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SHMT2-mediated mitochondrial serine metabolism
drives 5-FU resistance by fueling nucleotide biosyn-

thesis
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e Serine metabolism is a key driver of 5-FU acquired resistance
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e Targeting mitochondrial serine metabolism is effective in
overcoming 5-FU resistance
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In brief

Pranzini et al. show that 5-FU resistance
is supported by increased serine con-
sumption and its mitochondrial compart-
mentalization to support purine biosyn-
thesis and potentiate DNA damage repair
to overcome drug toxicity. Interfering with
serine accessibility and targeting mito-
chondrial serine metabolism overcome
5-FU resistance.
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SUMMARY

5-Fluorouracil (5-FU) is a key component of chemotherapy for colorectal cancer (CRC). 5-FU efficacy is es-
tablished by intracellular levels of folate cofactors and DNA damage repair strategies. However, drug resis-
tance still represents a major challenge. Here, we report that alterations in serine metabolism affect 5-FU
sensitivity in in vitro and in vivo CRC models. In particular, 5-FU-resistant CRC cells display a strong serine
dependency achieved either by upregulating endogenous serine synthesis or increasing exogenous serine
uptake. Importantly, regardless of the serine feeder strategy, serine hydroxymethyltransferase-2 (SHMT2)-
driven compartmentalization of one-carbon metabolism inside the mitochondria represents a specific adap-
tation of resistant cells to support purine biosynthesis and potentiate DNA damage response. Interfering with
serine availability or affecting its mitochondrial metabolism revert 5-FU resistance. These data disclose a
relevant mechanism of mitochondrial serine use supporting 5-FU resistance in CRC and provide perspec-

tives for therapeutic approaches.

INTRODUCTION

Despite constant progress in developing successful anticancer
strategies (Leary et al., 2018), drug resistance still hinders thera-
peutic advance. The great metabolic plasticity of cancer cells
contributes to the emergence of resistant clones (Desbats
et al., 2020; Pranzini et al., 2021). Modulating tumor metabolism
is, therefore, a promising strategy to manage therapy outcomes
(Zecchiniand Frezza, 2017) and recognizing metabolic modifica-
tions supporting drug resistance represents an essential step for
developing effective approaches to prevent and target drug
resistance.

5-Fluorouracil (5-FU) is a primary chemotherapy agent for the
management of multiple solid malignancies, including
advanced and metastatic colorectal cancer (CRC) (Vodenkova
et al., 2020). 5-FU exerts its toxicity on cancer cells by inter-
fering with nucleotide biosynthesis and nucleotide pool compo-
sition (Longley et al., 2008), primarily by inhibiting thymidylate
synthase (TS) (Peters et al., 2002). In addition, 5-FU derivates
are mis-incorporated into DNA and RNA with consequent gen-
otoxic damages (Longley et al.,, 2003). Multiple factors,
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including drug metabolism and drug target expression alter-
ations, contribute to 5-FU resistance (Zhang et al., 2008). Inter-
estingly, 5-FU disrupts the flux toward one-carbon metabolism
(OCM) (Ser et al., 2016), hinting that 5-FU-resistant cells may
undergo specific reprogramming in this pathway. However, to
date, little evidence has been provided to support its role in
5-FU resistance.

The OCM network integrates the folate and methionine cycles
with serine and glycine metabolism supporting essential func-
tions in cancer cells (Ducker and Rabinowitz, 2017). In particular,
serine metabolism plays a crucial role in cancer biology by
fostering biosynthetic pathways and fast proliferation (Yang
and Vousden, 2016). Serine can be taken up from the extracel-
lular milieu or synthesized through the de novo serine synthesis
pathway (SSP), frequently overexpressed in cancers (Locasale
et al., 2011; Pollari et al., 2011; Possemato et al., 2011). Both
SSP inhibition (Pacold et al., 2016) and serine starvation (Mad-
docks et al., 2013, 2017) decrease cancer growth, especially
when these two approaches are combined (Tajan et al., 2021).

Here we outline a pivotal role of serine metabolism in
mediating 5-FU resistance in CRC. We identify the specific
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compartmentalization of serine-derived carbons inside the mito-
chondria as a driving strategy in 5-FU resistance, supporting pu-
rine biosynthesis and DNA damage response.

RESULTS

Serine availability determines 5-FU sensitivity in CRC

To assess the involvement of serine metabolism in 5-FU sensi-
tivity, we tested 10 CRC cell lines (HCT-116, HT29, HCTS,
CACO-2, DLD1, LoVo, RKO, LS174T, COLO 205, and SW-
1116) characterized by different oncogenic mutations and
genomic stabilities (Ahmed et al., 2013). The expression of the
first rate-limiting enzyme in the SSP, 3-phosphoglycerate dehy-
drogenase (PHGDH), is an heterogeneous factor influencing
cancer cell proliferation (Locasale et al., 2011) and metastasis
formation (Rossi et al., 2022). However, little evidence high-
lighted its role in anticancer drug response.

Interestingly, we found substantial differences among the
analyzed cell lines at both PHGDH mRNA and protein levels
(Figure S1A, Figures 1A and 1B), allowing the classification of
high-PHGDH and low-PHGDH cells (Figure 1B). Interestingly,
high-PHGDH cells (HCT-116, HCT8, LS174T, and SW-116) are
characterized by a decreased 5-FU sensitivity compared with
low-PHGDH cells (HT29, CACO-2, DLD1, LoVo, RKO, and
COLO 205) (Figure 1C) showing a strong correlation between
PHGDH levels and 5-FU response (Figure 1D). In addition, we
did not find a similar correlation between protein levels of the
other two SSP enzymes (phosphoserine aminotransferase 1
[PSAT-1] and phosphoserine phosphatase [PSPH]) and 5-FU
response (Figure S1B). By incubating HCT-116 and HT29 cells
(respectively representative of PHGDH-high/PSPH-low and
PHGDH-low/PSPH-high cell lines) with uniformly labeled
glucose ([U-'*C]-glucose]), we measured higher serine M+3 in
HCT-116 than HT29 (Figure S1C), confirming the driving role of
PHGDH in modulating SSP activity. By measuring serine content
in the media conditioned by cancer cells, we found an extensive
consumption of extracellular serine (Figure 1E), but not glycine
(Figure S1D), by all the analyzed cell lines, particularly by the
PHGDH-low cells CACO-2 and RKO. In accordance, by culturing
CRC cell lines with [1-2'%C]-serine, we observed that PHGDH-
low cells CACO-2 and RKO display greater exogenous serine
uptake than PHGDH-high cells (Figure 1F).

To determine the contribution of serine availability to a 5-FU-
adaptive response, we investigated the effect of serine and
glycine (ser/gly) withdrawal on PHGDH-low cells under 5-FU
treatment. Cells were let to proliferate in standard medium
(+ser +gly) or medium lacking ser/gly in the presence or not
of non-lethal doses of 5-FU. While the sole removal of ser/gly
from the culture medium affects cell proliferation (Figures
S1E-S1H), combining ser/gly starvation with 5-FU treatment
further decreases the survival rate of all the analyzed
PHGDH-low cell lines (Figures 1G-1l). Similarly, 5-FU treatment
in the presence of a minimal effective concentration of NCT-
503 (Figures S11-S1K), a specific PHGDH inhibitor (Pacold
et al., 2016), significantly affects PHGDH-high cells survival
(Figures 1J-1L).

Together, these results highlight that serine availability sup-
ports 5-FU response in CRC cells and reveal that displaying
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high-PHGDH could represent an intrinsic advantage under
5-FU treatment.

Decreasing serine availability increases 5-FU anti-
cancer effects in vivo

To investigate the in vivo antitumor efficacy of targeting serine
metabolism in combination with 5-FU based-therapies, we
used a syngeneic mouse model of CRC. Balb/c mice were sub-
cutaneously injected with CT26 cells and maintained on a normal
diet until measurable tumors had formed. Tumor-bearing mice
were then placed on a control diet or a diet lacking ser/gly (-S
-G diet). Three days after diet change, mice were treated either
with vehicle or 5-FU (40 mg/kg) with a cyclic regimen composed
of three subsequent daily injections followed by two recovery
days (Figure 2A). Quantifying circulating metabolite levels at
the experiment’s endpoint indicated that dietary deprivation of
ser/gly decreases plasma levels of these amino acids, in accor-
dance with previous reports (Maddocks et al., 2017)
(Figures STM and S10). Unlike what we observed in vitro by
depriving CT26 of ser/gly (Figure S1L), the sole dietary interven-
tion does not impact tumor growth (Figures 2B and 2C), suggest-
ing that in vivo CT26 cells can obtain serine from other sources
than the diet. Coherently, ser/gly deprivation does not impact
their intra-tumor abundance (Figures 1N and 1P). However, the
combination of a -S -G diet with 5-FU treatment potentiates
the drug’s efficacy in inhibiting tumor growth (Figure 2B), signif-
icantly decreasing the total tumor mass at the endpoint of the
experiment (Figure 2C). These results indicate that serine avail-
ability affects 5-FU antitumor efficacy in vivo. Interestingly,
5-FU administration alone decreases ser/gly (Figures 2D and
2E) circulating levels and increases intra-tumor serine (but not
glycine) levels. Besides, removing ser/gly from the diet rescues
this intra-tumor serine accumulation, suggesting that it is specif-
ically necessary for 5-FU response in cancer cells (Figures 2F
and 2G).

To assess whether inhibiting PHGDH may potentiate 5-FU ef-
ficacy, we tested the combination of NCT-503 with 5-FU in vivo.
Balb/c mice bearing CT26-derived tumors were intraperitoneally
injected daily with vehicle or NCT-503 (40 mg/kg) together with a
cyclic 5-FU regimen (Figure 2A). According to in vitro data (Fig-
ure 2H), this approach was more efficacious in decreasing tumor
growth than the 5-FU treatment alone (Figure 21). Together, these
data demonstrate that interfering with serine availability by
limiting its circulating levels or inhibiting SSP activity is an effec-
tive strategy to potentiate 5-FU antitumor effects in vivo.

Selected 5-FU-resistant CRC cells are strictly depen-
dent on serine availability for survival and proliferation
Exposure to 5-FU may induce the selection of resistant clones
displaying molecular and metabolic features to survive the treat-
ment. To investigate whether the acquisition of 5-FU resistance
by CRC cells relies on serine availability, we developed two
in vitro models of 5-FU resistance by treating HCT-116 and
HT29 cell lines with increasing concentrations of 5-FU up to
20 uM (referred to as “HCT-116R” and “HT29R", respectively)
(Denise et al., 2015). HCT-116 and HT29 cell lines are two CRC
cell lines with different mutation statuses: HCT-116 displays mu-
tations in PIBKCA and K-RAS genes conferring constitutive
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Figure 1. Endogenous/exogenous serine driving 5-FU response in CRC
(A and B) (A) PHGDH protein levels in CRC cell lines. The image is representative of three independent experiments. (B) Quantification of PHGDH protein levels
normalized on Actin. Data are reported as fold change using LS174T cells as reference (n = 3).
(C) CRC cell lines viability under 5-FU treatment. Data are reported as half maximal inhibitory concentration (ICso) values after 48 h of treatment. Cell lines were
classified as high-PHGDH or low-PHGDH cells according to relative PHGDH/actin values reported in Figure 1B (cut-off value 0.3, arbitrary units). (B, C) Statistics

in Table S1 (n = 3).

(D) Pearson correlation between PHGDH expression and 5-FU survival rate on CRC cell lines.

(legend continued on next page)
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activation of PIBK/AKT and K-RAS pathways (Wang et al., 2007),
while HT29 displays a DNA binding-defective p53 mutant form
(R273H p53 mutant) (Davidson et al., 2012). The resistant clones
display sustained cell viability under drug treatment (Figure S2A),
persistent clonogenic ability after drug exposure (Figures S2B-
S2D), and increased TS levels (Figure S2E).

