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Abstract: Osteosarcoma (OS) is the most common bone tumor in children and adolescents. Modern OS
treatment, based on the combination of neoadjuvant chemotherapy (cisplatin + doxorubicin +

methotrexate) with subsequent surgical removal of the primary tumor and metastases, has dramatically
improved overall survival of OS patients. However, further research is needed to identify new
therapeutic targets. Here we report that expression level of the nuclear NAD synthesis enzyme,
nicotinamide mononucleotide adenylyltransferase-1 (NMNAT1), increases in U-2OS cells upon
exposure to DNA damaging agents, suggesting the involvement of the enzyme in the DNA damage
response. Moreover, genetic inactivation of NMNAT1 sensitizes U-2OS osteosarcoma cells to cisplatin,
doxorubicin, or a combination of these two treatments. Increased cisplatin-induced cell death of
NMNAT1−/− cells showed features of both apoptosis and necroptosis, as indicated by the protective
effect of the caspase-3 inhibitor z-DEVD-FMK and the necroptosis inhibitor necrostatin-1. Activation of
the DNA damage sensor enzyme poly(ADP-ribose) polymerase 1 (PARP1), a major consumer of
NAD+ in the nucleus, was fully blocked by NMNAT1 inactivation, leading to increased DNA damage
(phospho-H2AX foci). The PARP inhibitor, olaparib, sensitized wild type but not NMNAT1−/− cells
to cisplatin-induced anti-clonogenic effects, suggesting that impaired PARP1 activity is important
for chemosensitization. Cisplatin-induced cell death of NMNAT1−/− cells was also characterized
by a marked drop in cellular ATP levels and impaired mitochondrial respiratory reserve capacity,
highlighting the central role of compromised cellular bioenergetics in chemosensitization by NMNAT1
inactivation. Moreover, NMNAT1 cells also displayed markedly higher sensitivity to cisplatin when
grown as spheroids in 3D culture. In summary, our work provides the first evidence that NMNAT1 is
a promising therapeutic target for osteosarcoma and possibly other tumors as well.
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1. Introduction

Bone tumors constitute 4–7% of all cancers in children aged 0–14 years and 7–8% in children aged
15–19 years [1]. Osteosarcoma is the most prevalent neoplasm of the bone in children and adolescents,
with approximately 850,000 cases reported each year in the US. Tumors are typically diagnosed
between 10 and 30 years of age and mostly arise in the femur, tibia, and humerus. Although most
osteosarcoma cases are sporadic, a higher incidence of osteosarcoma has been reported in certain
hereditary cancer syndromes. For example, mutations of the tumor suppressor retinoblastoma protein
(Rb) in retinoblastoma [2] or p53 in Li-Fraumeni syndrome [3], as well as the DNA repair helicase
Werner protein are also associated with osteosarcoma [4]. Previous radiotherapy of other tumors may
also lead, in the long term, to osteosarcoma development.

Treatment of osteosarcoma usually begins with neoadjuvant chemotherapy followed by surgical
removal of the primary tumor and metastases (typically localized to the lungs). Agents used for
osteosarcoma chemotherapy include cisplatin, methotrexate, and doxorubicin [5]. In the European
Union, the liposome-encapsulated synthetic muramyl dipeptide analog, mifamurtide, is also approved
by the European Medicines Agency for the immunotherapy of osteosarcoma [6]. The five-year survival
rate depends on the stage, type, and subtype of osteosarcoma and ranges from 60% to 75% [7].
The rather poor therapeutic responsiveness indicates that new treatment modalities are clearly needed
to improve the disease-free survival of osteosarcoma patients.

Neoplastic transformation is accompanied by fundamental rearrangements of metabolic pathways.
A key hallmark of cancer metabolism is the reliance of tumor cells on glycolysis, even if oxygen is
available (aerobic glycolysis, also known as the Warburg effect) [8]. NAD+ is a central metabolite
of energy production that serves as an electron carrier in glycolysis and the tricarboxylic acid (TCA)
cycle. In addition to its role as a metabolic cofactor, NAD+ also has signaling roles [9]. NAD+-derived
signaling messengers include the calcium-mobilizing agents cyclic ADP-ribose [10] and nicotinic acid
adenine dinucleotide phosphate (NAADP) [11]. Moreover, members of the ADP-ribosyltransferase
(ART) and sirtuin enzyme families also use NAD+ as a substrate converting it to ADP-ribose and
nicotinamide [12]. Sirtuins are NAD+-dependent histone deacetylases that transfer the removed
acetyl group onto NAD+-derived ADP-ribose to generate O-acetyl-ADP-ribose, whereas ART enzymes
cleave NAD+ to nicotinamide and ADP-ribose and transfer the latter onto protein acceptors [13].
Some ARTs function as mono-ADP-ribosyltransferases while others cleave multiple NAD+s and
polymerize the resulting ADP-ribose moieties onto suitable protein acceptors, resulting in protein
poly(ADP-ribosyl)ation (PARylation) [14,15]. This latter group includes poly(ADP-ribose) polymerase-1
(PARP1; also known as ARTD1), PARP2 (ARTD2), and tankyrases (ARTD5-6) [16]. PARP1, a major
NAD+ consumer, plays a central role in tumor biology [17]. On one hand, PARP1 regulates DNA
replication, gene expression, DNA repair, cell adhesion, and migration [18]. On the other hand,
PARP1 is the primary target for a novel cancer therapeutic modality based on the synthetic lethality
paradigm [19,20]. Clinically used PARP inhibitors (PARPi) take advantage of the vulnerability of cancer
cells (e.g., ovarian and breast carcinomas) that carry mutations in the DNA repair genes BRCA1/2,
rendering them sensitive to DNA repair inhibitors, such as PARPi compounds. PARP inhibitors
have also been evaluated as chemosensitizers (e.g., in combination with the DNA alkylating agent
temozolomide or the topoisomerase inhibitor topotecan) [21–23], but myelotoxicity prevented the
successful translation of promising preclinical results into the clinic.

The question arises whether and how NAD+ metabolism can be targeted for cancer therapy.
NAD+ is synthesized through multiple routes [24]. In humans, the central pathway relies on nucleobases
with special preference for nicotinamide (Nam), although nicotinic acid (NA) can also serve as starting
material for NAD+ synthesis [25]. Nicotinamide phosphoribosyltransferase (NAMPT) enzymes can use
Nam and phosphoribosyl pyrophosphate (PRPP) to make nicotinamide mononucleotide (NMN) [26].
In turn, nicotinamide mononucleotide adenosyltransferases (NMNAT) catalyze the final step by
forming NAD+ from NMN and ATP. Tissue and subcellular distribution of the three NMNAT isoforms
(NMNAT1-3) show distinct patterns [27]. Besides the nuclear (NMNAT1) and cytoplasmic/Golgi
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(NMNAT2) isoforms, a mitochondrial NAD+ synthase (NMNAT3) has also been described; however,
the mitochondrial localization and contribution of NMNAT3 to the mitochondrial NAD+ pool has been
questioned [28]. Nuclear NAD+ synthesis is of special interest because several major NAD+-consuming
enzymes (PARP1,2, SIRT1,6,7) that mediate important survival mechanisms operate in the nuclear
compartment [29].

