percentage of cells positive for NADK in human breast cancer primary tumor samples and
matched metastasis (n=50) and representative images. All values are expressed as mean +
SEM.

Fig. 2 — NADK mediates de novo NADP+ synthesis and enables metastatic colonization.
a, b, NADP+ levels in 4T1 cells (a) and LM2 cells (b) with NADK knockdown for 3 days (n=3). c,
d, De novo NADP+ production from labeled NAM in 4T1 cells (c) and LM2 cells (d) with NADK
knockdown for 3 days (n=4). e, f, Quantification, and representative images, of soft agar colony
formation assay in 4T1 (e) and LM2 cells (f) with NADK knockdown (n=3). g, h, Basal
membrane extract 3D growth of 4T1 (e) and LM2 cells (f) with NADK knockdown (n=4). i, Lung
colonization assay of LM2 cells with knockdown of NADK (n=10). All values are expressed as
mean + SEM.

Fig. 3 — NADK increases NADP(H) pools to sustain redox and anabolic reactions and
enable metastatic outgrowth. a, b, NADPH (a) and glutathione (b) levels in LM2 with NADK
knockdown for 3 days (n=4). c, H,O; levels in LM2 with NADK knockdown for 3 days (n=4). d,
Redox status of PRDX1 and PRDX3 evaluated by immunoblot; representative image (n=4). e, f,
Neutral lipid (e) and triglyceride levels (f) in LM2 with NADK knockdown for 3 days (n=4). g,
Basal membrane extract 3D growth of LM2 cells with NADK knockdown supplemented with
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lipids or N-acetylcysteine (NAC) or the combination (n=4). All values are expressed as mean +
SEM.

Fig. 4 — H3.3 incorporation into chromatin in response to metastatic signaling drives
NADK expression in breast cancer. a, NADP+ total levels in MCF-10A cells treated with
TGFB + TNFa for 3 days (n=5). b, De novo NADP+ production from labeled NAM in HCC1806
cells treated with TGFB + TNFa for 3 days (n=4). ¢, NADK immunoblot in MCF-10A, HCC38
and HCC1806 cells treated with TGFB + TNFa for 5 days; representative images (n=4). d, H3.3
enrichment at the NADK promoter in MCF-10A treated with TGFf + TNFa for 3 days; fold
enrichment was determined using immunoglobulin G (IgG) as a control for the ChIP (n=3). e,
NADK immunoblot in HCC1806 cells with HIRA knockdown treated with TGF( + TNFa for 5
days; representative image (n=4). f, g, NADP+ (f) and NADPH (g) levels in HCC1806 cells with
HIRA knockdown treated with TGF@ + TNFa for 5 days (n=4). h, H3.3 enrichment at the NADK
promoter in LM2 cells with HIRA knockdown for 3 days; fold enrichment was determined using
immunoglobulin G (IgG) as a control for the ChIP (n=3). i, NADK mRNA quantity in LM2 cells
with HIRA knockdown for 3 days (n=4). j, k, NADP+ (j) and NADPH (k) levels in LM2 cells with
HIRA knockdown for 3 days (n=4). I, NADK immunoblot in LM2 cells with HIRA knockdown for 3
days; representative image (n=4). All values are expressed as mean + SEM.

Methods

Email contact for reagent and resource sharing: ana.gomes@moffitt.org

Cell Lines

HCC38, HCC1806, BT20, MDA-MB-231, Hs578t and MCF10A cells were obtained from
American Type Culture Collection (ATCC). 4T1 and 4T07 mouse breast cancer cell line clones
were originally derived by Dr. F. Miller*® and obtained from Dr. William Schiemann. MDA-MB-
231 LM2 (referred to as LM2) subclone'® was obtained from Dr. Massague’s lab. HEK293T cells
were obtained from GenHunter. All cell line were maintained at 37°C and 5% CO, in the
presence of 100 unit/ml penicillin and 100 pg/ml streptomycin (Gibco) and were routinely tested
for mycoplasma using MycoAlert mycoplasma detection kit (Lonza). HCC38, HCC1806, BT20,
MDA-MB-231, 4T1 and 4T07 cells were cultured in RPMI-1640 medium supplemented with 10%
FBS. Hs578T cells were maintained in high glucose DMEM with 0.01 mg/ml insulin and 10%
FBS, while LM2 and HEK293T cells were cultured in high glucose DMEM with 10% FBS.
MCF10A cells were maintained in DMEM:F12 media supplemented with 5% horse serum
(Gibco), 10 pg/mL insulin (Sigma-Aldrich), 100 ng/mL cholera toxin (Sigma-Aldrich), 20 ng/mL
EGF (Peprotech), and 0.5 mg/mL hydrocortisone (Sigma-Aldrich). The cells used for the
experiments in this manuscript always tested negative for mycoplasma.