Analyzing the expression of SSP-related enzymes, we found
increased PSAT-1 and PSPH levels in HCT-116R and PSAT-1
levels in HT29R compared with parental cells (Figures 3A-3C).
By contrast, PHGDH mRNA and protein levels are enhanced in
HCT-116R but not in HT29R (Figures 3D and 3E). Although the
expression of PHGDH, PSAT-1, and PHPH share common
mechanisms of regulation, specific regulatory mechanisms
have been identified for PHGDH (Dalton et al., 2019; DeNicola
et al., 2015; Locasale et al., 2011; Ou et al., 2015; Possemato
et al., 2011; Riscal et al., 2016). Tumors harboring different p53
mutations differentially respond to serine-starved conditions by
inducing SSP enzymes (Humpton et al., 2018; Maddocks et al.,
2013) in a mechanism mediated by MDM2 recruitment to chro-
matin and ATF/NRF2-dependent transcriptional program activa-
tion (DeNicola et al., 2015; Riscal et al., 2016). Notably, HCT-116
cells are p53 wild type, while HT29 cells harbor R273H p53 mu-
tation, thus failing p21 and MDM2 induction (and NRF2 nuclear
localization) (Figure S2F). Consequently, HT29 cells express
low PHGDH protein levels (Figure 3F). In line, silencing p53 in
HCT-116 cells results in decreased PHGDH levels (Figure 3F)
and increased susceptibility to ser/gly deprivation (Figure S2G),
as well as decreased tolerance to 5-FU treatment (Figure S2G).
Moreover, silencing PHGDH (Figure S3A) enhances 5-FU sensi-
tivity in HCT-116 (Figure S3B) and HCT-116R cells (Figure 3G),
but does not affect 5-FU response in HT29 and HT29R cells
(Figures S3C and S3D). NCT-503 treatment (minimal effective
concentration) (Figure S3E) rescues 5-FU sensitivity in HCT-
116R cells (Figure 3H), while HT29R cells are not affected by
NCT-503 treatment provided either as a single agent or in com-
bination with 5-FU (Figure S3F). These results are in line with our
data indicating that HT29 cells, displaying low levels of PHGDH
compared with other analyzed CRC cell lines, mostly rely on
exogenous serine. Coherently, [U-'3C]-glucose labeling re-
vealed no SSP activity in HT29R cells (Figure S1C). These results
demonstrate that PHGDH expression alone is not a driving
determinant of 5-FU resistance but could represent an adaptive
response under specific mutational contexts.

Besides, resistant clones might rely differently on exogenous
serine as a 5-FU adaptive response. By measuring [1-2'“C]-
serine cellular incorporation, we found higher exogenous serine
uptake in HT29R cells than their parental counterpart, while no
significant differences were observed in the two HCT-116 clones
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(Figure 3l). Serine can be transported into the cell through
different transporters, including the sodium-dependent trans-
porters ASC (ASCT1/SLC1A4 and ASCT2/SLC1A5) and the so-
dium- and chloride-dependent neutral and basic amino acid
transporter SLC6A14 (Broer and Broer, 2017). We found a signif-
icant increase in SLC1A4 and SLC6A14 transporters in HT29R
with respect to parental cells (Figures 3J and 3K). Furthermore,
under ser/gly starvation, HT29R cells undergo a stronger prolif-
eration arrest than their parental counterpart (Figures S2H and
S2l), while HCT-116R cells are not affected by ser/gly withdrawal
(Figure S2K) and are more tolerant to the deprived conditions
than the corresponding parental cells (Figure S2J). In accor-
dance, depleting HT29R cells of exogenous ser/gly has a more
prominent effect in decreasing cell survival than 5-FU treatment
alone (Figure 3L), and potentiates the 5-FU antiproliferative ef-
fects (Figure S3G). Interestingly, acute treatment with 5-FU in-
duces an increase in exogenous serine uptake in both resistant
cell lines (Figures 2L and 2M).

To confirm these observations in vivo, we carried out a xeno-
graft experiment with HT29R cells, feeding animals with a control
diet or a -S -G diet after tumor formation, and we evaluated the
efficacy of this dietary approach to potentiate 5-FU activity
against resistant tumors (cyclic regimen as described in Fig-
ure 2A). Confirming the maintenance of the resistant phenotype,
5-FU treatment does not affect HT29R-derived tumor growth
(Figures 3M, 3N; Figures S3H-S3J). As previously observed
(Figures 2B and 2C), the sole dietary approach does not signifi-
cantly impact final tumor size. However, combining the -S -G
diet with a 5-FU regimen overcomes therapy resistance and af-
fects tumor size after two weeks of treatment (Figures 3M and
3N; Figures S3H-S3J). Interestingly, 5-FU treatment decreases
plasma serine levels (Figure 30), potentiating the effect of ser/
gly dietary deprivation (Figures SK and SL).

Together, these data show that 5-FU acquired resistance con-
fers a specific dependency on serine availability, which is
achieved by resistant clones either by enhancing SSP activity
or increasing exogenous serine uptake depending on the genetic
background and the basal PHGDH expression.

Untargeted metabolomic analysis of 5-FU-resistant CRC
cells reveals an adaptive alteration in nucleotide meta-
bolism

Untargeted metabolomic analysis allowed to investigate the
metabolic adaptations underpinning 5-FU resistance. By
comparing the metabolic profile of HCT-116 and HCT-116R
cells, we identified a set of metabolites significantly altered be-
tween two clones (Figure 4A), including key intermediates of
nucleotide metabolism. Coherently, ingenuity analysis of the

(E) Serine content in culture media conditioned by CRC cells for 48 h. Metabolites from serum-free CRC cells conditioned media normalized to corresponding cell

number using DMEM as a reference (n = 3).

(F) Exogenous serine uptake in CRC cell lines. [1-2"*C]-serine incorporated by CRC cells expressed in counts per minute (CPM) and normalized on cell number.

(E, F) One-way ANOVA with Tukey’s post hoc test (n = 3).

(G-I) Survival fraction of HT29, CACO-2, and RKO cells treated or not with 5-FU in combination with serine/glycine starvation for 48 h. Non-treated cells were used

as a reference.

(J-L) Survival fraction of HCT-116, HCT8, and LS174T cells treated or not with 5-FU and NCT-503 Cells were treated with 10 uM NCT-503 for 48 h. Non-treated
cells were used as a reference. (G-L) One-way ANOVA with Dunnett’s post hoc test (n = 3). Each dot represents a single experiment. Data are represented as
mean + standard error of the mean of at least three independent biological replicates. ns, not significant. “p < 0.05, **p < 0.01, **p < 0.001.

4 Cell Reports 40, 111233, August 16, 2022



Cell Reports ¢? CellP’ress

OPEN ACCESS

A B -e- control diet Cc
-@- control diet +5-FU
CT26 cells 0.6 6= SOdliat 8-
o 5-FU 5-FU Fa -o- -8-G diet +5-FU
il : :
K o Cha °
| ) Mice 50'4_ @ °
A A euthnasia g 24_ :‘_L. .}.
(et : : *
NCT-503 £ 027 £ , o &
f -+t % o0
2 weeks day0 3 4 56 78 91011 0.0 0 . OIO —a O
-
° 035(\) 06\0 x‘§<\>
time (days) Q\@\ RS
& \6‘9' [
© o
N
§
D . E . F . G
Serine Glycine Serine Glycine
o 207 o 207 8 34 > 8 2.0+
Q o < ® c
c c © ©
g % -g ole -8
£ o 157 o E o 154 o 23, % 20157 e =
8s 85 o5 25 o ols
25 1.0 % o 25 1.0 % £5 -05)51.0-{» e
b o2 e w2 e o]
82 - 8¢ . i3t o T 22 % s
S 0.5 T 0.5 £ 054 ©
g o & = * + 5 g o8
< K] © -
= o o 5 e
0.0 . . 0.0 T ; E o £ 00
NT 5-FU NT 5-FU + - * - ser * - + - ser
* - * - gy + & + - gly
- -+ + B5FU - - + + 5FU
H | - NT
CT26 -~ NCT-503
-0 5-F
1.5 1.0 SFU
-0~ NCT-503+5-FU
g 0.8+
Ke] [}
B 1.0 ns E
e 2 0.6
£ *hk o =
o >
.E S
2 O 0.4
S 0.5 i £
= A 2
@ 0.2+
0.0- 0.0
0 0 05 05 5FUuM)
-+ -+ NCT-503 time (days)

Figure 2. Serine deprivation increases 5-FU efficacy in vivo

(A) Workflow for the in vivo assessment of 5-FU sensitivity under serine-deprived conditions.

(B and C) Tumor growth curve and (C) total tumor mass in Balb/c mice subjected to control or -S -G diet and treated with/without 40 mg/kg 5-FU as described in
(A). One-way ANOVA with Sidak post hoc test (n > 3).

(D and E) Relative plasma serine (D) and glycine (E) levels in mice fed with control diet and treated with/without 5-FU. Each dot represents a plasma sample from a
single mouse. Student’s t test (n > 3).

(F and G) Intra-tumor serine (F) and glycine (G) levels in mice fed with control diet and treated with/without 5-FU. Each dot represents a tissue sample from a single
mouse. Student’s t test (n > 3).

(H) Survival fraction of CT26 cells treated or not with 5-FU in combination with NCT-503 10 uM for 48 h. Non-treated cells were used as a reference. One-way
ANOVA with Dunnett’s post hoc test (n = 3). Each dot represents a single experiment.

(I) Tumor growth curve in mice treated or not with 5-FU with or without NCT-503 as described in (A). One-way ANOVA with Sidak post hoc test (n > 3). Data are
represented as mean =+ standard error of the mean of n mice per group. ns, not significant. *p < 0.05, **p < 0.01, **p < 0.001.
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leading pathways in which the resulting metabolites participate
indicated that the acquisition of 5-FU resistance has the most
significant impact on alanine, aspartate, glutamine-glutamate,
and nucleotide metabolism (Figure 4B).

Comparing the abundance of nucleotide-related metabolites
in resistant versus parental cells revealed a strong accumulation
of all the intermediates of the pyrimidine biosynthetic pathway
(pyr-P) (Figure 4C) and a significant increase of the main purine
biosynthetic pathway (pur-P) intermediates, namely FGAR,
FAICAR, AICAR, and SAICAR (Figure 4D). No significant differ-
ences were detected in the total levels of the purine precursor
IMP (Figure S4A) and the final pur-P products AMP (Figure S4B)
and guanosine monophosphate (GMP) (Figure S4C), but a sub-
stantial increase in uridine 5’-monophosphate (UMP) (Fig-
ure S4D) and 2’-deoxyuridine 5’-monophosphate (Figure S4E).

To better understand the activity of the pyr-P and the pur-P
biosynthetic pathways, we performed a stable isotope tracing
analysis by culturing cells in a medium supplemented with
[U-3C]-glucose for 30 min, 1 h, and 3 h, and quantifying
glucose-derived carbons incorporation into the final products
of the two pathways. Glucose mainly contributes carbons to
UMP and AMP/GMP through the pentose phosphate path-
way (PPP) for a total of five carbons. A substantial decrease in
glucose 6-phosphate M+5 and an increase in ribose
5-phosphate M+5 in HCT-116R compared with HCT-116 cells
(Figures S4F and S4G) indicated an increase in the PPP activity
(Figure S4H). No significant difference was found in the relative
abundance of the M+5 isotopomers of UMP (Figure 4E), but
we observed a more prominent increase in AMP and GMP
M+5 isotopomers relative abundance over time in HCT-116R
than in parental cells (Figures 4F and 4G). The accumulation of
the pyr-P intermediate and the observed isotope labeling pattern
suggest an inhibition of the downstream enzymes with a subse-
quent slowdown of the overall flux through the pathway.
Conversely, the slight accumulation of the pur-P intermediates,
alongside the rise in M+5 labeling after [U-'*C]-glucose incuba-
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tion, demonstrate an increase in the flux toward pur-P in resis-
tant cells.