Since inhibitor molecules are available for NAMPT, our knowledge on the targetability of
NAD+ synthesis for cancer therapy comes from experiments with the NAMPT inhibitor compounds,
FK866 and GMX1777. Although these drug candidates efficiently kill cancer cells, they also show
some toxicity in non-transformed cells. In clinical trials, these drugs were relatively well-tolerated
and displayed acceptable safety profiles [30]. 2,3-Dibromo-1,4-naphthoquinone (DBNQ) was recently
identified as an inhibitor of purified NMNAT-1 [31]. However, this finding needs to be confirmed in
cell-based assays.

The role of NMNAT1 in cancer cells is not known and its role in cancer cell chemosensitivity has not
yet been investigated. In our current study, we aimed to investigate whether NMNAT1 plays a role in
maintaining cell viability and whether it contributes to osteosarcoma cell survival following genotoxic
stimuli. We report that U-2OS human osteosarcoma cells tolerate the genetic inactivation of the NMNAT1
gene and show increased susceptibility to cisplatin and doxorubicin. Increased chemosensitivity of the
NMNAT1−/− phenotype is likely due in part to restricted DNA-damage-induced protein PARylation and
consequently enhanced DNA damage. U-2OS cells unable to respond sufficiently to cisplatin treatment
undergo caspase-mediated apoptotic and caspase-independent necroptotic death, suggesting that
NMNAT1 may be worth investigating further as a potential target in cancer therapy with special regard
to osteosarcoma treatment.

2. Results

2.1. DNA Damaging Drugs Induce NMNAT1 Expression in Tumor Cell Lines

Up to date NMNAT1 mRNA expression levels for osteosarcoma cells (U-2OS, SAOS-2) were
not available. That is why we checked the mRNA levels in osteosarcoma cells and compared with
other human tumor cell lines of different origins. Eleven human tumor cell lines were tested for
NMNAT-1 mRNA expression (Figure 1A). The transcript could be detected, although at different levels,
in all cell lines. Compared to the average expression level, A431 cells displayed significantly higher
mRNA expression, while significantly lower expression was detected in A549, Capan2, MCF7 and
HepG2 cell lines (Figure 1A). U-2OS osteosarcoma cells which showed average levels of NMNAT1
expression were chosen for further investigation. Of the three human NMNAT isoforms, NMNAT-1 is
most highly expressed, in U-2OS cells, while NMNAT2 and NMNAT-3 are expressed at lower levels
(Figure S1A). The DNA damaging chemotherapeutic agents doxorubicin and cisplatin significantly
upregulated NMNAT1 mRNA expression (Figure 1B), suggesting that the enzyme may be a survival
factor in DNA damage situations. Cisplatin, one of the drugs most commonly used for the treatment of
osteosarcoma, caused a marked elevation in NMNAT1 protein expression in U-2OS cells (Figure S1B).
Cisplatin treatment caused a concentration-dependent cytotoxicity in U-2OS cells (Figure 1C). Based on
the viability data, we chose the 6.25 µg/mL concentration for the following experiments. At this
concentration, cisplatin caused no significant change in NAD+ levels (Figure 1D).



Cancers 2020, 12, 1180 4 of 21
Cancers 2020, 12, x 4 of 22 

 

 

Figure 1. Nicotinamide mononucleotide adenylyltransferase-1 (NMNAT1) mRNA expression and 

induction by antitumor agents. The expression of NMNAT1 mRNA was determined in eleven human 

tumor cell lines. The y-axis shows the average expression level of the tested cell lines. Bars marked with 

asterisks are significantly different from the average expression (Student–Newman–Keuls method; * p < 

0.05) (A). NMNAT1 expression in the U-2OS cell line was induced 24 h after cisplatin (6.25 μg/mL) or 

doxorubicin (2 μg/mL) treatment. Bars marked with asterisks are significantly different from the control 

(Dunnett test; * p < 0.05) (B). Calcein acetoxymethyl (Calcein AM) assay, indicating the concentration-

dependent cytotoxic effect of cisplatin (3.125-50 μg/mL) on U-2OS cells, was measured 24 h after 

cisplatin treatment. Bars marked with asterisks are significantly different from the control (Bonferroni 

test; * p < 0.05) (C). Total NAD+ content was measured in cell lysates 24 h after cisplatin (6.25 μg/mL) 

treatment and normalized to protein content. Bars marked with asterisks are significantly different from 

the control (Student’s t test; * p < 0.05, N.S.: not significant) (D). Data plotted are means ± SEM (n = 3). 

2.2. Generation and Characterization of an NMNAT1−/− Cell Line 

To investigate the role of NMNAT1 in the survival of cisplatin-treated cells, we inactivated the 

gene for NMNAT1 using CRISPR-Cas9 technology. Single cell clones were obtained by cell sorting 

from cultures of NMNAT1−/− cells. We tested all the clones and all of them lacked NMNAT1 mRNA 

(Figure 2A). Clone 1B6 was selected for downstream experiments. Western blotting proved that 

NMNAT1 protein was missing from this clone (Figure 2B). Morphological properties of wild type 

and NMNAT1−/− cells (Figure S2A) revealed a significant reduction in the nuclear size and cell size 

(Figure S2B and C). The nuclear and cellular roundness was also slightly but significantly affected by 

the absence of a functional NMNAT1 protein (Figure S2D and E). The NMNAT1 deficient U-2OS cell 

line showed unaltered cell viability, as determined using the Calcein acetoxymethyl (Calcein AM) 

method (Figure 2C). However, clonogenic activity was impaired in the absence of a functional 

enzyme (Figure 2D). Despite elevated NMNAT-2 expression (Figure S1A), total cellular NAD+ levels 

dropped to approximately one third of the control cell line (Figure 2E), indicating that NMNAT1 

plays a dominant role in cellular NAD+ synthesis. Interestingly, lower NAD+ levels in NMNAT1−/− 

cells did not suppress ATP levels (Figure 2F) or impair cellular respiration, as indicated by the 

Figure 1. Nicotinamide mononucleotide adenylyltransferase-1 (NMNAT1) mRNA expression and
induction by antitumor agents. The expression of NMNAT1 mRNA was determined in eleven human
tumor cell lines. The y-axis shows the average expression level of the tested cell lines. Bars marked
with asterisks are significantly different from the average expression (Student–Newman–Keuls method;
* p < 0.05) (A). NMNAT1 expression in the U-2OS cell line was induced 24 h after cisplatin (6.25 µg/mL)
or doxorubicin (2 µg/mL) treatment. Bars marked with asterisks are significantly different from
the control (Dunnett test; * p < 0.05) (B). Calcein acetoxymethyl (Calcein AM) assay, indicating the
concentration-dependent cytotoxic effect of cisplatin (3.125–50 µg/mL) on U-2OS cells, was measured
24 h after cisplatin treatment. Bars marked with asterisks are significantly different from the control
(Bonferroni test; * p < 0.05) (C). Total NAD+ content was measured in cell lysates 24 h after cisplatin
(6.25 µg/mL) treatment and normalized to protein content. Bars marked with asterisks are significantly
different from the control (Student’s t test; * p < 0.05, N.S.: not significant) (D). Data plotted are means
± SEM (n = 3).