Mice

Female nu/nu athymic mice, 4 to 6 weeks old, were obtained from Envigo. The animals were
allowed acclimate for at least 7 days before experiments. The mice were maintained at Weill
Cornell Medicine vivarium under standard husbandary conditions with unrestricted access to
food and water in compliance with the Weill Cornell Medicine Institutional Animal Care and Use
Committee (IACUC) protocols. The animal room was maintained with a 12 hours light-dark cycle
at 21-23 °C, around 50% humidity and. The standard chow, PicoLab Rodent Diet 5053 (Labdiet,
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Purina) containing 20% protein and 5% fat, was used. The maximum tumor size allowed—20
mm or 2.5 cm?, or 10% of the animal’s body weight—by the IACUC protocol was not exceeded.

METHOD DETAILS
Cell Culture Treatments

Some cells were treated with 5 ng/ml of recombinant human TGFB (PeproTech) and 5 ng/ml of
recombinant human TNFa (PeproTech) as metastatic inducers for the indicated time periods.
When cells with genetic suppression of a gene of interest were also treated with TGFB1 and
TNFa, the cells were transduced and selected as described below and then treated with 5 ng/ml
of recombinant human TGFB (PeproTech) and 5 ng/ml of recombinant human TNFa
(PeproTech).

3D Soft Agar Colony Formation Assay

As the bottom layer a coating of 1:1 ratio of 2 x DMEM (Millipore): 1.2% SeaPlaque Agarose
(Lonza) was applied to 6-well plates, and allowed to set overnight. The top layer was applied the
next day (1:1 ratio of 2 x DMEM and 0.7% agarose) containing 5,000 of the indicated cells per
well. The next day 0.5 mL 1 x DMEM with selection antibiotic was added to each well. The
media was changed once a week and the colonies were allowed to grow for 4-6 weeks. To
visualize and quantify 3D colonies, cells were stained in 0.005% Crystal violet/10% Ethanol
aqueous solution for 3 hours, and de-stained in water overnight. Colonies were counted by eye.

Basal Membrane Extract (BME) 3D growth assay

96-well plates were coated with 40 uL of growth-factor reduced BME (Cultrex), and plates were
allowed to set for at least an hour at 37 °C. 2,000 cells/well in 100 yuL media supplemented with
2% FBS, 2% BME and appropriate selection antibiotics was layered on top of the BME coating.
The plates were imaged with Incucyte Live Imaging system every 12 hours. The cells were fed
fresh media supplemented with 2% FBS every 4 days. Where indicated cell media was also
supplemented with 2 mM N-acetyl-L-cysteine (NAC, Sigma-Aldrich), or lipids (12 pg/ml low
density lipoprotein (Kalen Biomedical) and 50 uM oleate (Sigma-Aldrich)) or in combination.
Colony growth was analyzed using Incucyte software (v. 2021A) as total area covered by the
colonies.