Serine supports purine biosynthesis and DNA damage
response in 5-FU-resistant CRC cells
Serine can be used for different biosynthetic functions, among
which the synthesis of glutathione (GSH), S-adenosyl-
methionine (SAM) and purines starting from IMP are essential
in tumor progression (Figure 5A) (Newman and Maddocks,
2017). To determine the fate of serine-derived carbons in
5-FU-resistant clones, we cultured cells in a medium supple-
mented with uniformly labeled serine ([U-'3C]-serine) and
measured serine incorporation into its main derivatives. Interest-
ingly, this analysis revealed that serine mainly supports purine
biosynthesis in resistant cells, as demonstrated by increased
M+2, M+3, and M+4 IMP after [U-'3C]-serine incubation (Fig-
ure 5B). A similar labeling pattern was observed in AMP (Fig-
ure 5C; Figure S4l) and SAM (Figure 5C), reflecting the fact
that SAM is built from the cellular AMP pool (Maddocks et al.,
2016). Conversely, no significant differences were found in the
contribution of serine to GSH (Figure 5E; Figure S4J).
Decreased susceptibility to genotoxic agents is frequently
associated with altered nucleotide metabolism supporting DNA
damage repair (Pranzini et al., 2021). The quantification of his-
tone H2AX phosphorylation (yH2AX), a known marker of DNA
double-strand break (Mah et al., 2010), proves that resistant
clones from both cell lines display enhanced ability to prevent
DNA damage accumulation following 5-FU exposure (Figure 5F).
Analyses of yH2AX levels after 5-FU treatment upon serine
depletion confirmed that serine is required to support DNA
damage response in resistant clones. NCT-503 treatment in
HCT-116R cells (Figure 5G) or ser/gly deprivation in HT29R cells
(Figure 5H) rescue YH2AX accumulation under 5-FU exposure.
To confirm the hypothesis that serine supports 5-FU resistance
by fueling purine (but not pyrimidine) biosynthesis, we tested
the ability of the exogenous nucleotide precursors hypoxanthine

Figure 3. Selected 5-FU-resistant CRC cells display enhanced serine dependency

(A, B, and D) mRNA levels of SSP enzymes in selected 5-FU-resistant CRC cell lines. PSAT-1 (A), PSPH (B), and PHGDH (D) mRNA expression levels analyzed by
quantitative RT-PCR using parental cells as comparator. Student’s t test (n = 3).

(C and E) SSP enzymes protein levels in selected 5-FU-resistant and sensitive CRC cell lines. Total protein lysates from HCT-116, HCT-116R, HT29, and HT29R
cells were extracted and analyzed for PSAT-1, PSPH (C) and PHGDH (E).

(F) p53/MDM2-mediated modulation of PHGDH. Total protein lysates from HCT-116, p53’/’ HCT-116, and HT29 cells were analyzed for p53, p21, MDM2, and
PHGDH protein levels. (C, E-F) Actin was used as loading control. The images are representative of three independent experiments.

(G) Survival fraction of PHGDH-silenced HCT-116R cells under 5-FU treatment. Cells were transfected with PHGDH-targeting siRNA or negative control and
treated with 5-FU for 48 h. Non-transfected/treated cells were used as comparator. two-way ANOVA with Sidak’s post hoc test (n = 3).

(H) Survival fraction of HCT-116R cells treated or not with 5-FU in combination with NCT-503 (10 uM for 48 h). Non-treated cells were used as a reference. One-
way ANOVA with Tukey’s post hoc test (n > 8).

(1) Exogenous serine uptake in CRC 5-FU resistant cells. [1-2'4C]-serine incorporation normalized on cell number and expressed using respective parental cells as
a comparator. Student’s t test (n = 3).

(J and K) mRNA levels of serine transporters in HT29R cells. SLC1A4 (J) and SLC6A14 (K) mRNA expression levels in HT29 and HT29R cells by quantitative RT-
PCR using parental cells as comparator. Student’s t test (n = 3).

(L) Survival fraction of HT29R cells treated or not with 5-FU in presence or absence of ser/gly for 48 h. Non-treated cells were used as a reference. One-way
ANOVA with Tukey’s post hoc test (n = 3).

(M) Total tumor mass in HT29R cells-derived tumor-bearing Athymic Nude mice subjected to control or -S -G diet and treated with or without 5-FU as described
in (Figure 2A). One-way ANOVA with Sidak post hoc test (n = 6).

(N) Representative high-resolution ultrasound images of subcutaneous tumors (n = 6).

(O) Relative plasma serine levels in mice fed with control diet and treated with/without 5-FU. Each dot represents a plasma sample derived from a single mouse.
Student’s t test- (A-L) (n = 3). Each dot represents a single experiment. Data are represented as mean + standard error of the mean of at least three independent
experiments. ns, not significant. *p < 0.05, **p < 0.01, **p < 0.001.
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Figure 4. Selected 5-FU resistant cells show altered nucleotide metabolism profile

(A) Heatmap shows metabolite abundance in HCT-116R cells compared to HCT-116 cells. Two-way ANOVA with false discovery rate correction (n = 3).

(B) Bubble plot summarizing metabolites pathway analysis as in (A). The vertical dashed line indicates an arbitrary pathway enrichment threshold (>5%); the
horizontal dashed line shows a statistical significance threshold (p < 0.05).

(C) Relative levels of pyr-P intermediates.

(legend continued on next page)
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and thymidine to overcome 5-FU-induced DNA damage accu-
mulation under serine deprivation. Hypoxanthine (but not thymi-
dine) supplementation rescues 5-FU toxic effects (Figures 51 and
5J) and prevents DNA damage accumulation under serine-
limiting conditions (Figures 5K and 5L) in resistant cells. Notably,
specific targeting of the pur-P by treating with the glycinamide
ribonucleotide formyltransferase inhibitor lometrexol decreases
cell survival and potentiates the toxic effect of 5-FU on resistant
cells (Figures 5M and 5N). Similarly, the antimetabolite drug pe-
metrexed selectively sensitizes resistant cells to 5-FU treatment
(Figures S5A and S5B), indicating that targeting nucleotide
biosynthesis at different levels is an effective strategy to coun-
teract 5-FU resistance. In summary, increased serine depen-
dency in 5-FU-resistant cells supports DNA damage repair under
genotoxic drug pressure by fueling purine biosynthesis. Target-
ing serine availability enhances 5-FU-induced DNA damage in
resistant cells, thereby increasing drug toxicity.

Resistance to 5-FU is supported by mitochondrial
compartmentalization of OCM

The OCM is compartmentalized between the cytoplasm and the
mitochondria (Ducker and Rabinowitz, 2017) thanks to the
differential localization of the two isoforms of the serine hydrox-
ymethyl-transferase (SHMT): the cytosolic SHMT1 and the mito-
chondrial SHMT2 (Ducker et al., 2016). Serine-derived carbons
are incorporated into purines via glycine and 10-formyl-THF
generated by SHMT2, while SHMT1 mainly provides 5,10-meth-
ylenetetrahydrofolate to support dTMP biosynthesis (Ducker
etal., 2017; Fan et al., 2019). Interestingly, we found a decrease
in SHMT1 and an increase in SHMT2 mRNA (Figures 6A and 6B),
resulting in increased SHMT2/SHMT1 ratio at protein levels in
5-FU-resistant clones in both cell lines (Figures 6C and 6D).
Remarkably, a higher SHMT2/SHMT1 ratio correlates with lower
5-FU toxicity in different CRC cell lines (Figures 6E; Figure 1C).
Confirming a shift toward the mitochondrial branch of OCM,
resistant cells display increased mRNA and protein levels of
the primary mitochondrial serine transporter sideroflexin 1
(SFXN1) (Kory et al., 2018) (Figures 6F and 6H) and the mitochon-
drial glycine decarboxylase (GLDC) (Zhang et al., 2012)
(Figures 6G and 6H). Coherently, HCT-116R cells display
enhanced serine-derived CO, production (Figure S5C), confirm-
ing increased GLDC system activity.

By incubating cells with [U-'3C]-serine and subsequently treat-
ing them with digitonin to selectively permeabilize cytosolic mem-
branes, we analyzed metabolites from both mitochondrial and
cytoplasmic compartments by GC-MS (Nonnenmacher et al.,
2019). ['®Cg]-serine generates ['*C,]-glycine and ['*C]-methy-
lene-THF inside mitochondria through the action of SHMT2.
['3C]-methylene-THF recombines with unlabeled glycine by the
activity of SHMT1 in the cytosol to generate ['°C4]-serine (Fig-
ure 6l). The amount of cytosolic ['°C;]-serine thus reads out mito-
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chondrial-derived methylene-THF production. The higher levels of
['3C,]-serine in the cytosolic fraction of resistant cells confirm the
hypothesized compartmentalization (Figure 6J). In addition, mito-
chondrial serine, mostly labeled on three carbons, indicates that
exogenous serine is rapidly incorporated into the mitochondria
to be metabolized by SHMT2 (Figure 6J).

Mitochondrial serine catabolism by SHMT2 fuels mitochondrial
oxidative phosphorylation (OXPHOS). Indeed, serine catabolism
by SHMT2 might regulate the OXPHOS gene expression by influ-
encing mtDNA replication (Anderson et al., 2011) through the mod-
ulation of cellular nucleotide homeostasis (Bao et al., 2016), and
driving the biosynthesis of the mitochondria-encoded OXPHOS
proteins (Lucas et al., 2018; Minton et al., 2018; Morscher et al.,
2018; Tanietal., 2018). Coherently, we found an enhanced oxygen
consumption rate (OCR) in resistant versus parental cells
(Figures 5D-5F; Figures S5G-S5I). Concordantly, confocal micro-
scopy imaging showed a well-organized (Figure 6R) and more
abundant (Figures S5J and S5K) mitochondria in resistant cells
with respect to sensitive ones. In keeping, concomitant depriva-
tion of exogenous ser/gly decreases basal (Figures 6K and 6L),
maximal (Figures 6M and 6N), and ATP production-linked
(Figures 60 and 6P) OCR in HCT-116R and HT29R, while it does
not affect OCR parameters in parental cells. Notably, the sole
serine supplementation rescues oxygen consumption in HCT-
116R and HT29R cells (Figures 6K-6P), indicating that serine
availability is necessary for mitochondrial functionality in 5-FU-
resistant cells. Recently, it has been demonstrated that the oxida-
tion of the serine-derived one-carbon units contributes to the
redox potential to drive ATP synthesis via OXPHOS (Tedeschi
et al., 2013; Vazquez et al., 2011). Coherently, resistant cells
from both cell lines display higher intracellular levels of ATP (Fig-
ure 6Q). Silencing SHMT2 decreases ATP content in HCT-116R
and HT29R cells (Figure 6S) and impairs mitochondria abundance
(Figure 6T; Figures S5L and S5M). Together, these results indicate
that the mitochondrial compartmentalization of ser/gly meta-
bolism correlates with 5-FU resistance in CRC, supporting
increased mitochondrial respiration.

Interfering with cytosolic and mitochondrial serine
metabolism balance is effective in modulating 5-FU
susceptibility in CRC

To investigate the impact of modulating SHMT1/2 balance in
affecting 5-FU response, we tested the viability of SHMT1-
deleted HCT-116 cells (HCT-116ASHMT1) (Ducker et al., 2017)
(Figure S5N) after 5-FU exposure. Interestingly, HCT-116-
ASHMT1 cells are less sensitive to the drug’s toxic effect (Fig-
ure 7A) than parental cells, confirming that lower levels of
SHMT1 facilitate the acquisition of 5-FU resistance. Moreover,
SHMT1 deletion confers a more aggressive phenotype to HCT-
116 cells, as indicated by the increased colony-forming ability af-
ter 5-FU treatment (Figure 7B). Otherwise, inhibiting SHMT2 in

E) UMP M+5 labeling enrichment after 24 h incubation with [U-"3C]-glucose.