2.2. Generation and Characterization of an NMNAT1−/− Cell Line

To investigate the role of NMNAT1 in the survival of cisplatin-treated cells, we inactivated the
gene for NMNAT1 using CRISPR-Cas9 technology. Single cell clones were obtained by cell sorting
from cultures of NMNAT1−/− cells. We tested all the clones and all of them lacked NMNAT1 mRNA
(Figure 2A). Clone 1B6 was selected for downstream experiments. Western blotting proved that
NMNAT1 protein was missing from this clone (Figure 2B). Morphological properties of wild type
and NMNAT1−/− cells (Figure S2A) revealed a significant reduction in the nuclear size and cell size
(Figure S2B and C). The nuclear and cellular roundness was also slightly but significantly affected
by the absence of a functional NMNAT1 protein (Figure S2D,E). The NMNAT1 deficient U-2OS cell
line showed unaltered cell viability, as determined using the Calcein acetoxymethyl (Calcein AM)
method (Figure 2C). However, clonogenic activity was impaired in the absence of a functional enzyme
(Figure 2D). Despite elevated NMNAT-2 expression (Figure S1A), total cellular NAD+ levels dropped
to approximately one third of the control cell line (Figure 2E), indicating that NMNAT1 plays a
dominant role in cellular NAD+ synthesis. Interestingly, lower NAD+ levels in NMNAT1−/− cells
did not suppress ATP levels (Figure 2F) or impair cellular respiration, as indicated by the unchanged
oxygen consumption rate (Figure 2G). Extracellular acidification rate (ECAR), a measure of glycolysis,
showed higher values in the absence of NMNAT1 compared to the parent cell line (Figure 2H).
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Figure 2. Characterization of NMNAT 1 KO cell line. NMNAT1 knockout cell lines were generated
with CRISPR-CAS9 technology. Puromycin resistant cells were sorted and single cell colonies were
grown. NMNAT1 mRNA levels were measured with RT-QPCR in each colony. Results are expressed
as a percentage of NMNAT1 expression of the wild type U-2OS cell line (control). Bars marked with
asterisks are significantly different from the control (Dunnett test; * p < 0.05) (A). Clone 1B6 was
chosen for further investigation. NMNAT1 protein was measured in cell lysates of wild type U-2OS
and the 1B6 clone with Western blot (B). Full WB image can be found in Supplementary Material.
The following experiments compare the basic characteristics of wild type (WT) and NMNAT1 knockout
(KO) cells. Viability was measured with a Calcein AM viability assay. Data points marked with
asterisks are significantly different from the control (Student’s t test; * p < 0.05, N.S.: not significant) (C).
Clonogenic activity was assessed on day 6 by counting crystal violet stained colonies. Bars marked
with asterisks are significantly different from the control (Student’s t test; * p < 0.05, N.S.: not significant)
(D). Basal total NAD+ (E) and ATP (F) levels were assayed from cell lysates and normalized to
protein content. Bars marked with asterisks are significantly different from the control (Student’s
t test; *** p < 0.001, N.S.: not significant) Metabolic parameters such as oxygen consumption rate
(OCR)/oxidative phosphorylation (G) and extracellular acidification rate (ECAR)/glycolytic activity
(H) were measured with a Seahorse metabolic analyzer. Bars marked with asterisks are significantly
different from the control (Student’s t test; *** p < 0.001, n.s.: not significant). Data plotted are
means ± SEM (n = 3).

2.3. NMNAT-1 Inactivation Increases Chemosensitivity of the U-2OS Osteosarcoma Cells

Next, we investigated the role of NMNAT1 in the survival/death of cisplatin-treated cells.
We found that the absence of NMNAT1 sensitized cells to the toxic effects of cisplatin (Figure 3A).
For example, 5 µg/mL cisplatin did not cause significant toxicity in the parent cell line but killed 45%
of NMNAT1−/− cells (Figure 3A). Morphological phenotyping of cisplatin-treated cells was performed
to understand the mechanism of chemosensitization in NMNAT1−/− cells.
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Figure 3. Chemosensitivity of NMNAT-1 KO cell line. Chemosensitivity of wild type (WT) and
knockout (KO) cells was compared in a Calcein-AM viability assay 24 h after treatment with different
concentrations of cisplatin (0.625–10 µg/mL). A new batch of cisplatin was used for this and all
subsequent experiments. Results are expressed as percentages, compared to the vehicle (medium)
treated samples. Data points marked with asterisks are significantly different from the control
(Bonferroni test; *** p < 0.001). Data points marked with hashmarks are significantly different from the
corresponding treatment of the wild type cells (Bonferroni test; ### p < 0.001). (A). Cisplatin-induced
DNA damage was assessed by quantifying the P-H2AX signal after immunofluorescent staining.
High-content analysis detected three different cell morphologies, “normal”, “spotted” and “fragmented”,
representative images are shown (B). Chart shows the percentage of the three types of morphologies
in untreated and in cisplatin-treated samples at 12, 18, and 24 h after cisplatin treatment. Bars
marked with asterisks are significantly different from the control (0 hours of cisplatin treatment)
(Student–Newman–Keuls method; * p < 0.05). Bars marked with hashmarks are significantly different
from the corresponding treatment of the wild type cells (Student–Newman–Keuls method; # p < 0.05)
(B). Error bars are not shown on panel B because of the 3D presentation. Lactate dehydrogenase (LDH)
release was determined from the supernatants at 24 h after cisplatin treatment and expressed as a
percentage of the positive control (lysed cells). Cells were treated with cisplatin or with the combination
of cisplatin with the necroptosis inhibitor, concentration necrostatin-1 (NEC1). Bars marked with
asterisks are significantly different from the control (not shown) (Dunnett test; * p < 0.05). Bars marked
with hashmarks are significantly different from the cisplatin-treated samples (Dunnett test; # p < 0.05).
Bars marked with $ are significantly different from the corresponding treatment of the wild type cells
(Dunnett test; $ p < 0.05) (C). Apoptotic cell death was measured with a fluorogenic caspase-3 substrate
in a kinetic assay on a Perkin Elmer Opera Phenix High Content Analyzer. Representative images
(D) show the caspase activity signal (green) with digital phase contrast (red) at 22 h after cisplatin
treatment. Images were taken every hour between 12 and 22 h after cisplatin treatment. Some samples
were pretreated with the caspase-3 inhibitor z-DEVD-FMK as shown. The numbers of caspase positive
cells are shown as a percentage of the actual number of cells. Data points marked with asterisks are
significantly different from the control (12 h of cisplatin treatment) (Student–Newman–Keuls method;
* p < 0.05). Data points marked with hashmarks are significantly different from the cisplatin treated
samples Student–Newman–Keuls method; # p < 0.05). (E). Means ± SEM are shown (n = 3).
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Cisplatin is a DNA crosslinking agent that does not induce DNA breaks directly. γH2AX foci,
indicating DNA double strand breaks (DSB), have been reported in cisplatin-treated cells and reflect
activation of DNA repair mechanisms, such as nucleotide excision repair or non-homologs end
joining [32]. High-content analysis detected three different cell morphologies: “normal” cells contained
no P-H2AX signal, “spotted” cell type contained P-H2AX foci, while the “fragmented” type showed a
condensed morphology, with a diffuse P-H2AX signal. We measured γH2AX and analyzed staining in
combination with cell fragmentation, a marker of cell death that indicates failed DNA repair. In line
with previous reports [32], cisplatin caused H2AX phosphorylation (γH2AX formation) in wild type
cells. Significantly more cells were positive for γH2AX formation and/or showed signs of nuclear
fragmentation in cisplatin-treated NMNAT1 deficient cells compared to their wild type counterparts
(Figure 3B).