Isotope Tracing of de novo NADP+ Generation

Cells were grown in nicotinamide (NAM) free media with 10% dialyzed serum (Sigma-Aldrich) to
60-80% confluency in 6 cm plates. Prior to harvesting cells were treated with 32 uM [2H]NAM
for 2 hours. The media was aspirated and 1 mL of ice-cold 40% MeOH/40% acetonitrile/20%
water/0.5% formic acid mixture was added to the plates and incubated for 30 seconds before 80
pL of 2M NH4HCO; was added to neutralize. Plates were moved to -20 °C for 30 min, before
cells were scraped off and moved into microcentrifuge tubes. The tubes were incubated on dry
ice for 5 min centrifuged at 16,000 g for 10 minutes at 4 [IC. Supernatants were collected and
frozen at -80 [JC until further processing. Within 24 hours before analysis by liquid
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chromatography coupled to a mass spectrometer (LC-MS), the supernatants were centrifuged
again at 16,000 g for 20 minutes to remove any debris. The LC-MS method was based on
hydrophilic interaction chromatography (HILIC) coupled to the Q Exactive PLUS mass
spectrometer (Thermo Scientific). The LC separation was performed on a XBridge BEH Amide
column (150 mm 3 2.1 mm, 2.5 mm particle size, Waters, Milford, MA). Solvent A is 95%: 5%
H20: acetonitrile with 20 mM ammonium bicarbonate, and solvent B is acetonitrile. The gradient
was 0 min, 85% B: 2 min, 85% B; 3 min, 80% B; 5 min, 80% B; 6 min, 75% B; 7 min, 75% B; 8
min, 70% B; 9 min, 70% B; 10 min, 50% B; 12 min, 50% B; 13 min, 25% B; 16 min, 25% B; 18
min, 0% B; 23 min, 0% B; 24 min, 85% B; 30 min, 85% B. The following parameters were
maintained during the LC analysis: flow rate 150 mL/min, column temperature 25 °C, injection
volume 10 pL and autosampler temperature was 5 °C. For the detection of metabolites, the
mass spectrometer was operated in both negative and positive ion mode. The following
parameters were maintained during the MS analysis: resolution of 140,000 at m/z 200,
automatic gain control (AGC) target at 3e6, maximum injection time of 30 ms and scan range of
m/z 75-1000. If variation in cell numbers was observed between conditions, the data were
normalized to the protein content. The MAVEN software was used to analyze the data, and
natural 13C abundance was taken into account to correct all labeling patterns using AccuCor™.
When normalization was required due to variation in cell number in between samples, the
original data were normalized to protein content.

NAD+ and NADP(H) measurement

Whenever data are presented as normalized peak area, cells grown normally without any
tracers were harvested and analyzed through LC-MS as described above in the isotope tracing
section to determine the NAD+ or NADP(H) levels in the cells. Whenever data are presented as
relative light unit (RLU), NADP/NADPH-Glo™ Assay (Promega), a luminescence-based
method, was used to measure NADP+ and NADPH of 100,000 cells on 96-well assays
according to manufacturer’s instructions. The luminescence was measured using a Varioskan
microplate reader (Thermo Scientific).

Generation of Stable Cell Lines

For gene silencing experiments, shNT (shGFP—TRCNO0000072181), shNADK#1
(TRCNO000037700), shNADK#2 (TRCNO0000199808), shNADK#3 (TRCN0000199040),
shNadk#1  (TRCNO0000297518), shNadk#2  (TRCNO0000278616), shCHAF1B  #1
(TRCNO0O00074279), shCHAF1B #2 (TRCNO0000074278) were obtained from Sigma, and
shHIRA #1 (TRCNO0000020514) and shHIRA #2 (TRCNO0000020515) were obtained from
OpenBiosystems. pMD2.G (Addgene plasmid 12259) and psPAX2 (Addgene plasmid 12260)
constructs were co-transfected with each construct in HEK293T cells using X-tremeGENE HP
(Roche) according to manufacturer’s protocols to produced viral particles expressing the shRNA
of interest. The media was refreshed 24 hours after transfection and media containing virus was
collected 72 hours after transfection. Filtered virus was used for transductions in the presence of
8 ug/mL polybrene (Sigma-Aldrich). Cells were selected with 2 ug/mL puromycin (Sigma-
Aldrich) starting 24 hours after transduction, and 2 pg/mL puromycin (Sigma-Aldrich) was
maintained in their growth media for the duration of the experiments.
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TPNOX and the control GFP cDNAs were custom made and purchased from VectorBuilder (C-
terminally FLAG-tagged lentiviral constructs under EFla promoter)., pRSV-Rev (Addgene
plasmid 12253), pMDLg/pRRE (Addgene plasmid 12251) and pMD2.G (Addgene plasmid
12259) co-transfected with each construct in HEK293T cells using X-tremeGENE HP (Roche)
according to manufacturer’'s protocols to produced viral particles expressing the cDNAs of
interest. The media was refreshed 24 hours after transfection and media containing virus was
collected 72 hours after transfection. Filtered virus was used for transduction of 4T1 cells in the
presence of 8 pg/mL polybrene (Sigma-Aldrich). 4T1 cells were selected with 5 pg/ml of
Blasticidin-HCI (Thermo Fisher) starting 24 hours after transduction, and 5 pg/ml of
Blasticidin-HCI (Thermo Fisher) was maintained in their growth media for the duration of the
experiments.