(
(
(F) AMP M+5 labeling enrichment after 24 h incubation with [U-'3C]-glucose.
(

D) Relative levels of pur-P intermediates. Fold change metabolites content calculated using HCT-116 cells as reference. Student’s t test (n = 3).

G) GMP M+5 labeling enrichment after 24 h incubation with [U-"3C]-glucose. Cells were incubated in a medium containing [U-'3C]-glucose for 24 h before

assessing intracellular metabolites labeling enrichment. two-way ANOVA with Sidak’s post hoc test (n = 3). (A-G) Each dot represents a single experiment. Data
are represented as mean + standard error of the mean of at least three independent experiments. ns, not significant. *p < 0.05, **p < 0.01, **p < 0.001.
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resistant cells could be an effective strategy to recapitulate 5-FU
resistance. To evaluate the effect of targeting SHMT2 in resistant
cells, we silenced SHMT2 in HCT-116R cells and assessed the
impact on 5-FU response. Interestingly, SHMT2-silenced HCT-
116R cells increase SHMT1 mRNA levels, while HCT-116 cells
do not (Figure 7C). Increasing SHMT1 expression under
SHMT2 deletion is a compensatory mechanism that represents
a liability in 5-FU response. In accordance, SHMT2 silencing re-
sults in decreased cellular proliferation in HCT-116R (Figure 7D),
while it does not affect HCT-116 cells growth Figure 7E). More-
over, SHMT2 silencing increases 5-FU toxicity in HCT-116R cells
(Figure 7F), indicating that SHMT2 functionality is necessary to
support 5-FU tolerance in resistant cells.

Analysis of the TCGA-COADREAD dataset confirms the
nucleotides metabolism dependency of 5-FU non-
responder patients

The clinical relevance of these results was validated by enquiring a
retrospective CRC cancer patients’ cohort selected from the
TCGA-COADREAD dataset for their response to 5-FU-based ther-
apies. Of 630 patients included in the cohort, we selected 338
based on their responsiveness to 5-FU administration (64 non-re-
sponders [NR] and 274 responders [R]). We found a statistically
significant difference in the overall survival between R and NR pa-
tients, with the former displaying a better outcome (Figure SEA).
We then surveyed differential expressed genes (DEGs) filtering
for those coding for metabolic enzymes and proteins (Calvo
etal., 2016; Corcoran et al., 2017; Pagliarini et al., 2008) to recog-
nize the enriched pathways. Of note, drug resistance is strongly
correlated with pathways enriched in tyrosine metabolism (Polia-
kova et al., 2018), while drugs sensitivity with those enriched
amino acids and lipid metabolism (Park et al., 2005) (Figure S6B).
These results are obtained by analyzing whole tumor tissues rep-
resenting an average of the transcriptome of different cell types
and thus lacking the resolution power to identify specific signa-
tures of each cell type at the basis of CRC heterogeneity.
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For a deeper analysis, we classified the patients into four sub-
groups according to the consensus molecular subtypes
(CMS1-4) criteria (Guinney et al., 2015). We then examined
DEGs and the related metabolic pathways between R and NR
patients for each subtype. Among the several pathways recog-
nized, purine metabolism was significantly upregulated in NR pa-
tients belonging to the CMS3 and CMS1 groups (Figure 7G),
while pathways related to small molecule and amino acids
biosynthetic processes, as well as small molecules catabolic
processes, were enriched in R patients of the same subgroups
(Figure 7G). The pathways enriched in CMS2 and CMS4 sub-
groups were only marginally affected (Figure 7G; Figure S6C).

Notably, the CMS1 population is characterized by a poor sur-
vival rate after relapse (Guinney et al., 2015). For this reason, we
focused on the CMS1 population to investigate metabolic en-
zymes/proteins specifically altered in NR patients. Interestingly,
we found adenylate cyclase 3, RNA polymerase |l subunit A,
and RNA polymerase | subunit A significantly upregulated in NR
patients. At the same time, nucleoside diphosphate kinase 3, alde-
hyde dehydrogenase 2, and SHMT1 resulted to be significantly up-
regulated in R patients (Figure 7H). The upregulation of SHMT1 in
the R cohort (Figure 71) is in accordance with our in vitro data indi-
cating that high levels of this isoform correlate with treatment effi-
cacy in patients undergoing 5-FU-based therapies.

Together, these data strengthen the importance of metabolic
adaptations promoting purine biosynthesis in reducing the effi-
cacy of 5-FU-based therapies in patients with CRC. Interest-
ingly, in the subgroup of patients displaying a worst prognosis
after relapse, high SHMT1 expression provides an advantage
under 5-FU-based therapies, resulting in a better response.

DISCUSSION

Cancer cells are highly dependent on serine metabolism, as it
supports proliferative and pro-survival processes (Labuschagne
et al., 2014; Yang and Vousden, 2016). Several studies reported
the therapeutic advantage of targeting serine metabolism to

Figure 5. Serine metabolism supports purine biosynthesis and DNA damage repair in 5-FU-resistant cells
(A) Schematic representation of the serine-derived carbons fate into GSH, purines, and methionine synthesis.

(B-E) Incorporation of [U-'C]-serine carbons in IMP (B), AMP (C), SAM (D), and GSH (E). HCT-116 and HCT-116R cells were incubated in a medium containing
[U-"3C]-serine for 8 h before assessing intracellular metabolite labeling enrichment (n = 3).

(F) H2AX phosphorylation (YH2AX) levels in selected 5-FU-resistant and sensitive CRC cell lines. Proteins from nuclear compartments were analyzed by western
blotting.

(G) Effects of 5-FU and NCT-503 co-treatment on H2AX phosphorylation levels in HCT-116R cells. Cells were grown either in the presence or not of 20 uM 5-FU
and treated with 5 uM NCT-503 or vehicle for 48 h before analyzing proteins from nuclear compartments by western blotting.

(H) Effects of 5-FU treatment on YH2AX levels in HT29R cells under serine starvation. Cells were grown in a medium containing or lacking ser/gly and treated or not
with 20 uM 5-FU for 48 h before analyzing the proteins from nuclear compartments by western blotting. (F-H) H3 was used as loading control. Each image is
representative of at least three independent experiments.

(I-J) Providing purine and pyrimidine metabolites rescues 5-FU toxicity of resistant cells under serine-deprived conditions. Surviving fraction of HCT-116R (I) and
HT29R (J) cells treated or not with 20 uM 5-FU in combination with 32 uM hypoxanthine (Hyp) or 5.6 uM thymidine (Thym) in the presence of 5 uM NCT-503 for
HCT-116R cells or in a medium lacking ser/gly for 48 h. Non-treated cells were used as a reference. One-way ANOVA with Tukey’s post hoc test (n = 3).

(K) Effects of hypoxanthine supplementation on 5-FU- induced DNA damage accumulation under NCT-503 treatment in HCT-116R cells. Cells were grown either
in the presence of 5 uM NCT-503 and treated or not with 20 pM 5-FU and 32 uM Hyp for 48 h before analyzing YH2AX levels from nuclear compartments.

(L) Effects of hypoxanthine supplementation on 5-FU-induced DNA damage accumulation under ser/gly starvation in HT29R cells. Cells were grown in a medium
containing or lacking ser/gly and treated or not with 20 uM 5-FU and 32 uM Hyp for 48 h before analyzing the YH2AX levels from nuclear compartments. The
images are representative of at least three independent experiments.

(M and N) Surviving fraction of 5-FU-resistant CRC cells treated with 5-FU in presence or absence of lometrexol (LMX). HCT-116R (M) and HT29R (N) cells were
treated with/without 20 M 5-FU and 50 nM LMX for 48 h. One-way ANOVA with Tukey’s post hoc test (n = 3). Each dot represents a single experiment. Data are
represented as mean + standard error of the mean of at least three independent experiments. ns, not significant. *p < 0.05, **p < 0.01, **p < 0.001.
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impair tumor growth (Tajan et al., 2021) and potentiate anti-
cancer drug efficacy (Ross et al., 2017). Indeed, serine can drive
different drug resistance strategies, such as maintaining intracel-
lular antioxidant capacity (Zaal et al., 2017) or the sustaining of
nucleotide biosynthesis to prevent DNA damage response (Mon-
trose et al., 2021).

In this study, we demonstrate that interfering with serine avail-
ability potentiates the antitumor effects of 5-FU both in in vitro
and in vivo CRC models. We found that increased serine use is
a driving adaptation underpinning 5-FU resistance in CRC. Note-
worthy, serine metabolism is under the regulation of several ge-
netic and epigenetic modulators (Geeraerts et al., 2021),
implying that different resistant clones may adopt distinct strate-
gies to meet serine dependency according to the mutational
background of the parental cells. Several regulatory mecha-
nisms have been identified for PHGDH, including gene amplifica-
tion (Locasale et al., 2011; Possemato et al., 2011), spliceosome
mutations (Brian Brian Dalton et al., 2019), transcriptional regula-
tion (DeNicola et al., 2015; Li et al., 2021; Ou et al., 2015; Riscal
et al., 2016), and protein degradation (Zhang et al., 2017), result-
ing in high intra- and inter-tumor heterogeneity in PHGDH levels
(Rossi et al., 2022; Zhang et al., 2017). The broad spectrum of
experimental models described in the literature illustrates a com-
plex interplay of multiple factors regulating serine metabolism. In
our experimental model, HCT-116R cells increase SSP enzyme
expression, while HT29R cells increase exogenous serine con-
sumption. We identified p53 status and consequent MDM2
levels as key elements governing the differential response to
increased serine demand during the acquisition of 5-FU
resistance. However, other factors, such as activating KRAS mu-
tations (Maddocks et al., 2017), may contribute to the differential
adaptive response.

Interestingly, our data demonstrate that, regardless of the
serine feeder strategy, compartmentalization of serine meta-
bolism inside the mitochondria is the main mechanism support-
ing 5-FU resistance and is a common adaptation in all the
analyzed 5-FU-resistant clones. The fate of serine-derived car-
bons is imposed by differential compartmentalization of the mul-
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tiple OCM components (Li and Ye, 2020). Indeed, although cyto-
solic (SHMT1) and mitochondrial (SHMT2) isoforms of SHMT
catalyze an equivalent biochemical reaction, they support
different functions in tumor cells. Mitochondrial serine catabo-
lism is the principal source of one-carbon units and glycine for
de novo purine synthesis and is a major source of NADPH
(Ducker et al., 2016). Besides, SHMT2 also carries OCM-inde-
pendent roles in mitochondrial functionality by regulating mito-
chondrial respiration complexes subunits (Lucas et al., 2018;
Minton et al., 2018; Morscher et al., 2018). Interestingly, the mito-
chondrial branch of OCM is upregulated in several human can-
cers, supporting cell proliferation and malignancy (Nilsson
etal., 2014). SHMT2, methylenetetrahydrofolate dehydrogenase
(MTHFD2), aldehyde dehydrogenase 1 family member L2, and
methylenetetrahydrofolate dehydrogenase 1 like enzymes are
overexpressed in CRC tissues compared with normal ones and
participate in cancer progression (Agarwal et al., 2019; Miyo
et al, 2017). Interestingly, mitochondrial OCM enzymes
SHMT2 and MTHFD2 emerged as key determinants of the
response to methotrexate (Vazquez et al., 2013), indicating their
implication in the cellular response to antimetabolite drugs.
Moreover, SHMT1/2 inhibition increases the antileukemic effect
of methotrexate in a mouse model of NOTCH1-driven T cell
acute lymphoblastic leukemia (T-ALL) and in a patient-derived
T-ALL xenograft and is effective in increasing sensitivity of meth-
otrexate-resistant human T-ALL cells (Garcia-Canaveras et al.,
2021).