Cisplatin-induced cell death occurred via multiple pathways in the absence of NMNAT1. Loss of
plasma membrane integrity, a sign of necroptosis, was observed, as indicated by increased lactate
dehydrogenase (LDH) release in cisplatin-treated NMNAT-1−/− cells. Necrostatin-1 (NEC1) abolished
LDH release, suggesting that it was indeed the consequence of necroptosis (Figure 3C). The involvement
of the caspase-mediated apoptotic cell death pathway was also clearly demonstrated with a fluorogenic
caspase-3/7 substrate and inhibition of the signal by z-DEVD-FMK (Figure 3D,E).

Metabolic reprogramming is a hallmark of cancer. Moreover, anticancer agents, including cisplatin,
have been reported to cause metabolic perturbations [33,34]. Considering that NAD+ is a central energy
metabolite and NMNAT1 knockout resulted in a significant drop in cellular NAD+, we hypothesized
that reduced NAD+ availability may have an impact on cell metabolism in cisplatin-treated U-2OS
cells. Basal NAD+ levels were significantly lower in NMNAT1−/− cells and slightly but significantly
decreased by cisplatin treatment (Figure 4A). A more dramatic change in ATP levels was observed.
Cisplatin caused a marked drop in cellular ATP content in NMNAT1 deficient cells while no change
could be seen in the wild type cells (Figure 4B). Cell death-associated impairment of energy production
was partly responsible for the drop in ATP level, as both the caspase inhibitor z-DEVD-FMK and the
necroptosis inhibitor NEC1 significantly prevented ATP loss (Figure 4B).

To characterize cellular energy-producing pathways, we measured oxygen consumption rate,
(OCR) as a measure of cellular respiration, and extracellular acidification rate (ECAR), as a measure
of glycolysis. No major difference could be observed in basal respiration between the two cell lines
(Figure 4C). A mitochondrial stress test, conducted by sequential addition of different mitochondrial
toxins (see Materials and Methods section for details), also showed similar responses in both cell
lines. However, cisplatin treatment completely reduced mitochondrial respiratory reserve capacity in
NMNAT1−/− cells and cells were unable to recover even basal respiratory activity after oligomycin
treatment (Figure 4C). Wild type cells, on the other hand, displayed unaltered respiratory adaptation in
response to cisplatin. The basal glycolytic activity proved to be significantly higher in the NMNAT1−/−

cell line (Figure 4D). However, no significant differences between the two cell lines could be observed
in glycolytic stress tests with or without the addition of cisplatin. This finding suggests that glycolytic
activity remains mostly unaffected by cisplatin regardless of the NMNAT1 status. Cellular metabolism
can be characterized by the OCR/ECAR ratio, based on the basal rates of the two parameters.
Knockout cells have a reduced OCR/ECAR ratio indicating that they are more glycolytic, compared to
the WT cells (Figure 4E). Furthermore, cisplatin treatment caused a more pronounced drop in the basal
OCR/ECAR ratios in the NMNAT1−/− cells, demonstrating even more reliance on glycolysis rather
than respiratory energy production.
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Figure 4. Metabolic alterations in NMNAT-1 KO cell line. Following cisplatin (5 µg/mL) treatment
(24 h), total NAD+ levels were determined from cell lysates of WT and KO cells and normalized to
protein content. Bars marked with asterisks are significantly different from the control (Bonferroni
test; *** p < 0.001). Data points marked with hashmarks are significantly different from the
corresponding treatment of the wild type cells (Bonferroni test; ## p < 0.01) (A). Cellular ATP was
assayed 24 h after cisplatin treatment (B). Cells were treated with cisplatin alone or in combination
with apoptosis (z-DEVD-FMK, 100 µM) or necroptosis (NEC1, 30 µM) inhibitors. Inhibitors were
added 30 minutes before cisplatin treatment. Bars marked with asterisks are significantly different
from the control (not shown) (Dunnett test; ** p < 0.01, *** p < 0.001). Bars marked with hashmarks
are significantly different from the cisplatin-treated samples (Dunnett test; ## p < 0.01, ### p < 0.001).
(B). Oxygen consumption rate (OCR)/oxidative phosphorylation (C) and extracellular acidification rate
(ECAR)/glycolytic activity (D) were determined using a Seahorse metabolic analyzer and expressed as
a percentage of the WT baseline. Both OCR/oxidative phosphorylation and ECAR/glycolytic activity
were monitored in specific stress tests 13 h after cisplatin treatment. Mitochondrial stress tests included
oligomycin (2 µM), FCCP (0.5 µM), and antimycin A (1 µM) for OCR (C) and glucose (10 mM),
oligomycin (2 µM) and 2-deoxyglucose (50 mM) for ECAR (D). Data points marked with asterisks
are significantly different from the corresponding vehicle treated data points at the same phase of
the graph (Student–Newman–Keuls method; * p < 0.05). Data points marked with hashmarks are
significantly different from the corresponding data points of wild type cells at the same phase of the
graph (Student-Newman-Keuls method; # p < 0.05). Ratios of the two metabolic routes were determined
from the baseline OCR and ECAR values 13 hours after cisplatin treatment. Bars marked with asterisks
are significantly different from the corresponding vehicle treated group (Student-Newman-Keuls
method; * p < 0.05). Bars marked with hashmarks are significantly different from the corresponding
group of wild type cells (Student-Newman-Keuls method; # p < 0.05) (E). Data plotted are means ± SEM
(n = 3).
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2.4. The Role of PARylation in the Increased Cisplatin Sensitivity of NMNAT1−/− K.O. Cells

Cisplatin-induced DNA damage activates PARP1 [35] and PARP1 activation contributes to the
repair of cisplatin-crosslinked DNA lesions and cell survival. Thus, we hypothesized that NMNAT1
deficiency and consequent nuclear NAD+ scarcity may compromise PARP1’s ability to initiate the
DNA damage response and prevent cell death. We found that cisplatin caused a time dependent
poly(ADP-ribose) (PAR) formation in WT cells, while no PAR formation could be detected in the
NMNAT1−/− cells (Figure 5A,B). Moreover, cisplatin treatment caused only a mild and non-significant
decrease in the clonogenic activity of wild type cells, but significantly reduced the clonogenic activity
of NMNAT1−/− cells. Combined treatment with cisplatin and the PARP inhibitor (olaparib) caused
a significantly lower proliferation in wild type cells, compared to the cisplatin-treated cells, but no
further decrease could be detected in the NMNAT1−/− cells (Figure 5C). These data suggest that
cisplatin-induced DNA damage is unable to activate PARP1 in NMNAT1−/− cells and substrate
deprivation of PARP1 limits the capacity of the cells to cope efficiently with DNA injury.Cancers 2020, 12, x 10 of 22 
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Figure 5. Impaired PARylation contributes to increased cisplatin sensitivity of NMNAT1−/− cells.
The level of poly(ADP-ribose) (PAR) polymer formation was detected using western blot in wild type
(WT) and in NMNAT1 −/− (KO) cells at the indicated timepoints (0.5, 2, 6, 10, and 15 h) after cisplatin
(5 µg/mL) treatment (A). Full WB image can be found in Supplementary Material. Actin was used as a
loading control. Relative densities (normalized to beta actin and compared to the untreated WT control)
are shown on panel (B). Bars marked with hashmarks are significantly different from the corresponding
samples of wild type cells (Bonferroni test; # p < 0.05). The role of possible of PARP-1-NMNAT1
interaction in clonogenic activity was determined by counting crystal violet-stained colonies at day 6 (C).
Cells were treated with vehicle (CTL), cisplatin, or the combination of cisplatin (5 µg/mL) and olaparib
(10 µM) (Cisp+ OLA) and individual colonies were counted in each sample. Results are expressed as a
percentage of the number of colonies in the vehicle treated samples. Bars marked with asterisks are
significantly different from the corresponding control (Bonferroni test; *** p < 0.001). Bars marked with
hashmarks are significantly different from the corresponding cisplatin treated samples (Bonferroni test;
# p < 0.05). Bars marked with + are significantly different from the corresponding samples of wild type
cells (Bonferroni test; +++ p < 0.001). Data plotted are means ± SEM (n = 3).
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2.5. Chemosensitization in 3D Cultures and in Combination Treatment

