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the dose-dependence curves made it difficult to estimate the ICs for the 1-day treatment. We were able
to determine the ICs for the sensitive A549 spheroids as 16.7 uM at 3-day and PANC1 spheroids as
9.4 and 13.7 uM at 2- and 3-day, respectively (Table 1). The 2-day ICsq for the sensitive A549 spheroids
was estimated at 46 pM, which was not as well defined due to insufficient points in the dose-response
curve. Suffice to say, the spheroid cultures of A549 and PANCI1 cells displayed overall less growth
inhibition than the 2D counterparts.

In addition, we measured the ROS production as a function of time and selenite dose in A549 and
PANCI spheroids, as shown in Figure 1C. Selenite induced a burst of ROS production at 10-20 pM
after 1 day of treatment in both A549 and PANC1 spheroids. This burst persisted, albeit to a lower
extent, for up to 3 days of treatment in A549 but not in PANCI1 spheroids. In addition, ROS production
did not commensurate with growth inhibition in A549 spheroids but appeared to be related to reduced
growth and/or cell death in PANC1 spheroids after 3 days of treatment. Based on these data, we chose
24 h of 10 pM selenite treatment, which gave a burst of ROS in both spheroid types, in subsequent
13C4-glucose-based SIRM experiments on the spheroid cultures. The results were compared with those
obtained from the 2D culture experiments performed with ICsy doses of selenite, i.e., 6.25 uM for A549
and 10 uM for PANCT cells. This design should maximize differential metabolic responses between
spheroid (with the resistant cell population presumably unaffected) and 2D cell cultures.
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Figure 1. Dose- and time-dependent growth inhibition and ROS production of A549 and PANC1
spheroids by selenite. A549 or PANCI spheroids were formed, cultured, and assayed for growth
using a live cell stain PrestoBlue in 384-well plates as described in Materials and Method. The slope
of the time-dependent reduction of PrestoBlue was calculated for each well, averaged, and plotted
as a function of selenite concentrations in (A); n = 5 per treatment. These data were used to estimate
ICs59 and percentage of sensitive cell population in Table 1 by data fitting (see Materials and Methods).
In (B), example images (10 x magnification) of spheroids after 3 days of 0 or 50 uM selenite treatment.
Scale bars are 400 pm. In (C), time- and selenite dose-dependent production of reactive oxygen
species (ROS) by A549 and PANCI1 spheroids was measured by dichlorofluoroscein (DCF) fluorescence.

n = 3 per data point.

Table 1. ICs of selenite for A549 and PANCI spheroids after 2 and 3 days of treatment.

Spheroids Treatment Days ICs0 ( M) % Sensitive ? R?
A549 2 (46)® 53 0.997
A549 3 16.7 £ 0.6 81 0.998

PANC1 2 94 +0.2 32 0.999
PANC1 3 13.7 £ 0.9 92 0.995

2 Percentage of the sensitive cell population (cf. Figure 1A); ® not well-determined.
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2.2. The Higher Selenite Resistance of 3D A549 and PANC1 Spheroids Is Not Due to Less Se Accumulation
Than the 2D Counterparts

One immediate question about the higher selenite resistance in the 3D spheroids was if this is
due to less Se accumulation in their biomass than that of the corresponding 2D cells. To address this
question, we performed parallel selenite treatments of A549 and PANC1 cells as 2D and 3D spheroid
cultures for total Se analysis by ICP-MS. We found that total Se in 3D spheroids were higher than
that in 2D cultures for both A549 and PANCI1 cells (sum, Figure S1). The higher Se accumulation
in 3D biomass was a result of elevated selenite uptake from the media for A549 cells but not for
PANCT cells (medium uptake, Figure S3). The latter suggests enhanced loss of absorbed selenite via
volatilization [41] in 2D over 3D PANCI1 cells. By analyzing Se in polar extracts, protein extracts, and
residue (after polar and protein extractions) of A549 and PANCI1 cells, we found that the Se content
followed the order residue > protein > polar fractions for both 2D and 3D cultures. It is interesting
to note that Se was enriched relatively more in the soluble (polar and protein) fractions of 2D than
3D cultures for both A549 and PANCT cells. It is possible that some form(s) of Se in these fractions
contribute to higher toxicity in the 2D cell cultures [40]. In any rate, there was no straightforward
relationship between selenite uptake and observed differences in 2D and 3D cell toxicity.