Here we demonstrate that a shift toward mitochondrial serine
metabolism promotes 5-FU resistance in CRC by supporting
purine nucleotide biosynthesis and allowing resistant cells
to prevent the accumulation of drug-induced DNA damage.
Mitochondrial compartmentalization of OCM supports 5-FU
resistance by (1) promoting the synthesis of purine nucleotides
to prevent DNA damage accumulation and (2) decreasing cyto-
solic CH,-THF, thereby leading to reduced formation of the
inhibitory ternary complex on TS by 5-FU derivatives.

Accordingly, the metabolomic analysis revealed that 5-FU
resistant cells increase the flux toward the de novo purine

Figure 6. SHMT1-2 balance drives 5-FU resistance by leading mitochondrial serine degradation
(A and B) SHMT1/2 mRNA levels in 5-FU-resistant and sensitive CRC cell lines Student’s t test (n = 3).
C) SHMT1-SHMT?2 protein levels in 5-FU-resistant and sensitive CRC cell lines. The image is representative of three independent experiments.

D) SHMT2/1 protein levels in 5-FU-resistant and -sensitive CRC cells.

F and G) SFXN1 and GLDC mRNA levels in 5-FU-resistant CRC cell lines. Student’s t test (n = 3).

(
(
(E) SHMT2/1 mRNA levels in CRC cell lines. SHMT1 and SHMT2 gene expression was analyzed by quantitative RT-PCR and reported as the SHMT2/SHMT1 ratio (n = 3).
(
(

H) SFXN1 and GLDC protein levels in 5-FU-resistant and -sensitive CRC cell lines. Actin was used as loading control. The image is representative of three in-

dependent experiments.

(I) Schematic representation of the tracing strategy to follow serine exploitation in cytosolic and mitochondrial compartments.
(J) Mitochondrial and cytosolic isotope composition of serine in HCT-116 and HCT-116R cells after 24 h of incubation with culture medium containing [U-'3C]-

serine. two-way ANOVA with Sidak’s post hoc test (n = 3).

(K-P) OCR in 5-FU-resistant CRC cell lines. Cells were incubated in a medium containing ser/gly, lacking ser/gly, or lacking only glycine for 16 h. OCR was
measured in real time and normalized on protein levels. Basal (K, L), maximal (M, N), and ATP-linked (O, P) respiration was calculated by measuring the OCR
after the administration of specific inhibitors. two-way ANOVA with Tukey’s post hoc test (n = 8).

(Q) Intracellular ATP content in 5-FU-resistant and -sensitive CRC cell lines.
(R) Mitochondrial morphology in 5-FU-resistant and -sensitive CRC cell lines.
(S) Intracellular ATP content in SHMT2-silenced 5-FU-resistant CRC cells.
(T) Mitochondrial morphology in SHMT2-silenced 5-FU-resistant CRC cells.

(R and T) Confocal fluorescence microscopy images of cells stained with TMRE (red). Hoechst was used to stain nuclei (blue) (original magnification, x63; scale
bar, 5 um). Images are representative of three independent experiments. (A-S) Each dot represents a single experiment. Data are represented as mean +
standard error of the mean of at least three independent experiments. ns, not significant. *p < 0.05, **p < 0.01, **p < 0.001.
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Figure 7. Modulating SHMT1/SHMT2 balance in CRC cells is effective in reversing 5-FU susceptibility
(A) Surviving fraction of HCT-116 WT and HCT-116 ASHMT1 cells treated with 5-FU for 48 h. Non-treated cells were used as a reference. Two-way ANOVA with

Sidak’s post hoc test (n = 3).
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synthesis, while pyrimidine biosynthesis resulted impaired.
This is in accordance with recent results demonstrating that pu-
rine, but not pyrimidine, biosynthesis supports radiation resis-
tance in glioblastoma by promoting DNA repair (Zhou et al.,
2020).

In addition, the close link between cytosolic CH,THF accessi-
bility and 5-FU efficacy is demonstrated by the clinical success
of the 5-FU modulator leucovorin (LV, 5'-formyltetrahydrofolate),
which acts by expanding the intracellular pool of 5-10-CH,-THF
to enhance the antitumor activity of 5-FU. The administration of
LV in combination with 5-FU in patients with CRC increases 5-
10-CH,-THF intracellular levels (Porcelli et al., 2011) and main-
tains longer and stronger TS inhibition than 5-FU treatment alone
(Peters et al., 1994). However, LV is ineffective in potentiating
drug response in patients with 5-FU-resistant advanced CRC
(van Groeningen et al., 1989).

The relevance of these results is further confirmed in clinical
settings. By investigating the expression of metabolic enzymes
in R and NR patients subjected to 5-FU-based therapies, we
observed an increase in the expression of purine metabolism en-
zymes in NR patients belonging to the CMS3 and CMS1 groups.
The CMS1 is typically associated with impaired DNA mismatch
repair and loss of tumor suppressor function with a poor prog-
nosis after relapse (Guinney et al., 2015). Conversely, the
CMS3, also known as the metabolic subtype, is typically charac-
terized by chromosomal instability and an overall enhancement
in metabolic pathways (Guinney et al., 2015). A striking feature
is that purine metabolism is enriched in NR patients irrespective
of the two subgroups’ distinctive mutational and genetic land-
scapes. This suggests that the metabolic rewiring here
described is a major step in establishing chemotherapy resis-
tance in 5-FU-based therapeutic settings. This adaptation is
determined by the specific mechanism of action of the drug
and is independent of other modified signaling pathways and
the genetic profile of the tumor.

Our results support a possible approach to overcome drug
resistance by exploiting the combination of 5-FU treatment
with specific SHMT2 inhibitors. Importantly, the recent deter-
mination of the specific SHMT1/2 kinetic parameters high-
lighted interesting differences between the two isoforms that
could be exploited to generate isoform-selective inhibitors
(Scaletti et al., 2019; Tramonti et al., 2018). Our data, together
with the possibility of selectively targeting SHMT2, pave the
way for new therapeutic options against 5-FU resistance in
CRC.
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Limitation of the study

In this study, we discovered that SHMT2-mediated mitochon-
drial compartmentalization of serine metabolism supports the
acquisition of 5-FU chemoresistance in CRC. For this study,
we used several cell lines characterized by different expression
levels of PHGDH and two distinct in vivo models revealing an
overall correlation between in vivo and in vitro settings. However,
some results observed in in vitro experiments were not recapitu-
lated in in vivo settings owing to the great nutritional and
signaling differences between the two experimental conditions.
Our findings were further validated in CRC cancer patients’
cohort selected from the TCGA-COADREAD dataset for the
response to 5-FU-based therapies. However, considering the
great heterogeneity in PHGDH differential expression and serine
auxotrophy observed in human tumors, further studies in pa-
tient-derived tissues need to be conducted to provide more reli-
able conclusions.
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Detailed methods are provided in the online version of this paper
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(B) Colony formation potential of HCT-116 WT and HCT-116 ASHMT1 cells. HCT-116 WT and HCT-116 ASHMT1 cells were grown either in the absence or pres-
ence of 1.5 uM 5-FU for 24 h before seeding them in new dishes and incubating for at least 10 days. Colonies were stained with crystal violet dye. Colonies number
is reported using non-treated parental cells as a comparator. One-way ANOVA with Dunnett’s post hoc test (n = 3).

(C) SHMT1 mRNA levels in HCT-116 and HCT-116R after SHMT2 silencing. Cells were transfected with SHMT2-targeting small interfering RNA (siRNA) or nega-
tive control and SHMT1 mRNA level evaluated by quantitative RT-PCR using scramble cells as a reference. One-way ANOVA with Sidak’s post hoc test (n = 3).
(D and E) HCT-116 and HCT-116R cells proliferation following SHMT2 silencing. HCT-116R (D) and HCT-116 (E) cells were transfected with SHMT2-targeting
siRNA or negative control. Cell number was assessed every 24 h. Two-way ANOVA with Tukey’s post hoc test (n = 3).

(F) Survival fraction of SHMT2-silenced HCT-116R cells under 5-FU treatment. Cells were transfected with SHMT2-targeting siRNA or negative control and were
let to proliferate in a medium containing 20 uM 5-FU for 48 h. Two-way ANOVA with Sidak’s post hoc test (n = 3).

(G) Heatmap summarizing metabolic pathway enrichment analysis in TCGA-COADREAD, comparing R versus NR patients according to CMS classification.
(H) Molecular complex detection (MCODE) protein network analysis for enriched metabolic pathways comparing R versus NR CMS1 patients.

() SHMT1 RNA levels in R and NR CMS1 patients. Student’s t test. Each dot represents a single patient. Data are represented as mean + standard error of the
mean of at least three independent experiments. Ns, not significant. *p < 0.05, **p < 0.01, **p < 0.001.
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PSPH Thermo Fisher Scientific Cat# PA596863; RRID: AB_2808665
NRF2 Genetex Cat# GTX103322 RRID:AB_1950993
p21 SantaCruz Biotecnology Cat# sc-271610; RRID: AB_10647231
MDM2 SantaCruz Biotecnology Cat# sc-965; RRID: AB_627920

p53 SantaCruz Biotecnology Cat# sc-126; RRID: AB_628082
phospho-H2AX Abcam Cat# 81299; RRID: AB_1640564

H3 Cell Signaling Cat# 9715; RRID:AB_331563

SHMT1 Thermo Fisher Scientific Cat# PA5-54758; RRID: AB_2647280
SHMT2 SantaCruz Biotecnology Cat# sc-390641; RRID:AB_2920890
SFXN1 Thermo Fisher Scientific Cat# PA588887; RRID: AB_2805197
GLDC Thermo Fisher Scientific Cat# PA597294; RRID: AB_2809096
Tubulin SantaCruz Biotecnology Cat# sc-5286; RRID: AB_628411
GAPDH SantaCruz Biotecnology Cat# sc-48166; RRID: AB_783595
B-Actin SantaCruz Biotecnology Cat# sc-47778; RRID: AB_626632
Anti-rabbit Santa Cruz Biotechology Cat# sc-2357; RRID: AB_628497
anti-mouse Santa Cruz Biotechology Cat# sc-2005; RRID: AB_631736

Chemicals, peptides, and recombinant proteins

Methanol

Acetonitrile

Ethanol

Dimethyl sulfoxide (DMSO)

Phosphate Buffer Saline w/o
Ca w/o Mg (PBS)

Dulbecco’s modified
Eagle’s medium (DMEM)

Trypsin EDTA

Fetal bovine serum (FBS)
Penicillin/Streptomicin 100X
L-Glutamine Solution 200 mM

MEM medium

MEM vitamins

D-glucose

5-Fluorouracil (5-FU)

MycoAlert Mycoplasma Detection Kit
NCT-503 (for in vitro experiements)
NCT-503 (for in vivo experiments)
Kollisolv PEG E300
hydroxypropyl-B-cyclodextrin
Protease Inhibitor Cocktail
Phosphatase Inhibitor Cocktail
Pierce BCA Protein Assay Kit
Precast polyacrylamide gel 4-20% MP TGX

Sigma

Sigma

Merck Sigma
Merck Sigma
EuroClone

Merck Sigma

EuroClone
EuroClone
EuroClone
Merck Sigma
Gibco

Merck Sigma
Merck Sigma
Merck Sigma
Lonza

Merck Sigma
DivBio Science
Merck Sigma
Merck Sigma
Merck Sigma
Merck Sigma
Merck Sigma
Merck Sigma

Cat# 900688-1
Cat# 34851
Cat# 02870
Cat# 472301
Cat# ECB4004L

Cat# D5671

Cat# ECM0920D
Cat# ECS0180L
Cat# ECB3001D
Cat# G7513
Cat# 21090

Cat# M6895
Cat# G8644
Cat# F6627
Cat# LOLT07218
Cat# SML1659
Cat# S8619
Cat# 91462