To demonstrate the role of NMNAT1 in cellular models that more closely resemble in vivo
conditions or clinical settings, we investigated a) chemosensitization to cisplatin by NMNAT1 deficiency
in a 3D model (as opposed to 2D cultures) and b) a treatment protocol based on a combination of
chemotherapeutic drugs. Wild type and NMNAT1−/− U-2OS cells formed spheroids under favorable
conditions (see “Materials and Methods” section for detail). Cell-to-cell contacts in spheroids
render cells resistant to toxic stimuli [36]; therefore, we used higher concentrations of cisplatin in
the spheroid experiments. While spheroids of the wild type cells only became less compact at
50 µg/mL cisplatin concentration, NMNAT1−/− U-2OS cells displayed a significant decrease in size,
or a complete disintegration of the spheroids under the same conditions (Figure 6A,B). The inner
region of cisplatin-treated spheroids show a marked elevation in Annexin V positivity, a more dramatic
elevation can be detected in the case of NMNAT1−/− spheroids (Figure 6C).
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Figure 6. Chemosensitivity of spheroids to cisplatin treatment. Using WT and NMNAT-1−/− U-2OS
cells, 3D cell cultures (spheroids) were generated. Spheroids were treated with cisplatin (50 µg/mL) for
6 days. Cells were stained without fixation with Hoechst (red pseudocolor) and Annexin V (green).
Representative images are shown in panel A. Images of 3 spheroids/treatment were taken and analyzed
for area (B) and the intensity of the inner region (C). Results are expressed as percentages of the control
(vehicle treated) samples. Bars marked with asterisks are significantly different from the vehicle treated
control (Student-Newman-Keuls method; * p < 0.05). Bars marked with hashmarks are significantly
different from the cisplatin treated wild type spheroids (Student-Newman-Keuls method; # p < 0.05).
Data plotted are means ± SEM (n = 3).
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Moreover, a combination of cisplatin with doxorubicin resulted in more efficient killing of cancer
cells (Figure 7). A concentration series of doxorubicin was used to explore differences in the sensitivity
of wild type and NMNAT1−/− U-2OS cells. At concentrations higher than 750 ng/mL, knockout
cells were significantly more sensitive to doxorubicin (Figure 7A). Cells were exposed to different
concentrations of cisplatin and a fixed doxorubicin concentration of 150 ng/ml. Combination treatment
was significantly more efficient in killing NMNAT1−/− cells than wild type cells (Figure 7B).
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Figure 7. Combined treatments on U-2OS WT and NMNAT1−/− cells, chemosensitivity of SAOS-2.
Wild type (WT) and NMNAT1−/− cells were treated with the indicated concentrations of doxorubicin
(DOX) and viability was determined with the Calcein-AM assay 24 hours after DOX treatment.
Data points marked with asterisks are significantly different from the corresponding vehicle treated
data points (not shown) (Dunnett test; * p < 0.05). Data points marked with hashmarks are significantly
different from the corresponding data points of wild type cells (Student–Newman–Keuls method;
# p < 0.05) (A). DOX was also applied in combination with cisplatin (B). Panel B shows the viability of
WT and KO at constant (150 ng/mL) DOX and increasing cisplatin concentrations. Data points marked
with asterisks are significantly different from the corresponding vehicle treated data points (Dunnett
test; * p < 0.05). Data points marked with hashmarks are significantly different from the corresponding
data points of wild type cells (Student–Newman–Keuls method; # p < 0.05). SAOS-2 cells were
transfected with control or NMNAT-1 specific siRNAs. Efficiency of NMNAT-1 silencing was verified
by Western blot (C). Full WB image can be found in Supplementary Material. Cells were treated
with cisplatin for 48 hours and a Calcein-AM viability assay was performed (D). Data points marked
with asterisks are significantly different from the vehicle-treated sample (Dunnett test; * p < 0.05).
Data plotted are means ± SEM (n = 3).

To confirm the sensitizing effect of the absence of NMNAT1 in cisplatin-induced cell death, cells of
another osteosarcoma cell line, SAOS-2, were used. NMNAT1 could be effectively silenced in SAOS-2
cells (Figure 7C). Similarly to NMNAT-1 knockout U-2OS cells, NMNAT-1 silenced SAOS-2 cells also
showed significantly higher sensitivity to cisplatin treatment (Figure 7D).



Cancers 2020, 12, 1180 12 of 21

3. Discussion

Similar to most neoplastic diseases, osteosarcoma poses a great challenge to modern medicine.
The therapeutic approaches are limited and are based on the combination of chemotherapy and
surgical removal of the primary tumor and metastasis. Two of the most efficient chemotherapeutics
used for the therapy of osteosarcoma (cisplatin and doxorubicin) cause DNA injury. Methotrexate,
the third component of the most common chemococktails, is an anti-metabolite folate analog that
interferes with the synthesis of purine and pyrimidine bases and, therefore, DNA and RNA synthesis.
Of note, the anticancer effect of methotrexate has also been reported to be due to DNA breakage [37].
Thus, it seems that the DNA damage response (DDR) might be the Achilles heel of osteosarcomas.
Targeting the DNA damage response is a novel anticancer approach in cancers displaying DNA
repair defects. The best known example is PARPi treatment of BRCA-negative ovarian cancers [38].
Nuclear NAD+ synthesis may be an unlikely target of DNA repair in cancer therapy. However,
as the substrate of PARP enzymes, NAD+ may be a limiting factor for PARylation activity. Moreover,
the nuclear SIRT enzymes, another major NAD+ consumer group, are also known to promote cell
survival and are potential cancer targets (see more details below).

Previous experiments with NAMPT inhibitors suggested that inhibition of the salvage pathway of
NAD+ synthesis may have beneficial effects for cancer therapy [39]. Due to the lack of specific NMNAT1
inhibitors, however, the role of NMNAT1 in cancer has not yet been investigated. In the present
study, we have investigated the role of NMNAT1 as a potential target in osteosarcoma. All cancer
cell lines that were tested expressed NMNAT1 mRNA. Compared to the other assayed cell lines,
U-2OS osteosarcoma cells displayed an average level of NMNAT1 mRNA. Our mRNA data also show
that in U-2OS cells, the NMNAT-1 has the highest expression, while NMNAT2 and NMNAT-3 have
lower contributions. These cells tolerated inactivation of the NMNAT1 gene without showing decreased
viability or marked morphological alterations. Notable phenotypic differences between NMNAT1−/−

and wild type cells included reduced proliferation capacity (clonogenicity) and moderately increased
glycolytic activity. The most prominent feature of the NMNAT1−/− cells was a markedly reduced
NAD+ level, which did not compromise cellular energy production in the resting state, as reflected by
the unaltered ATP content. The two-thirds reduction in cellular NAD+ in NMNAT1−/− cells highlights
the dominant role of NMNAT1 in cellular NAD+ synthesis, as elevated NMNAT-2 expression cannot
substitute the role of NMNAT1 in NAD+ production of NMNAT1 KO cells. A cross-compartment
exchange of NAD+ between nuclear and cytoplasmic pools is possible, as demonstrated in a model
of adipogenic signaling where NMNAT2 activation drained nuclear NAD+ while competing for the
common substrate NMN [40]. Similar nuclear and cytoplasmic NAD+ concentrations also suggest
relatively barrier-free equilibration of NAD+ between these compartments [41]. However, deciphering
mechanisms underlying the marked drop of total NAD+ in NMNAT1−/− cells and characterization of
the effect of NMNAT1 inactivation on the main NAD+ compartments require further investigation.