Immunoblots for Total Cell Lysates

Proteins were harvested with 10% TCA solution (10% trichloroacetic acid, 25 mM NH4OAc, 1
mM EDTA, 10 mM Tris-HCI pH 8.0), and pelleted proteins were resolubilized in a 0.1 M Tris-HCI
pH 11 solution containing 3% SDS by boiling for 10-15 minutes. Protein concentration was
determined with DC Protein Assay kit Il (BioRad)and 20 g total protein per sample was run on
SDS-PAGE under reducing conditions, and then transferred from the gels to nitrocellulose
membranes (GE Healthcare) electrophoretically. The membranes were blocked in 5% milk and
then incubated with the primary antibodies overnight at 4°C. The antibodies used to detect the
proteins of interest were: E-Cadherin (610181 - BD Biosciences, Dilution 1:1000), Fibronectin
(ab2413 — Abcam, Dilution 1:5000), NADK (55948S - Cell Signaling, Dilution 1:500), CHAF1B
(HPA021679 — Sigma-Aldrich, Dilution 1:1000), HIRA (ab129169 — Abcam, Dilution 1:500),
vinculin (V9264 — Sigma-Aldrich, Dilution 1:10,000) and Actin (sc1615 - Santa Cruz, Dilution
1:10,000). The membranes were then incubated with the appropriate horseradish peroxidase—
conjugated (HRP) anti-rabbit (NA934-Cytiva, Dilution 1:10,000), anti-mouse (NA931-Cytiva,
Dilution 1:10,000), or anti-goat (AP180P-Millipore, Dilution 1:10,000) immunoglobulin for 2 hours
at room temperature. Amersham ECL detection system (GE Healthcare) was utilized to develop
the signals.

Redox Immunoblotting

PRDX1 and PRDX3 oxidation states were assessed in accordance with a previously
established protocol®. For each biological replicate, 500,000 cells were seeded overnight on a 6-
well plate. Cells were then washed twice with cold PBS (Hyclone) and overlaid with 200 uL of
alkylation buffer (40 mM HEPES [VWR], 50 mM NaCl [Fisher Scientific], 1 mM EGTA [VWR],
Pierce Protease Inhibitor [Fisher Scientific]) supplemented with 200 mM N-ethylmaleimide
(NEM; Alfa Aesar). Cells were incubated for 10 minutes at room temperature and then 20 puL of
10% CHAPS detergent was added and cells incubated at room temperature for an additional 10
minutes to lyse cells. Lysates were then collected, vortexed, and cleared by centrifugation for 15
minutes at 17,000 g at 4 °C. Supernatants were isolated to quantify protein and 5-10 ug protein
samples were mixed with a 4X non-reducing buffer prior to separation by SDS-PAGE.


https://doi.org/10.1101/2022.03.25.485887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.25.485887; this version posted March 27, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Separated proteins were transferred to a nitrocellulose membrane and incubated with
antibodies recognizing HSP60 (Cell Signaling Technologies, D307), HSP90 (Cell Signaling
Technologies, 4874S), PRDX1 (Cell Signaling Technologies, D5G12), or PRDX3 (Abcam,
ab73349). HRP-conjugated secondary antibodies and enhanced chemiluminescence were used
for redox immunoblotting.