2.3. Glycolysis and the Krebs Cycle Respond Less to Selenite in A549 and PANC1 Spheroids than in Their 2D
Cell Counterparts

In SIRM experiments, 6.25 uM selenite attenuated net growth and induced morphological changes
in A549 cells grown in 2D cultures (Figure S2A). Such changes were less evident in the corresponding
3D spheroids at 10 uM selenite (Figure S2B). Likewise, 10 uM selenite elicited greater perturbations in
morphology and proliferation in 2D (Figure S3A) than 3D cell cultures of PANC1 (Figure S3B), which
is consistent with the presence of a higher population of resistant cells in spheroid than in 2D cell
cultures, as described above. Consistent with the PrestoBlue assay for growth (Figure 1A), the mitotic
index (as indicated by the PCNA fluorescence) was reduced by 3 days of 100 uM selenite treatment
in both A549 and PANC1 spheroids. The growth inhibition was accompanied by increased necrosis
(as indicated by the RIP-1 fluorescence) in both A549 and PANC1 spheroids (Figure S2).

These phenotypic differences were accompanied by differential metabolic responses to selenite
between 2D cell and 3D spheroid cultures. Figure 2 compares the extent of 1>Cg-glucose (1*C¢-Glc)
transformation through glycolysis and the Krebs cycle between A549 in 2D culture and as spheroids in
response to 24 h of selenite treatments at 6.25 uM and 10 uM, respectively. Significant perturbations
to the glycolytic activity were evident in selenite-treated 2D cells based on the enhanced release
of 13Cz-lactate into the medium (Figure 2(I-D)) and lower fractional enrichment in intracellular
13C3-pyruvate (3; Figure 2(I-B)). In contrast, there was no effect of selenite on 13C3—pyruvate
(Figure 2(II-B)) and the stimulation of *C3-lactate release was relatively lower from spheroid cultures
(Figure 2(1I-D)) than from 2D cultures (Figure 2(I-D)); indicating a lesser perturbation of selenite to
glycolysis in spheroids than in 2D cells. Likewise, the selenite-induced changes in the Krebs cycle was
also much less in spheroids than in 2D cells, as evidenced by the much reduced perturbation to the
extent of 13C incorporation into the Krebs cycle metabolites, including citrate and a-ketoglutarate (¢KG)
(Figure 2(II-E,II-F) versus Figure 2(I-E I-F), respectively). In particular, the fractional enrichment of
13C4- (red boxes) and 13Cs-citrate (green boxes) showed prominent differences between the two culture
types (Figure 2(I-E,II-E)). As 13Cy-citrate is a marker of pyruvate dehydrogenase (PDH)-initiated
Krebs cycle activity [42] while 13C5-citrate results from pyruvate carboxylase (PCB)-initiated Krebs
cycle reactions [34], these differences suggest a differential effect of selenite on both canonical and
anaplerotic Krebs cycle activities in A549 spheroids versus 2D cells. Other prominent differences in the
selenite effect on the two culture types involved Glu and GSH metabolism. The extent of enrichment
in 13C,-Glu and -GSH (red boxes; Figure 2(I-1I-J,II-I,II-])) was much less attenuated in spheroids
than in 2D cells. The 13C atom-resolved tracing shown in Figure 2 (e, ®) indicates that these two
13C isotopologues can be derived from the Krebs cycle reactions initiated by PDH-, PCB-, or both.
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This agrees with the differential selenite effect on canonical and anaplerotic Krebs cycle activities

described above.
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Figure 2. Glycolysis and the Krebs cycle respond less to selenite in A549 spheroids than in their

“E oo

“F

01 4

2D cell counterparts. A549 cells and spheroids were extracted for polar metabolites, which were
quantified for the 13C isotopologues of various metabolites by IC-UHRFT-MS and for 1*Cs-lactate
(Lac) by 'H-NMR, as described in the Materials and Methods. Oxidation of 3 C4-Glc via glycolysis
and Krebs cycle is traced along with the fractional distribution of relevant '3C labeled metabolites
in control versus selenite-treated 2D cells (I) and spheroids (II), except for 13C5-lactate as pmoles/ g
protein. Not all possible isotopologues are shown. Numbers in X-axis are those of 13C atom in each
isotopologue. —, ++[J, and —> indicate irreversible, reversible, and multi-step reactions, respectively;
double dashed line depicts plasma or mitochondrial membrane; numbers in X-axis refer to those
of 13C atoms in each isotopologue of metabolites. e: 12C; o, @: respective 13C fate via the 1st turn
of the pyruvate dehydrogenase (PDH)- or pyruvate carboxylase (PCB)-initiated Krebs cycle; ME:
malic enzyme; «KG: aketoglutarate; GSH: glutathione; *: g (false discovery rate) < 0.05; **: g < 0.01;
4 0 < 0.005; **** g <5 x 107%. n=2or 3.