A key question asked in our study was whether NMNAT1 contributes to the cells’ ability to cope
with DNA damage caused by chemotherapeutic agents used in osteosarcoma therapy. Induction of
NMNAT1 by cisplatin and doxorubicin suggests that NAD+-dependent processes may be involved in
the cellular survival response to these chemotherapeutics. Moreover, a major finding of our paper is
that NMNAT1 targeting is a potent chemosensitizing strategy. NMNAT1−/− U-2OS cells displayed
increased sensitivity to cisplatin, as indicated by reduced viability and increased cell death compared
to wild type U-2OS cells. Cisplatin-induced cell death of NMNAT1 knockout cells showed features
of both apoptosis and necroptosis. Activation of caspase3/7-like proteases and the cytoprotective
effect of caspase-3/7 inhibition suggest that caspase-mediated apoptosis is involved in cell death in
our model. Furthermore, the protective effect of the necroptosis inhibitor Nec1 indicates that the
necroptotic pathway is also activated and contributes to cell death. If cisplatin-induced killing of
NMNAT1 deficient cells also has a necroptosis-like component in vivo, NMNAT1 inhibition may
enhance the anticancer immune response or may promote metastasis [42]. A detailed characterization
of cell death modalities involved in the killing of osteosarcoma cells with reduced nuclear NAD+
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production and the effects on antitumor immunity versus metastasis formation goes beyond the scope
of the current paper.

An important question raised by our study is whether the anticancer potential of NMNAT1
targeting is restricted to osteosarcoma. It is quite likely that targeting NMNAT1 may also be beneficial
in other types of tumors. In support of this statement, we found that NMNAT1 is likely to be important
for the progression of various tumors. RNAsec data from the kmplot database [43] show that low
NMNAT1 expression correlates with better survival of patients with sarcomas, liver hepatocellular
carcinoma, bladder carcinoma, breast cancer, esophageal adenocarcinoma, kidney renal papillary cell
carcinoma, pancreatic ductal adenocarcinoma and uterine corpus endometrial carcinoma (Figure S3).
Whether NMNAT1 inhibition provides therapeutic benefits in these and other tumors requires
further investigation.

Our data strongly support the role of PARP1 in the chemosensitization process. We hypothesize
that nuclear NAD+ levels may be too low to support PARP activity in NMNAT1−/− cells. In fact,
cisplatin stimulated PARylation in wild type cells. However, PAR formation was absent in NMNAT1−/−

cells. Moreover, the potent PARP inhibitor olaparib enhanced the anti-clonogenic effect of cisplatin in
the wild type but not the NMNAT1-deficient cells. The role of PARP-1 in the anti-clonogenic effect is also
supported by our unpublished data from experiments with PARP-1 and PARP-2 silenced osteosarcoma
cells. These results suggest that PARP1 activation acts as a survival factor via assisting DNA repair,
in line with our current understanding of the role of PARylation in the repair of cisplatin-induced DNA
damage [44]. PARP1 is unable to contribute to cell survival in NMNAT1−/− cells (due to the shortage
of NAD+). Thus, a key factor in the chemosensitizing effect of NMNAT1 inactivation is reduced
PARylation and, consequently, impaired DNA repair. It is tempting to hypothesize that NMNAT1 and
PARP1 interact directly at sites of DNA damage, similar to the direct interaction between NMNAT1 and
PARP1 on PARP1-dependent promoters [45]. This interaction might involve the binding of NMNAT1
to PAR polymers [46]. This hypothesis, however, needs experimental verification. The possible
role of PARP1 in the chemosensitization of NMNAT1−/− osteosarcoma cells was also supported by
previous preclinical studies. These papers reported (a) correlation between PARP1 expression level and
osteosarcoma cell survival; (b) osteosarcoma cell killing or chemosensitization by PARP1 knockout or
PARP inhibition [47–49]. Ongoing and finished clinical trials (e.g., ClinicalTrials.gov ID: NCT01583543,
NCT01858168 NCT02044120) also set out to investigate the effects of olaparib and other PARP inhibitors
in osteosarcoma. Our data suggest that, at least under our current experimental settings, much of the
chemosensitization observed in NMNAT1 cells is due to indirect inhibition of PARylation. It remains
to be seen, however, how potent NMNAT1 inhibitors (which are not yet available) will compare with
clinically used PARPi compounds in terms of therapeutic spectrum, efficiency, tolerability and side
effects in different types of tumors. We hypothesize that PARPi and NMNAT1i will necessarily differ
in one or more of these aspects.

The hypothesis that impaired metabolic adaptation may also play a role in the chemosensitivity
of NMNAT1-deficient cells is plausible, considering the central role of NAD+ in energy metabolism.
Under basal conditions, a slight shift from respiration towards glycolysis could be detected in
NMNAT1−/− cells but energy production was balanced, as indicated by the normal ATP levels.
DNA damage revealed the vulnerability of the respiratory system, as the mitochondrial stress
test identified severely impaired respiratory reserve capacity. Multiple lines of evidence highlight
the importance of metabolic regulation in tumor behavior and chemosensitivity. For example,
analysis of integrated transcriptomic and metabolomics datasets identified altered glycolysis-related
mRNAs and metabolites in osteosarcoma samples [50]. Moreover, various microRNAs regulate both
osteosarcoma growth (proliferation) and glycolysis either positively (e.g., miRNA543) [51] or negatively
(e.g., miRNA186) [52]. Furthermore, glycolysis also appears to correlate with chemosensitivity
(e.g., cisplatin sensitivity [53]) or viability of osteosarcoma cells [54,55].

The extent to which SIRT inhibition contributes to chemosensitization under NAD+ scarcity is
worth investigating. The nucleus is home to several sirtuin (SIRT) enzymes (SIRT1,6,7). SIRT1 plays
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a role in the DNA damage response [56]. Furthermore, the central role of sirtuins in energy
homeostasis [57] and metabolic regulation [58] support the possible involvement of sirtuins in
shifting metabolic balance (e.g., respiration vs glycolysis) after DNA damage. Nuclear SIRTs facilitate
cell survival under various stress conditions, underlining their potential role in chemosensitization.
For example, SIRT6 is downregulated in DOX-treated liver cancer cells, contributing to DOX-induced
cell death. The pro-survival role of SIRT6 in this model, as demonstrated by the overexpression
of the enzyme, is mediated by Foxo3 degradation [59]. Inhibition of SIRT6 also sensitizes cancer
cells to chemotherapy [60]. Similarly, SIRT7 has been identified as a survival factor via complex
mechanisms including direct p53 diacetylation [61] and the promotion of autophagy [62]. In a
transcription regulatory setting, a requirement for NMNAT1 and NAMPT for SIRT1 activity has already
been demonstrated [63] and similar interplay between nuclear SIRTs and enzymes of the salvage
pathway of NAD+ synthesis is likely to take place in the DNA damage response as well. Nevertheless,
clarifying the role of SIRTs in the chemosensitizing effect of NMNAT1 inactivation goes beyond the
scope of this paper.