NADK fluorescent immunohistochemistry (IHC)

Immunostaining for NADK was performed on paraffin-embedded FFPE tumor tissue sections
(TMA slide, Serial #BR10010f; US BioMax). The slide was melted at 70 °C for 30 min and was
further de-paraffinized using xylene and rehydrated in serial alcohol washes. The slide was
pressure cooked at 15 PSI for 15 min in a 1X DAKO antigen retrieval buffer (Agilent
Technologies). Tissue sections were subject to two 5-min standing washes in PBS prior to
blocking in 1X Carb-Free Blocking Solution (Vector Labs) for 3h at room temperature. The slide
was next washed twice and incubated with anti-NADK primary antibody (15548-1-AP
dilution:1:50; Proteintech) overnight at 40 °C. Next day, the slide was washed with PBS three
times and incubated with AlexaFluor 647 (Cy5) anti-rabbit secondary antibody (A32733
dilution:1/250; Invitrogen) and eFluor 570 (Cy3) Anti-Pan Cytokeratin (41-9003-82
dilution:1/400; Invitrogen) in dark for 3 hours at room temperature. The slide was next washed
and mounted with Vectashield + DAPI (Vector Laboratories ). TMA was scanned on the Aperio
FL (Leica Biosystems) using DAPI, Cy3 and Cy5 fluorescent filters and the whole slide FL
image scan was loaded into HALO Image Analysis Platform v3.3 (Indica Labs, Albuquerque,
NM) for quantitative image analysis. The TMA was segmented in HALO and each core is
reviewed for lifted and blurred areas of tissue and an inclusion or exclusion for analysis
annotations are created. A random forest machine learning classifier was trained on multiple
tissue cores using the PCK and DAPI channels to identify tumor vs non-tumor tissue. The tissue
is then segmented into individual cells using the DAPI marker which stains cell nuclei. For each
marker, a positivity threshold within the nucleus or cytoplasm are determined per marker based
on visual FL staining. After setting a positive fluorescent threshold for each staining marker, the
slide is analyzed with the algorithm. The generated data includes positive cell counts for each
fluorescent marker and percent of cells positive for the marker. Along with the summary output,
a per-cell analysis can be exported to provide the marker status and fluorescent intensities of
every individual cell within an image.

Gene Expression Analysis

Total RNA was extracted from cells grown on 6 cm dishes until 70-80% confluency using the
PureLink RNA isolation kit (Life Technologies). To digest contaminating DNA, isolated RNA was
treated with DNAse | (Amplification grade, Sigma-Aldrich). cDNA was synthesized with iISCRIPT
cDNA synthesis kit (BioRad) and quantitative PCR (qPCR) using SYBR green master mix (Life
Technologies) was performed on a QuantStudio6 Real-Time PCR system (Life Technologies,
software version v1.3). Tata Binding Protein (TBP) expression were used to normalize NADK
expression levels. The primer sequences are:

TBP_forward: GAGCCAAGAGTGAAGAACAGTC
TBP_reverse: GCTCCCCACCATATTCTGAATCT
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NADK_forward: GAAGCAAGGAACACAGCATG
NADK_reverse: CTCTCAAACCAGTCGCTCAC

Lung Colonization in Mice

Female nu/nu athymic mice were injected intravenously (tail-vein) with 100,000 LM2 cells with
knockdown of NADK. For each experimental group 10 mice were used. IVIS Spectrum CT Pre-
Clinical In Vivo Imaging System (Perkin-Elmer) was used to monitor the metastases to evaluate
lung colonization. The luminescence was quantified 6 weeks after the injections using the Living
Image Software (v4.5, Perkin-Elmer). The Weill Cornell Medicine IACUC guidelines were
followed during the experiments.