Similarly, selenite distinctly impacted glycolysis and the Krebs cycle activity in PANC1 2D
cell culture (Figure 3I) versus spheroids (Figure 3II). At 10 uM, selenite significantly decreased
13C labeling in Krebs cycle metabolites and increased the amount of excreted '3C-lactate in the
2D cells but had little effect in the spheroids. The reduced enrichment by selenite in >C,-Asp
(red box, Figure 3(I-K)) and 13C,-/13Cycitrate (red box, Figure 3(I-E); produced in the first and
second Krebs cycle turn, respectively [42]) indicated disrupted PDH-initiated Krebs cycle activity
while that in ®C3-Asp and !3Cj-citrate could result from perturbed PCB-initiated Krebs cycle
reactions (green box, Figure 3(I-K,I-E)). Again, the reduced enrichment of 13C,-Glu and -GSH
(red box, Figure 3(I-LI-])) by selenite is consistent with attenuated PDH- and/or PCB-mediated
Krebs cycle activities. However, these selenite-induced perturbations clearly observed in 2D cells
(Figure 3(I-E 1], K)) were diminished in spheroids (Figure 3(II-E,1],K)).
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Figure 3. Glycolysis and the Krebs cycle respond less to selenite in PANC1 spheroids than in their 2D
cell counterparts. Extraction of polar metabolites and their analysis are as described in Figure 2, so are
all symbols and abbreviations. (I) Metabolite responses in 2D cultures; (II) metabolite responses in
3D cultures.

We also noted two clear metabolic differences in PANC1 2D cell and spheroids, regardless
of the selenite treatment. One was the higher enrichment in 13C3—fruc’rose—6-phospha’ce (F6P) in
spheroids (Figure 3(II-A)) than in 2D cells (Figure 3(I-A)). F6P can be produced from 3Cz-pyruvate
via gluconeogenesis [35]. The other was the higher enrichment in the 13C;-isotopologues of fumarate,
malate, and Asp in spheroids (Figure 3(II-G,II-H,II-K)) than in 2D cells (Figure 3(I-G,I-H,I-K)). These
isotopologues (tracked by e in Figure S4A) can be produced via the reversible reactions of malic enzyme
(ME). Alternatively, these 3C;-isotopologues can be formed by the condensation of '3C,-1,2-OAA
with unlabeled acetyl CoA and subsequent Krebs cycle reactions, as depicted in Figure S4B (e). If the
latter is the case, one would expect the fractional enrichment of >C;-fumarate to be higher than that of
13C;-malate, which was not the case. We hypothesize that ME-mediated reactions contributed at least
in part to the production of '3Cy-isotopologues of the Krebs cycle intermediates in PANC1 spheroids.

Thus, spheroid formation led to a higher resistance to selenite toxicity in A549 or PANC1 cells,
which was reflected respectively in their attenuated or lack of changes in glycolysis, the Krebs cycle,
and GSH metabolism in response to selenite. Additional metabolic rewiring occurred in PANC1
spheroids compared with 2D cultures, most likely involving enhanced gluconeogenesis and malic
enzyme activity.

2.4. Pyrimidine and the Hexosamine Biosynthetic Pathways Respond Less to Selenite in A549 And PANC1
Spheroids Than in Their 2D Cell Counterparts

As Asp is the direct precursor to pyrimidine ring synthesis, which is required for cell
proliferation, we then asked if distinct selenite-induced changes of Asp synthesis results in differential
inhibition of pyrimidine ring synthesis in 2D versus spheroid cultures of A549 and PANC1
cells. Figure 4 shows the 13C enrichment patterns of various precursors and products of uridine
synthesis in A549 cells and spheroids including those of the pyrimidine ring and the ribosyl unit,
i.e., ribulose/ribose-5-phosphate (R5P) of the pentose phosphate pathway (PPP) and phosphoribosyl
pyrophosphate (PRPP). Also tracked were the >C enrichment patterns of the intermediates of the
hexosamine biosynthetic pathway (HBP), leading to the synthesis of UDP-N-acetylglucosamine
(UDPGIcNAC).