In summary, NMNAT1 has been identified as a possible target for the treatment of osteosarcoma.
DNA damaging chemotherapeutic agents are likely to cause synergistic toxicity with NMNAT1
inhibitors, if NMNAT1 inhibitors are developed. Key mechanisms underlying this synergy
include the impairment of PARylation-dependent DNA repair processes and metabolic adaptation.
The chemosensitization by NMNAT1 inactivation could also be observed under more clinically
relevant conditions, i.e., in 3D spheroids and combination chemotherapy. However, the effect of
NMNAT1 targeting in non-transformed cells is a critical issue for the development of anticancer
strategies targeting NMNAT1.

4. Materials and Methods

4.1. D Cell Culture

Human U-2 OS cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, #12-604F,
Lonza, Basel, Switzerland), containing 10% fetal bovine serum (#10500-064, GIBCO, ThermoFisher
Waltham, MA, USA) L-glutamine, and penicillin-streptomycin, under standard cell culture conditions
(humidified atmosphere, 5% CO2). The cells were routinely tested for mycoplasma contamination.

4.2. D Cell Culture (Spheroids)

Spheroids were grown as previously described [64] with modifications as follows. Flat-bottom cell
culture microplates were coated with low melting point agarose to form a U-shaped, cell-repellent
bottom. Cells were seeded into the wells and grown for 2 days to form spheroids.

4.3. Generation of NMNAT1−/− Cells by Crispr-cas9

NMNAT1 knock-out U-2OS cells were made by CRISPR-Cas9 technology using reagents from
Santa Cruz Biotechnology, following the manufacturer’s instructions. Cells were grown to 40–80%
confluence and then trypsinized in antibiotic-free standard growth medium (DMEM, #12-604F, Lonza,
Basel, Switzerland). Cells were counted, cell number was adjusted to 5.33 × 105 cells/mL, and a 2 mL
cell suspension was centrifuged (100× g, 10 min). UltraCruz® Transfection Reagent (18 µL; sc-395739,
Santa Cruz Biotechnology, Dallas, TX, USA) was diluted with 82 µL of plasmid transfection medium
(sc-108062, Santa Cruz Biotechnology, Dallas, TX, USA) to bring the final volume to 100 µL. The medium
was carefully aspirated and the diluted transfection reagent was pipetted onto the cells. Next, 2.5 µL
of NMNAT1 CRISPR Plasmid and 2.5 µL of HDR Plasmid were added to the tube. Cells were
immediately transferred to transfection cuvettes and transfected using an Amaxa Nucleofector II
(Lonza, Basel, Switzerland). Transfected cells were pipetted into 6-well plates, which contained
pre-warmed cell culture media (DMEM, #12-604F, Lonza, Basel, Switzerland) supplemented with
10% fetal bovine serum (#10500-064, GIBCO, ThermoFisher Waltham, MA, USA), 5% L-glutamine,
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and 5% penicillin-streptomycin. Cells were incubated for 24–72 hours under regular conditions and
transfection efficiency was visually confirmed by the detection of red fluorescent protein (RFP) via
fluorescent microscopy. Transfected cells were selected for puromycin (2.5 µg/mL) resistance for
3 weeks and sorted for RFP fluorescence with a BD LSR II Cell Sorter (Franklin Lakes, NJ, USA.
Single-cell colonies were grown and used for the experiments. The NMNAT1 expression of the clones
was checked with qPCR for mRNA-level and Western blot for protein level (see below).

4.4. Western Blot

Western blotting was carried out as previously described [65–67], with modifications as follows.
U-2OS cells were sonicated in RIPA lysis buffer supplemented with protease inhibitor cocktail (#M221,
VWR International, Radnor, PA, USA) and phosphatase inhibitor (PMSF, 1:100; # PMSF-RO, Merck,
Darmstadt, Germany). Lysates were centrifuged at 16,100× g for 10 min at 4 ◦C. Protein concentrations
of the supernatants were measured with a Direct Detect infrared spectrometer (EMD Millipore
Corporation, Burlington, MA, USA). Equal amounts of the proteins from each extract were separated on
SDS-polyacrylamide gels (10%) in SDS-Tris-glycine running buffer (10× glycine, Tris, SDS). The proteins
were then transferred electrophoretically to nitrocellulose membranes in transfer buffer (5× Tris, glycine,
in dH2O). Membranes were blocked for 1 hour at room temperature with 5% skim milk-powder (#70166,
Merck, Darmstadt, Germany) dissolved in 0.01% PBS-Tween20. Primary antibodies were applied in
blocking solution overnight at 4 ◦C. Horseradish peroxidase (HRP)-coupled secondary antibodies were
applied in the same type of solution as primary antibodies for 2 hours at room temperature. ECL-based
chemiluminescence (Super Signal, West Pico Plus, Luminol/Enhancer #1863098, Peroxidase Solution
#1863099, ThermoFisher Waltham, MA, USA) was used for detection. Images were acquired with a
Bio-Rad ChemiDoc Imager (Bio-RAD, Hercules, CA, USA) and ImageLab 6.0 software was used for
protein quantification. The antibodies used for western blotting are shown in Table S1.

4.5. High Content Analysis (HCA)

4.5.1. HCA on Fixed Cells: Quantification of γH2AX

Cells (2 × 104, 100 µL/well) were seeded into sterile microplates (Cell Carrier-96 ultra, PerkinElmer,
Waltham, MA, USA) and grown for 24 h. After applying the indicated cell treatments (see figure
legends), cells were fixed in 3% formaldehyde/PBS solution for 15 min at room temperature, washed 3×
with PBS, and incubated in blocking solution (5% BSA in PBS) for 15 min at room temperature.
The anti-phospho-H2AX antibody (Table S2) was diluted in blocking solution and added to wells
(50 µL/well, 2 h at room temperature). The secondary antibody (Alexa Fluor 488, Table S2) was diluted
in blocking solution and incubated for 1 hour. After antibody incubations, cells were washed twice
with PBS and incubated for 5 min with PBS containing 4’,6-diamidino-2-phenylindole dihydrochloride
(DAPI, Table S2) at room temperature for nuclear staining. Cells were then washed three times with
PBS and were kept in 100 µL of PBS until imaging. Images were acquired using an Opera Phenix High
Content Analyzer (PerkinElmer, Waltham, MA, USA) with a 10× air objective (NA 0.3). Image analysis
was performed with the built in Harmony software (version 4.8).