Cat# H107

Cat# P8340
Cati# P5726
Cat# BCA1

Cat# 4568096
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Trans-Blot Turbo Midi PVDF membranes BioRad Cat# 1704157

Non-fat dry milk

All Blue Prestained Protein Standards
Clarity Western ECL Substrate
Lipofectamine RNAIMAX
Opti-MEM

Crystal Violet

Hypoxanthine

Lometroxol hydrate
Thymidine

Pemetrexed

DL-Serine

Glycine

[1-2'C]-Serine
[1-'*C]-Glucose
[6-'*C]-Glucose
[U-"3C]-D-Glucose
[U-"3C]-Serine

SantaCruz Biotechnology
BioRad

BioRad

Thermo Fisher Scientific
GIBCO

Merck Sigma

Merck Sigma

Merck Sigma

Merck Sigma

Merck Sigma

Merck Sigma

Merck Sigma

Perkin Elmer

Perkin Elmer

Perkin Elmer

Cambrige Isotope laboratories
Cambrige Isotope laboratories

Cat# sc-2325

Cat# 1610373

Cat# 1705061

Cat# 13778-150
Cat# 31985062
Cati#f 548629

Cat# H9377

Cat# SML-0040
Cat# T1895

Cat# SML1490

Cat# S5386

Cat# G8790

Cat# NEC853050UC
Cat# NEC043X

Cat# NEC045X050UC
Cat# CLM-1396-1
Cat# CLM-1572-PK

DL-Norvaline Merck Sigma Cat# 53721
Methoxyamine Merck Sigma Cat# 226904
Pyridine Merck Sigma Cat# 270970
N-(tert-butyldimethylsilyl)-N- Merck Sigma Cat# 375934
methyl-trifluoroacetamide

Digitonin Merck Sigma Cat# D141
TMRE probe Thermo Fisher Scientific Cat# T669
Hoechst Thermo Fisher Scientific Cat# 62249
Critical commercial assays

RNeasy Plus Mini Kit Qiagen Cat# 74134
QuantiTect cDNA Reverse Transcription Kit Qiagen Cat# 205311
QuantiFast SYBR Green PCR kit Qiagen Cat# 204054

Seahorse XF Cell Mito Stress Kit
ATP Detection kit-luminescence Assay

Agilent Technologies

BioVision

Cat# 103015-100
Cat# CAY-700410-1

Deposited data

Original western blot images

The Cancer Genome Atlas (TGCA)

This paper; Mendeley Data

Open source

https://data.mendeley.com/
datasets/hzbdfyz367/1

http://firebrowse.org

Experimental models: Cell lines

HCT-116
HT29
HCT8
CACO-2
DLD-1
LoVo

RKO
LS174T
COLO-205
SW-1116
CT26
HCT-116R
HT29R

e2 Cell Reports 40, 111233, August 16, 2022

ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
This paper
Denise et al., 2015

Cat# CCL-247
Cat# HTB-38
Cat# CCL-244
Cat# HTB-37
Cat# CCL-221
Cat# CCL-229
Cat# CRL-2577
Cat# CL-188
Cat# CCL-222
Cat# CCL-233
Cat# CRL-2638
N/A

N/A
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p53~/~ HCT-116 Provided by Prof. G. Russo N/A

ASHMT1 HCT-116 Provided by. J. D. Rabinowitz N/A
Experimental models: Organisms/strains

28-34 days-old male BALB/C mice Charles River Cat# 028BALB/C
4 weeks-old Foxn1nu/ Envigo Cat# 408761

nuAthymic nude mice

Oligonucleotides

siPHGDH
siSHMT2

siSHMT2

Negative control-1

Negative control-2
TYMS-FW: 5-CGGTGT
GCCTTTCAACATC-3'
TYMS-RV: 5-TGTGCATC
TCCCAAAGTGTG-3
PHGHD-FW: 5'-ATCTCTC
ACGGGGGTTGTG-3'
PHGHD-RV: 5-AGGCTCG
CATCAGTGTCC-3
PSAT1-FW: 5-ACTTCCTGT
CCAAGCCAGTGGA-3
PSAT1-RV: 5-CTGCACCTT
GTATTCCAGGACC-3'
PSPH-FW: 5'-GAGCGGAC
TCCCTTTTAAGC-3
PSPH-RV: 5-CAGGGAG
GTGAGCTGTGC-3
SHMT1-FW: 5'-TCCCGAGG
ACTTTTGGAAGA-3
SHMT1-RV: 5'-TGCCACAG
CACTCTGCATCT-3'
SHMT2-FW: 5'-GCTCAACC
TGGCACTGACTG-3'
SHMT2-RV: 5'-CACTGATG
TGGGCCATGTCT-3'
SFXN1-FW: 5'-TCCTTCAAT
GCCGTCGTCAA-3’
SFXN1-RV: 5'-AGTGGTGAGA
CATGCTTGGT-3
SLC1A4-FW: 5'-TGTGGTTGCA
GCTTTCCGTACG-3'
SLC1A4-RV: 5'-CCAGAGCAA
ACAGGACCAATCC-3
SLC6A14-FW: 5-ATCGTCTG
GCAAGGTGGTAT-3
SLC6A14-RV: 5'-TGAGTGGCA
GCATCTTTCCAT-3
GLDC-FW: 5-GCCACCGC
CACCGCCACCGC-3'

Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# AM16708, ID:108071, Lot# ASO29NLH

Cat# AM16708, ID: 111555,
Lot#AS02CWN2

Cat# AM16708, ID: 111555,
Lot# AS02D727

Cat# AM4611
Cat# AM4613
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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GLDC-RV: 5-GAGCGAG Thermo Fisher Scientific N/A
CTCGCTTTCAAGC-3'

B2M-FW: 5'-AGTATGCC Thermo Fisher Scientific N/A
TGCCGTGTGAAC-3'

B2M-RV: 5'-GCGGCATCT Thermo Fisher Scientific N/A

TCAAACCTCCA-3

Software and algorithms

Prism v.8.0
ImagedJ

CFX Maestro Software
Real-Time PCR System

Thermo XCalibur Quan Browser software

MZ-mine

Seahorse Wave software
imaris 6.1.5 software
Vevo Lab software

GraphPad
Schneider et al.2012
BioRad

Thermo Fisher Scientific

Okinawa Institute of Science
and Technology (Japan);
VTT (Finland); Syngenta
Agilent Technologies
Bitplane

Fuijifilm Visualsonics

https://www.graphpad.com/
https://imagej.nih.gov/ij/
https://www.bio-rad.com/category/
qgpcr-analysis-software

RRID: SCR_014593
http://MZmine.sourceforge.net/

RRID:SCR_014526
RRID:SCR_007370

https://www.visualsonics.
com/resource/vevo-lab-software

BioRender BioRender RRID:SCR_018361

TCGADbiolinks Bioconductor https://bioconductor.org/packages/
release/bioc/html/TCGADbiolinks.html

Metascape Metascape www.metascape.org

Morpheus Broadinstitute https://software.broadinstitute.

org/morpheus/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Paolo
Paoli (paolo.paoli@unifi.it).

Materials availability
5-FU resistant cell lines generated in this study was generated as described in (Denise et al., 2015) and collected at the Department of
Experimental and Clinical Biomedical Sciences “Mario Serio” (University of Florence).

All unique/stable reagents generated in this study are available from the Lead Contact without restriction. Any additional informa-
tion required to reanalyze the data reported in this paper is available from the lead contact upon request.

Data and code availability

® The mass spectrometry files supporting the current study have not been deposited in a public repository due to the lack of a
commonly accepted and feasible metabolomics file repository but are available upon reasonable request from the lead con-
tact.

o Original western blot images are available at https://data.mendeley.com/datasets/hzbdfyz367/1.

o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines

Male colorectal carcinoma cells HCT-116, HCT8, CACO-2, DLD-1, LoVo, COLO-205, SW-1116 (male), female colorectal carcinoma
cells HT29, LS174T, RKO colorectal carcinoma cells, and mouse colorectal carcinoma cells CT26 were obtained from ATCC and
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were cultured in high glucose (4.5 g/L) Dulbecco’s modified Eagle’s medium (DMEM) (Merck Sigma #D5671) supplemented with 10%
fetal bovine serum (EuroClone #ECS0180L), 1% penicillin and streptomycin (EuroClone #ECB3001D), and 2mM L-glutamine (Merck
Sigma #G7513). Cells were routinely grown in DMEM in a humidified atmosphere with 5% CO2 at 37°C. All cell lines were confirmed
to be mycoplasma-free by Mycoalert detection kit (Lonza).

HCT-116 and HT29 cells resistant to 5-FU (respectively referred to as “HCT-116R” and “HT29R”) were selected by treating HCT-
116 and HT29 cells with increasing concentrations of 5-FU (Merck Sigma #F6627) for six months. Specifically, HCT-116 and HT29
cells were grown in standard conditions and maintained under selection with increasing concentrations of 5-FU (from 1 to 20 uM,
rising by 0.5 uM every week), as previously reported (Denise et al., 2015). During the selection process, cells were routinely confirmed
to be mycoplasma-free by Mycoalert detection kit (Lonza). Cells were finally stabilized in the presence of 20 uM FU. The resistance to
5-FU was assessed by MTT dye assay and by measuring apoptosis in the presence of increasing concentrations of 5-FU. To ensure
maintenance of resistance to 5-FU, selected clones were treated with 20 uM of 5-FU for 48h every 15 days and let recover for one
week before performing each experiment. HCT-116ASHMT1 were kindly provided by prof. J. D. Rabinowitz. p53—/— HCT-116 cells
were a kind gift from Prof. G. Russo (University of Naples, Federico II).

Mouse models

All animal experiments were approved by the local authorities in accordance with all relevant ethical regulations. Housing and exper-
imental animal procedures were approved by the Italian ethical committee of Animal Welfare Office of Italian Work Ministry (autho-
rization number: 311/2022-PR). Mice were randomized before cancer cells injection and all samples were analyzed blinded. Sample
size was determined using G power software in compliance with the 3R system: Replacement, Reduction, Refinement.

Housing and animal experiments were performed in accordance with national guidelines, approved by Italian ethical committee of
Animal Welfare Office of Italian Work Ministry, and conformed to the legal mandates and Italian guidelines for the care and mainte-
nance of laboratory animals.

For syngeneic experimental model, CT26 cells were implanted by bilateral subcutaneous injections (1 x 10° cells per flank in
100 uL PBS) into 36 three-weeks old Balb/c male mice (Charles River, UK). BALB/c mice were housed in filter top cages in a
room maintained under a 12:12-h light:dark cycle, a temperature range of 20-24°C, and a humidity range of 30-70%.

For experiments with immunodeficient mice, HT29R cells were inoculated by bilateral subcutaneous injections (1 x 10° cells per
flank in 100 puL PBS) into 24 three-weeks old Foxn1nu/nuAthymic nude male mice (Envigo RMS, USA). Nude mice were housed in
autoclaved filter top cages in a positive pressure room under a 12:12-h light:dark cycle, a temperature range of 20-24°C, and a hu-
midity range of 30-70%. Mice were provided with irradiated rodent chow and autoclaved tap water.

Mice were maintained on standard diet (Mucedola, Italy) and water ad libitum, and monitored daily until measurable tumors had
formed. Tumor-bearing mice were then placed on experimental conditions and tumors were measured three times per week with

. . idth2
calipers. Average tumor volume was calculated using the formula: volume = 69t X width™

For the serine/glycine deprivation experiment, tumor-bearing mice were fed with a control or serine/glycine-free diet (50g/mouse/
week) when measurable tumors had formed. Two days after diet change, mice were treated with vehicle (PBS, 5% ethanol) or 5-FU
(40 mg/kg in PBS, 5% ethanol) with a cyclic regimen composed of three daily injections followed by two recovery days. 5-FU doses
were adjusted to mouse weight with an injection volume of a maximum of 100 puL. The experimental diets applied were provided from
(Mucedola, Italy) and were formulated as previously described as “Diet 1-Control” and “Diet 1-SG-free” in (Maddocks et al., 2017).
Briefly, the control diet contains all the essential amino acids, including serine, glycine, glutamine, arginine, cystine and tyrosine. The
serine/glycine-free diet has the same formulation of the control diet but lacks serine and glycine, compensated by a proportional
addition of the other amino acids to reach an equal amount of amino acid content.