Flow Cytometry Analyses of ROS

For all analyses of ROS, 500,000 cells of each biological replicate were seeded overnight on a
6-well plate. Total cellular ROS levels were determined with the fluorescent dye, CellRox Deep
Red (Invitrogen), according to the manufacturer’s protocol. Briefly, cells were incubated in 1mL
of fresh media for 4 hours, at which point 2 uL of 2.5mM CellROX Deep Red was added to each
well for a final concentration of 5 uM. Cells were incubated with CellROX Deep Red for 30
minutes and then collected for analysis. Cellular H,O, levels were determined using the
fluorescent dye, Peroxy Orange-1 (Fisher Scientific). Cells were incubated in 1 mL of fresh
media for 4 hours, then washed twice with PBS (Hyclone) and incubated in 1 mL of 5 uM
Peroxy Orange-1 for 40 minutes. The fluorescence of dye-loaded cells was determined by flow
cytometry with a BD Accuri C6 Plus Flow Cytometer (BD Biosciences). An allophycocyanin
(APC) channel was used for analyses of CellROX Deep Red fluorescence, whereas a
phycoerythrin (PE) channel was used for analyses of Peroxy Orange-1 fluorescence. The mean
fluorescence intensity of 10,000 discrete events were calculated for each biological replicate.

GSH measurement

Cells were seeded and grown to 80% confluency on 96-well plates. Luminescence based GSH-
Glo™ Assay (Promega) was used to determine the cellular glutathione (GSH) levels of 100,000
cells on 96-well according to the manufacturer's manual. The luminescence was measured
using a Varioskan microplate reader (Thermo Scientific).

Lipid Droplet Stain

500,000 cells were seeded on 6-well plates overnight. Cells were incubated with LipidSpot™
610 (Biotium) for 30 minutes at 37 °C to stain lipid droplets according to manufacturer's
instructions. Samples were analyzed by SONY SH800S flow cytometer (SONY). The
fluorescence of LipidSpot™ 610 was determined using Texas Red channel (excitation/emission
at ~592/638 nm). Acquired FCS files were exported and analyzed using FlowJo software
(v10.0.7;BD). Cell aggregates and debris were excluded from the analysis based on a dual-
parameter dot plot in which the pulse ratio (signal height/y-axis vs. signal area/x-axis) was
displayed. The median fluorescence intensity of 20,000 events were calculated for each
biological replicate.
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Triglyceride Measurement

Cells were seeded on 6 cm dishes and grown to 80% confluency. Triglyceride Colorimetric
Assay Kit (Cayman Chemical) was used to determine the triglyceride levels in cells according to
the manufacturer's manual. The absorbance was measured using a Varioskan microplate
reader (Thermo Scientific)

H3.3 Signal Tracks

ChIP-seq data for H3.3 in LM2 cells® (GEO: GSE120313) was used to visualize H3.3 signal
tracks for the NADK gene using Integrated Genome Browser (IGB)*.

ChIP-PCR

ChIP-IT Express (Active Motif) kit was used to perform chromatin immunoprecipitation (ChiP)
according to the manufacturer’s instructions. The chromatin was sheared enzymatically for 10
minutes (ChIP-IT Express Enzymatic Shearing Kit, Active Motif). Instead of the magnetic beads
from the kit, Dynabeads (1:1 protein A to protein G; Life Technologies) were used. Anti-H3.3
(17-10245, Millipore) or anti-Rabbit 1gG (sc-2027, Santa Cruz) antibodies were used for the
immunoprecipitation. Chromatin I[P DNA purification kit (Active Motif) was used to purify DNA
and gPCR was performed with SYBR Green master mix (Life Technologies) on QuantStudio
Pro 6 (Life Technologies) using the primer set for NADK listed below, corresponding to the DNA
sequence on NADK promoter indicated with a red arrow on Extended Data Figure S3a:

NADK-ChIP-forward: CGCAGTTCCAACAAACACTAC
NADK-ChIP-reverse: GAGGACTCGGGGAGTTGG

Statistical Analysis

GraphPad Prism 7 or 9, and Microsoft Excel 2013 or 365 were utilized for data analyses. was
used to determine significance When two conditions were compared two-tailed Student’s t test,
and for experiments with more than two conditions ANOVA analyses were used to determine
significance. Data are from at least three independent experiments and represented as the
mean + SEM (standard error of the mean) of individual data points. Number of replicates and
animals are reported in the figure legends. Normal distribution of samples was not determined,
but similar variances between groups were observed in all experiments.