4.5.2. HCA on Live Cells: Caspase Activation

Cells (2 × 104 cells, 100 µL/well) were seeded into 96-well plates (Perkin Elmer, Waltham, MA,
USA) and grown for 24 h. The following day, cells were pretreated with 100 µM z-DEVD-FMK
caspase inhibitor (#S7312, Selleckchem, Houston, TX, USA) and/or treated with 5 µM cisplatin
(Accord, Warsaw, Poland). Then, the cells were stained with 50 µL CellEvent™ Caspase-3/7 Green
Detection Reagent (Table S2) in 7 µM final concentration. The plates were placed into an Opera Phenix
High-Content Analyzer (Perkin Elmer, Waltham, MA, USA) with environment control (5% CO2, 37 ◦C)
and fluorescence was measured every hour for 11 h at 502/530 nm. The analysis was performed with
the Harmony software (Perkin Elmer, Waltham, MA, USA).
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4.5.3. HCA on Live Cells: Cell Death in Spheroids

Spheroids were transferred to glass bottom microplates (Cell Carrier-96 ultra, PerkinElmer,
Waltham, MA, USA) and treated with cisplatin (25, 50, and 100 µg/mL) on day 2 and day 4. Afterward,
the cells were stained with Hoechst (Table S2) and Annexin V-FITC (Table S2.) for 1 hour in growth
medium. Images were acquired using an Opera Phenix High Content Analyzer (Perkin Elmer, Waltham,
MA, USA). Fluorescence intensity was detected at 350 (Hoechst) and 488 nm (Annexin V-FITC).

4.5.4. HCA on Live Cells: Cell Morphology

Cells (2 × 104 cells, 100 µL/well) were seeded into 96-well plates (Perkin Elmer, Waltham, MA,
USA) and grown for 24 h. The following day, cells were stained with 50 µL DRAQ5 (Table S2.) to obtain
a final concentration of 2.5 µM. Plates were placed into an Opera Phenix High-Content Analyzer with
environment control (5% CO2, 37 ◦C), fluorescence was measured at 488 to 647 nm, and the analysis
was performed with the Harmony software (version 4.8).

4.6. Calcein-AM Viability Assay

This assay was carried out as previously described [68], with modifications as follows.
Cells (2 × 104 cells, 100 µL/well) were seeded into 96-well plates and were grown for 24 h. The next
day, cells were treated with the indicated treatments (see figure legends). Two different batches of
cisplatin were used for the experiments. The first batch was used for the experiments presented on
Figure 1 (Figure 1B–D), whereas a second batch was used for the experiments presented in Figure 3,
Figure 4, Figure 5, Figure 6, and Figure 7. Then the cells were stained by adding 50 µL of Calcein-AM
(#17783, Merck, Darmstadt, Germany) solution in a final concentration of 1 µM. After incubating cells
for 1 h at 37 ◦C, the fluorescent signal was measured with a Tecan Spark 20M (Tecan, Männedorf,
Switzerland) multimode reader (Ex/Em = 485/530 nm with). Viability was expressed as a percentage of
the untreated control.

4.7. Clonogenic Survival Assay

U-2OS cells were seeded into 6-well plates (#92006, TPP, Trasadingen, Switzerland) at a density of
1 × 103 cells/mL. After 24 h the cells were treated with 10 µM PJ34 (P4365, Merck, Darmstadt, Germany)
or 10 µM Olaparib (S1060, Selleckchem, Houston, TX, USA) for 30 minutes, and then with 5 µg/mL
cisplatin (Accord Healthcare Inc., Durham, UK). Cells were incubated for 6 days and then counted
manually after staining with 0.5% crystal violet dissolved in 20% ethanol [69].

4.8. Lactate Dehydrogenase (LDH) Release Assay

Cell death was assessed by determining the activity of LDH released into the culture medium.
The LDH assay kit (#786-210, GBiosiences, St. Louis, MO, USA) was used as described by
the manufacturer.

4.9. Measurement of Total Cellular NAD+ and ATP

NAD+ content was measured with an NAD+ assay kit following the manufacturer’s instructions
(NAD+/NADH Quantitation Kit. #MAK037-1KT, Merck, Darmstadt, Germany). The NAD+ content
of the cells was measured with a plate reader (Tecan Spark 20M, Tecan, Männedorf, Switzerland) at
450 nm.

ATP content was determined using an ATP assay kit following the manufacturer’s instructions
(#110M6101, Merck, Darmstadt, Germany). Luminescence was measured with a plate reader (Tecan
Spark 20M, Tecan, Männedorf, Switzerland). NAD+ content and ATP content were normalized to
protein content.
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4.10. Metabolic Analysis with Seahorse Metabolic Analyzer

U-2OS cells were seeded (1 × 105 cells/well) in DMEM in Seahorse XF96 cell culture microplates
(Agilent Technologies, Inc., Santa Clara, CA, USA) and incubated overnight at 5% CO2 and 37 ◦C.
The sensor cartridge was prepared by adding 200 µL of dH2O overnight. Then, Seahorse Bioscience
XF96 calibrant solution (pH 7.4) (Part No.: 100-840-000) was added to each well of a Seahorse 96-well
utility plate. The sensors with the calibrant solution were incubated for 2 hours at 37 ◦C without
CO2. The measurement was performed using the Seahorse XF96 Analyzer (Agilent Technologies, Inc.,
Santa Clara, CA, USA).

XF Cell Mito Stress analyses were performed as described in [70], with modifications as follows.
The mitochondrial inhibitors were applied at the following final concentrations: 2 µM oligomycin,
0.5 µM FCCP, and 1 µM antimycin-A. Glycolysis stress was based on [70].

4.11. Sulforhodamine B (SRB) Assay

The SRB assay was performed as described in Kovács, P. et al. [71].

4.12. RNA Extraction and Quantitative PCR

RNA was purified with TRIzol reagent (Tri-RNA reagent, #FATRR001, Amplicon, Odense,
Denmark) as described in the manufacturer’s instructions. Quantitative real-time PCR was performed
with a LightCycler 480 thermocycler (Roche, Basel, Switzerland) using SYBR Green (SyberGreen,
#4472908, Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol.
Reactions were carried out in triplicate and data were normalized to the geometric mean of housekeeping
genes (36B4 and cyclophilin). Sequences of primers are given in Table S3. hNMNAT1, hNMNAT2,
hNMNAT3, hATP5B, hHSP60, hPKM2 primers were ordered from IDT (Coralville, IA, USA); and h36B4
and hcyclophilin from Merck (St. Louis, MO, USA).

4.13. Statistical Analysis

Experiments were repeated at least three times and data are expressed as mean ± SEM. Based on
the type of experiment and the distribution of data, different kinds of statistical analysis were used.
The statistical tests used are indicated in the figure legends.

5. Conclusions

Genetic inactivation of NMNAT1 sensitizes U-2OS osteosarcoma cells to cisplatin, doxorubicin,
or a combination of these two treatments. Upon cisplatin treatment, an impaired PARP1 activity,
insufficient DNA repair, a marked drop in cellular ATP and a limited mitochondrial reserve capacity
could be observed, which all contribute to the higher chemosensitivity of NMNAT-1−/− cells. Increased
cell death of NMNAT1−/− cells shows features of both apoptosis and necroptosis. NMNAT1−/− cells also
displayed markedly higher sensitivity to cisplatin when grown as spheroids in 3D culture. Our results
suggest that NMNAT1 may be worth investigating further as a potential target in cancer therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/5/1180/s1,
Figure S1: mRNA expressions of NMNAT enzymes and induction of NMNAT1 protein expression in U-2OS cells,
Figure S2: Cell morphology analysis, Figure S3: Tumors with better patient survival at low NMNAT1 expression,
Table S1: Antibodies used for Western blotting, Table S2: Antibodies and dyes used for High Content Analysis
and Table S3: Sequences of primers, used in quantitative PCR experiments. Supplementary materials also contain
the full images of Western Blots.
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