For NCT-503 experiment, tumor-bearing mice were treated with vehicle or NCT-503 (DivBio Science #S8619) (40 mg/kg) with IP
injection daily starting from the day of measurable tumors formation. 5-FU-treated mice were injected with vehicle (PBS, 5% ethanol)
or 5-FU (40 mg/kg in PBS, 5% ethanol) with a cyclic regimen composed of three daily injections followed by two recovery days. NCT-
503 was prepared in a vehicle of 5% ethanol, 35% Kollisolv PEG E300 (Merck Sigma #91462), and 60% of an aqueous 30% hydrox-
ypropyl-B-cyclodextrin (Merck Sigma #H107) solution. NCT-503 and 5-FU doses were adjusted to mouse weight with an injection
volume of a maximum of 100 pL.

Humane endpoints were determined according to the parameters indicated in the project authorized by the Italian ethical commit-
tee of Animal Welfare Office of Italian Work Ministry (authorization number: 311/2022-PR).

METHOD DETAILS

Protein extraction and Western blot analysis

Cells were lysed in RIPA lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 100 mM NaF, 2 mM EGTA, 1% Triton X-100) sup-
plemented with protease (Merck Sigma #P8340) and phosphatase (Merck Sigma #P5726) inhibitors. Protein lysates were centri-
fuged at 14,000 rpm and 4°C for 10 min. Frozen tissue samples were fragmented to facilitate the lysis and resuspended in RIPA
lysis buffer.
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Cytoplasmic and nuclear lysates were separated by resuspending cells in a hypotonic cold solution (10 mM HEPES pH 8, 10 mM
KCl, 1.5 mM MgCl, 1mM DTT, 0.1 mM EDTA, 0.2% NP40). The whole cell lysate was then centrifuged at 16000g for 10 min at 4°C
ensuring the separations of the two fractions.

Extracted proteins were quantified using a bicinchoninic acid (BCA) assay (Merck Sigma #BCA1). Subsequently, 20-25 nug of
total proteins were loaded on SDS-PAGE gels and transferred to PVDF membranes (BioRad #1704157). Membranes were incu-
bated for 1h at room temperature in blocking buffer (5% non-fat dry milk (SantaCruz Biotechnology #sc-2325) in PBS-Tween
0.1%), and then incubated at 4°C over-night with primary antibodies (against either PHGDH (Thermo Fisher Scientific #PA5-
54360), NRF2 (Genetex #GTX103322), phospho-H2AX (Abcam #81299), H3 (Cell Signaling #9715), p53 (SantaCruz Biotecnology
#sc-126), p21 (SantaCruz Biotecnology #sc-271610), MDM2 (SantaCruz Biotecnology #sc-965), tubulin (SantaCruz Bio-
tecnology #sc-5286), GAPDH (SantaCruz Biotecnology #sc-48166), B-Actin (Santa Cruz Biotechology #sc-47778). All primary
antibodies were diluted 1:1000 in PBS-Tween 0.1% containing 5% BSA (Merck Sigma #A7906)). The following day, after
washing in PBS-Tween 0.1%, membranes were incubated for 1h at room temperature with horseradish peroxidase-conjugated
anti-mouse (Santa Cruz Biotechology #sc-2005) or anti-rabbit (Santa Cruz Biotechology #sc-2357) (diluted 1:2500 in PBS-
Tween 0.1% containing 1% BSA) antibodies. Bound antibodies were detected using Clarity Western ECL Substrate (BioRad
#1705061) and images were acquired using Amersham Imager 600 luminometer (Amersham, Buckinghamshire, UK). Quantifi-
cation of bands was carried out by using the Amersham quantification software. B-Actin was used as loading control of total
protein lysates. B-Tubulin and H3 were used to assess correct cellular compartment separation and as loading control respec-
tively for cytoplasmic and nuclear compartments. All Western blot images are representative of at least three independent
experiments.

Real-Time PCR

Total RNA was purified from cells using the RNeasy Plus Mini Kit (Qiagen #74134) according to manufacturer’s instructions. Total
RNA was quantified at NanoDrop Microvolume Spectrophotometer and Fluorometer (Thermo Fisher Scientific). Strands of cDNA
were synthesized from 1 ng of total extracted RNA using the QuantiTect cDNA Reverse Transcription Kit (Qiagen #205311) and
the MJ Mini Personal Thermal Cycler (Bio-Rad), according to manufacturer’s instructions. Quantification of mRNA expression levels
of specific targets was evaluated by Real Time PCR (RT-PCR) using QuantiFast SYBR Green PCR kit (Qiagen #204054). All the am-
plifications were run on CFX96TM Touch Real-Time PCR Detection System (Bio-Rad) according to the manufacturer’s instructions.
Data were reported as relative quantity with respect to the reference sample using the 272" method. p2 microglobulin (32M) was
used to normalize the data. The specific primers for mRNA analysis were provided from Thermo Fisher Scientific. The nucleotide se-
quences of the specific primers used are:

TYMS ((forward) 5CGGTGTGCCTTTCAACATC-3', (reverse) 5TGTGCATCTCCCAAAGTGTG-3'); PHGHD ((forward) 5’ATCTC
TCACGGGGGTTGTG-3/, (reverse) 5’AGGCTCGCATCAGTGTCC-3'); PSAT1 ((forward) 5’ACTTCCTGTCCAAGCCAGTGGA-3’,
(reverse) 5'-CTGCACCTTGTATTCCAGGACC-3'); PSPH ((forward) 5-GAGCGGACTCCCTTTTAAGC-3/, (reverse) 5-CAGGGAGGT
GAGCTGTGC-3'); SHMT1 ((forward) 5TCCCGAGGACTTTTGGAAGA-3', (reverse) 5-TGCCACAGCACTCTGCATCT-3'); SHMT2
((forward) 5'-GCTCAACCTGGCACTGACTG-3', (reverse) 5'CACTGATGTGGGCCATGTCT-3'); SFXN1 ((forward) 5TCCTTCA
ATGCCGTCGTCAA-3, (reverse) 5AGTGGTGAGACATGCTTGGT-3'); SLC1A4 ((forward) 5TGTGGTTGCAGCTTTCCGTACG-3/,
(reverse) 5CCAGAGCAAACAGGACCAATCC-3'); SLC6A14 ((forward) 5’ATCGTCTGGCAAGGTGGTAT-3/, (reverse) 5 TGAGTGG
CAGCATCTTTCCAT-3'); GLDC ((forward) 5'-GCCACCGCCACCGCCACCGC-3/, (reverse) 5GAGCGAGCTCGCTTTCAAGC-3/).
B2M ((forward) 5 AGTATGCCTGCCGTGTGAAC-3/, (reverse) 5'-GCGGCATCTTCAAACCTCCA-3').

RNA.Ii transfection

Cells were transfected with 20 nmol/L PHGDH (Thermo Fisher Scientific, Cat# AM16708, 1D:108,071, Lot#AS029NLH) or SHMT2

(Thermo Fisher Scientific, Cat#AM16708, ID: 111,555, Lot#AS02CWN2; Thermo Fisher Scientific, Cat#AM16708, ID: 111,555,

Lot#AS02D727) siRNA silencers and respective Silencer Select Negative Control (Thermo Fisher Scientific Cat #AM4611.
Cat#AM4613) using Lipofectamine RNAIMAX Reagent (Thermo Fisher Scientific #13778-150) and Opti-MEM (GIBCO #31985062)

according to manufacturer’s instructions. The silencing efficacy was assessed following 24h, 48h and 72h after the transfection by

both real-time and Western blot analysis. Following experiments were performed 48h after transfection.

Viability assay

3x 10* cells were seeded in 24-well plates and treated 24 h later with either standard conditions (see cell culture) or experimental
conditions as previously described. 48h after the treatment, cells were washed with PBS (Merck Sigma #D8537) and stained with
crystal violet (triphenylmethane dye 4-[(4-dimethylaminophenyl)-phenyl-methyl]-N,N-dymethyl-alanine; Merck Sigma #548629) in
20% methanol solution for 30 min at room temperature. Plates were let dry overnight and the crystal violet within the adherent cells
was solubilized with 200 pL/well of 2% SDS. The absorbance at 595 nm was measured using a spectrophotometer (Microplate
Reader 550, BioRad). Hypoxanthine (#H9377), Lometroxol hydrate (#SML-0040), NCT-503 (#SML-1659), Pemetrexed
(#SML1490), and Thymidine (#T1895) used in viability assays were provided by Merck Sigma.
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Proliferation assay

1.5-2x10° cells/well were seeded in standard medium in six-well plates and allowed to adhere for 24h. Triplicate wells were seeded
for each experimental condition, including “time zero” to calculate relative cell numbers. Standard medium was substituted by exper-
imental media at the “time zero” of each experiment. At each time point, cells were trypsinized (Trypsin EDTA, EuroClone
#ECMO0920D), resuspended in standard DMEM, and counted.

Experimental media were formulated starting from MEM medium (Gibco #21090) supplemented with 10% dialyzed FBS, 1% MEM
vitamins (Merck Sigma #M6895), 2 mM L-glutamine (Merck Sigma), D-glucose (Merck Sigma #G8644) to reach a final concentration
17 mM, 1% penicillin and streptomycin (EuroClone #£CB3001D), and 2mM L-glutamine (Merck Sigma #G7513). To generate “+ser +
gly” media, 0.4mM serine (Merck Sigma #S5386) and 0.4 mM glycine (Merck Sigma #G8790) were added;“-ser -gly” media lack
these two amino acids.

Colony forming assay

After 24 h of treatment with 5-FU at the indicated concentrations, 1 x 102 cells were seeded into six-well plates and cultured for 9-
11 days. Cells were then fixed and stained with an aqueous solution containing 1% crystal violet and 10% methanol. Colonies were
photographed and counted using the ImagedJ imaging system. The number of colonies formed after incubation was calculated as a
surviving fraction (SF): SF = f.of colonies formed after incubation \here PE indicates the Plating Efficiency, calculated in untreated cells as the
ratio of the colonies number and the number of seeded cells (Franken et al., 2006).

Radioactive assays

Serine up-take assay

2x 10° cells/well cells were plated in six-well plates in triplicate wells in their regular medium and let to adhere for 24h; duplicate
plates were seeded for normalization by cell counting. Exogenous serine uptake was evaluated by incubating cells in a serum starved
medium with serine substituted for [1-214C]-serine for 15 min. Cells were subsequently washed twice with PBS, and lysed with 0.1
mol/L NaOH. Cell lysates were transferred to a scintillation vial and measured on the scintillation counter (Tri-Carb 2800TR,
PerkinElmer). The radioactive signals were normalized to cell number.

CO, production

2x 10° cells/well cells were plated in six-well plates in triplicate wells in their regular medium and let to adhere for 24h; duplicate
plates were seeded for cell counting. The standard medium was than replaced with a medium where serine was substituted for
[1-2'%C]-serine (for exogenous serine uptake assay) or [1-'“C]-glucose and [6-'“C]-glucose (for PPP activity assay), and cells
were incubated for 15 min at 37°C. Each plate was covered with a section of Whatman paper facing the inside of the dish wetted
with 100 pL of phenyl-ethylamine-methanol (1:1) to trap CO,. 200 pL of 4M H,SO,4 was then added and cells were incubated at
37°C for the following 1 h to allow the release of *CO.. Finally, Whatman paper was removed and put into scintillation vials for count-
ing. The amount of '“CO, trapped in the paper dishes was measured using a liquid scintillator analyzer (Tri-Carb 2800TR,
PerkinElmer). The radioactive signals were normalized to cell number.