Data Availability

The raw data supporting each figure and the raw images for the western blots can be found in
the corresponding Source Data files. The accession number for the raw ChIP-sequencing data
that is previously published * and publicly available is GEO: GSE120313. This data has been
used to generate H3.3 tracks for the NADK gene.

Code Availability

No code was created for this manuscript.


https://doi.org/10.1101/2022.03.25.485887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.25.485887; this version posted March 27, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Competing Interests Statement

No potential conflicts of interest were disclosed by co-authors.

1 Su, X,, Lu, W. & Rabinowitz, J. D. Metabolite Spectral Accuracy on Orbitraps. Anal
Chem 89, 5940-5948, doi:10.1021/acs.analchem.7b00396 (2017).

2 Cox, A. G. et al. Mitochondrial peroxiredoxin 3 is more resilient to hyperoxidation than
cytoplasmic peroxiredoxins. Biochem J 421, 51-58, do0i:10.1042/BJ20090242 (2009).

3 Gomes, A. P. et al. Dynamic Incorporation of Histone H3 Variants into Chromatin Is
Essential for Acquisition of Aggressive Traits and Metastatic Colonization. Cancer Cell
36, 402-417 e413, doi:10.1016/j.ccell.2019.08.006 (2019).

4 Freese, N. H., Norris, D. C. & Loraine, A. E. Integrated genome browser: visual analytics
platform for genomics. Bioinformatics 32, 2089-2095, doi:10.1093/bioinformatics/btw069
(2016).

Extended Data Figure Legends

Extended Data Fig. 1 — NADK regulates NADP(H) levels without altering NAD+ levels in
metastatic breast cancer cells. a, b, NADK immunoblot in 4T1 (a) and LM2 cells with NADK
knockdown for 3 days; representative image (n=4). ¢, NADPH levels in 4T1 cells with NADK
knockdown for 3 days (n=3). d, e, NAD+ levels in 4T1 cells (d) and LM2 cells (e) with NADK
knockdown for 3 days (n=3). All values are expressed as mean + SEM.

Extended Data Fig. 2 — NADK is an important regulator of redox homeostasis in murine
breast cancer metastatic cells. a, b, NADPH (a) and glutathione (b) levels in 4T1 cell with
NADK knockdown for 3 days (n=4). c, d, ROS levels measured by PeroxyOrange-1 (c) and
CellROX Deep Red (d) in 4T1 cell with NADK knockdown for 3 days (n=4). e, Basal membrane
extract 3D growth of 4T1 cells with NADK knockdown supplemented with lipids or N-
acetylcysteine (NAC) or the combination (n=4). All values are expressed as mean + SEM.

Extended Data Fig. 3 — Suppression of the CAF-1 complex triggers H3.3 deposition at the
NADK promoter to expand NADP(H) pools. a, H3.3 signal track of H3.3 ChIP-seq analysis in
LM2 cells. b, H3.3 enrichment at the NADK promoter in MCF-10A with CHAF1B suppression for
3 days; fold enrichment was determined using immunoglobulin G (IgG) as a control for the ChIP
(n=3). ¢, d, NADK immunoblots in HCC38 (c) and HCC1806 (d) with CHAF1B suppression for 3
days; representative images (n=4). e, f, NADP+ and NADPH levels in HCC38 (e) and HCC1806
cells (f) with CHAF1B knockdown for 3 days (n=4). All values are expressed as mean + SEM.

Extended Data Fig. 4 — HIRA-mediated H3.3 deposition regulates NADK levels and
NADP(H) total pools. a, NADK immunoblot of HCC38 cells with HIRA knockdown treated with
TGFB + TNFa for 5 days; representative image (n=4). b, NADP+ and NADPH levels in HCC38
cells with HIRA knockdown treated with TGFB + TNFa for 5 days (n=4). ¢, NADK mRNA
quantity in Hs578T cells with HIRA knockdown for 3 days (n=4). d, NADK immunoblot in
Hs578Tcells with HIRA knockdown for 3 days; representative image (n=4). e, NADP+ and
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NADPH levels in Hs578T cells with HIRA knockdown for 3 days (n=4). All values are expressed
as mean + SEM.
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Figure 3
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Figure 4
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