Liquid chromatography-mass spectrometry (LC-MS)

HCT-116 and HCT-116R cells (2 x 10° cells/well) were seeded in six-well plates in triplicate wells in their regular medium; duplicate
plates were seeded for cell counting. After 24h growth in the stated conditions metabolites were extracted. For isotopomer distribu-
tion assays, media containing [U-'3C]-glucose (final concentration 17mM) or [U-'3C]-serine (final concentration 0.4 mM) was added
before metabolite extraction at different time points (30min, 1h, 3h for [U-'3C]-glucose experiments, and 3h, 8h, 24h for [U-'3C]-serine
experiments). Labeled media was formulated starting from MEM medium (Gibco #21090) supplemented with 10% dialyzed FBS, 1%
MEM vitamins (Merck Sigma #M6895), 1% penicillin and streptomycin (EuroClone #ECB3001D), 2mM L-glutamine (Merck Sigma
#G75183), 0.4 mM glycine (Merck Sigma #G8790). 0.4 mM serine (Merck Sigma #S55386) was added to '3C-glucose labeled media;
D-glucose (Merck Sigma #G8644) to reach a final concentration 17 mM was added to '*C-serine labeled media.

Metabolites were extracted by lysing cells in a cold (—20°C) solution of methanol/acetonitrile/H,O (50:30:20). Samples were
shaken at 4°C for 10 min, then centrifuged for 15 min at 16,000 x g. The supernatant was then collected and analyzed by LC-
MS. Analytes were separated using hydrophilic interaction liquid chromatography with a SeQuant ZIC-pHILIC column
(2.1 x 150 mm, 5 um) (Merck) and detected with high-resolution, accurate-mass mass spectrometry using an Orbitrap Exactive
in line with an Accela autosampler.

Gas chromatography-mass spectrometry (GC-MS)

2 x 10° cells/well were seeded in six-well plates in triplicate wells in standard medium. Cells were let to adhere for 24h and then me-

tabolites were extracted. For isotopomer distribution assays, fresh media containing [U-'C] serine and formulated as described

before (see Liquid chromatography-mass spectrometry (LC-MS) section) was added 24h before metabolite extraction.
Metabolites from cells were extracted by quenching plates in liquid nitrogen to arrest metabolic processes, and lysing cells in

800 pL of a cold (—20°C) solution of methanol 80% in water (containing 0.75 pg norvaline/sample as internal standard) and

Cell Reports 40, 111233, August 16, 2022 e7




¢ CelPress Cell Reports

500 uL chloroform. Metabolites from culture media were extracted by adding 50 pL of cold solution of methanol 80% in water (con-
taining 0.75 pg norvaline/sample as internal standard) to 50 pL of media previously centrifuged for 10 min at 1.000 rpm. Metabolites
from plasma were extracted by adding 100 pL of cold solution of methanol 80% in water (containing 0.75 pg norvaline/sample as
internal standard) and 100 ul of chloroform to 100 ul of plasma. Plasma was isolated from blood samples quickly collected via cardiac
puncture in heparin-containing tubes by centrifuging for 15 min at 2.500 rpm. Metabolites from tissues were extracted by resuspend-
ing mashed tissue fractions (50-70 mg) in 400 pL of cold solution of methanol 50% in water and 400 pL of chloroform, and sonicating
them three times (10 s each). Tissue for metabolites extraction were rapidly dissected, washed in ice-cold saline, frozen in liquid-ni-
trogen, and samples were stored at —80°C until processing. Samples were vortexed at for 10 at 4°C minutes and then centrifuged at
4°C and 14.000 rpm for 10 min. Centrifuging results in a three phases separation: polar metabolites in the upper water/methanol
phase, protein layer in the middle position, fatty acids in the lower chloroform phase. Polar metabolites were derivatized with
30 pL of a solution 20 ug/ml methoxyamine (Merck Sigma #226904) in pyridine (Merck Sigma #270970) for 90 min at 37°C. Then,
45 ul of N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide, with 1% tert-butyldimethylchlorosilane (Merck Sigma #375934)
were added in each sample and incubated for 60 min at 37°C. GC-MS runs were with helium as carrier gas with a flow rate of
0.6mL/min. The split inlet temperature was set to 250°C and the injection volume of 1uL. The GC oven temperature ramp was
from 70 to 280°C. The first temperature ramp was from 70 to 140°C at 3°C/min. The second temperature ramp was from 140 to
180°C at 1°C/min. Finally, the latest temperature ramp was from 180 to 280°C at 3°C/min. For the Quadrupole, an El source
(70eV) was used. The ion source and transfer line temperatures were set, respectively, to 250 and 290°C. For the determination
of relative metabolite abundances, the integrated signal of all ions for each metabolite fragment was normalized by the signal
from norvaline and sample protein content isolated by resuspending the protein layer in 50 uL NaOH 200 mM, vertexing for
15 min at 96°C, and centrifuging at 4°C 14.000rpm for 15 min. Protein abundance was measured by BCA assay. For labeling exper-
iments, the measured distributions of mass isotopomers were corrected for natural abundance of '3C using IsoCor software (Millard
et al., 2019) and the abundance of each isotopologue is indicated as normalized to the sum of all possible isotopologues (Buescher
et al., 2015).

Cytosolic and mitochondrial fractions isolation

Cytosolic and mitochondrial metabolites content were separated by permeabilizing cytosolic with digitonin as described in (Nonnen-
macher et al., 2017, 2019) 2x 10° cells/well were seeded in a 6-well plate in standard medium and let to adhere for 24h. Fresh media
containing [U-'3C] serine was added 24h before metabolite extraction. Labeled media was formulated starting from MEM medium
(Gibco #21090) supplemented with 10% dialyzed FBS, 1% MEM vitamins (Merck Sigma #M6895), 1% penicillin and streptomycin
(EuroClone #ECB3001D), 2mM L-glutamine (Merck Sigma #G7513), D-glucose (Merck Sigma #G8644) to reach a final concentration
17 mM, and 0.4 mM glycine (Merck Sigma #G8790). Cells were then washed and incubated with 500 pL digitonin solution (40 ung/mL
in mitochondrial assay buffer) for 2 min at 37°C to selectively permeabilize the cytosolic membrane. Supernatants containing the
cytosolic components were collected and stored at —80°C (Rinaldi et al., 2021). The plates holding intact mitochondria were washed
with a 0.9% NaCl solution, quenched in liquid nitrogen, and stored at —80°C. The supernatants containing cytosolic metabolites were
dried in and metabolites were then extracted as described before for GC-MS analysis. Mitochondrial metabolite extraction was per-
formed as previously described for GC-MS analysis.

Seahorse analysis

3x 10 cells/well were seeded in XFe96 cell culture plates (6-8 technical replicates per condition) with 80 pL of standard medium and
let to adhere at 37°C for 4-6h. Standard medium was then replaced with “+ser + gly” or “-ser-gly” (see Proliferation assay section) for
the following 16h. 1h before the analysis, media were replaced with “+ser + gly” or “-ser-gly” with adjusted PH at 7.4. Cells were
incubated for 1h at 37°C in atmospheric CO, conditions to pre-equilibrate cells. OCR and ECAR analysis were performed using Sea-
horse XF Cell Mito Stress Test (Agilent # 103,015-100) according to manufacturer’s instructions. Mitochondrial drugs were utilized as
follows: 0.8 uM of oligomycin, 1 uM of FCCP, 1 uM of rotenone, and 1 uM of antimycin A were injected three times subsequently at the
times indicated. Results were normalized to protein content. Basal respiration is calculated as the average rate measurement before
injection minus the average of non-mitochondrial respiration rate. Maximal respiration is calculated as the average of the maximum
rate measurement after FCCP injection minus the average of non-mitochondrial respiration.

Intracellular ATP quantification
ATP levels were determined using the ATP detection kit-luminescence assay kit (CAY-700410-1-BioVision, milpitas, CA) according
to the manufacturer’s instructions. All data were normalized on cell protein content

Confocal microscopy image acquisition

Cells were stained with 200 nM TMRE probe (T669, Thermo Fisher Scientific) for 20 min at 37°C and examined using a confocal mi-
croscope (TCS SP8; Leica, Wetzlar, Germany). 1ug/ml Hoechst (62,249, Thermo Fisher Scientific) was used to visualize the nuclei. 3D
reconstruction was assessed using Leica LasX 3D software. Mitochondrial abundance was quantified as the mean mitochondrial
surface. The analysis was performed with the imaris 6.1.5 (Bitplane) software using the “highlights surfaces” algorithm. The external
surface of each mitochondrion was calculated and reported as the average mitochondrial surface for each image.
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In vivo ultrasound imaging

Ultrasound (US) imaging was carried out at Laboratory of Genetic Engineering for the production of Animal Models (LIGeMA) at the
Animal Facility of the University of Florence. US imaging were performed to evaluate the tumor development with Vevo LAZR-X (Fu-
jifilm Visualsonics) platform. Axial 3D scans of the tumors were performed in B-Mode by using a 55-MHz transducer. During the pro-
cedure mice were anesthetized by isoflurane (2%) and placed on a heated pad at 37°C in prone position. Respiration rate, ECG, and
body temperature were monitored during the procedure. Tumor volumes were analyzed by using Vevo Lab software (Fuijifilm Visual-
sonics). The volumes were measured delineating the ROI (Region Of Interest) for every axial slide using Vevo LAB software.

TCGA-COADREAD dataset analysis

Data from The Cancer Genome Atlas (TCGA) consortium (Database: TCGA; http://firebrowse.org) were retrieved and the Colorectal
Adenocarcinomas (COADREAD) llluminaHiSeq and/or lluminaga mRNA expression profiles enquired only for patients whose
response to 5-FU treatment was available (n = 338). The follow-up to 5FU treatment was used to cluster patients in Responder
(R) and Non-Responder (NR) subgroups further tested by overall survival analysis (Figure S5A). Differential expressed genes
(DEGs) were then evaluated on the whole dataset or after dividing it into subtypes according to Consensus Molecular Subtypes
(CMS) classification (Guinney et al., 2015). DEGs were selected by using Mann-Whitney U test. The statistical analyses were con-
ducted with TCGA biolinks (Silva et al., 2016) in the R Studio Bioconductor environment. In order to recognize the effects of the
5-FU resistance on metabolic rewiring, we filtered DEGs with the mammalian metabolic enzyme list, a catalog of genes/enzymes
involved in metabolic processes and based on the Mitocarta database (Pagliarini et al., 2008), as described by Corcoran et al.,
2017) (Corcoran et al., 2017). Pathway analysis of DEGs was performed on www.metascape.org as described by Zhou et al.
(Zhou et al., 2019). Briefly, after the upload of the multiple gene identifiers, the list of metabolic DEGs was compared to thousands
of gene sets, including GO processes, KEGG pathways, Reactome gene sets, canonical pathways, CORUM complexes, and
MSigDB, to define their involvement in specific biological processes. Gene sets whose members were significantly overrepresented
were reported as putative biological discoveries, while ontology terms and interactome networks that did not meet the minimal sta-
tistical requirements were removed.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical data analysis was performed with GraphPad Prism version 8.0 (GraphPad Software) on at least three biological replicates
for each experiment. Details on statistical tests and post-tests are presented in the figure legends. Sample size for all experiments
was chosen empirically. Independent experiments were pooled and analyzed together whenever possible as indicated in figure leg-
ends. Data are presented as mean + SEM., as indicated in the figure legends. Mathematical outliers were detected using Grubb’s test
(alpha = 0.1) and values identified were removed.
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