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Dear Editor,

Rectal cancer (RC) incidence is rising, particularly in
individuals < 50 years, who present with aggressive,
treatment-refractory tumours.! Resistance to neoadjuvant
treatment (neo-tx) is a significant problem, with no
biomarkers of response currently in use. Tumours of
similar clinical characteristics can have vastly different
responses to neo-tx, suggesting the dichotomy in response

#These authors contributed equally to this work.

is due to differences in the tumour molecular environ-
ment. Alterations in mitochondrial function and energy
metabolism play a role in the pathogenesis of gastrointesti-
nal cancers,” implicating the metabolome as a potential
untapped source of predictive biomarkers. To address
this unmet need, we performed multi-omic analysis of
metabolomic and transcriptomic profiles from normal,
non-cancer rectal tissue and pre-treatment RC biopsies
(Supporting Information) to identify alterations associated
with the pathogenesis of RC.
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Liquid chromatography-mass spectrometry revealed 29
metabolites significantly altered in RC tissue (n = 32) com-
pared to non-cancer rectal tissue (n = 20) (Figure 1A). Path-
way analysis uncovered 65 upregulated and four down-
regulated pathways significantly associated with altered
metabolites (Figure 1B). Most altered metabolites were
lipid molecules or mediators of lipid metabolism, sug-
gesting that remodelling of lipid metabolism is a feature
of RC. Diacyl phosphatidylcholines (PCs) are impor-
tant mediators of lipid metabolism, supporting other
studies highlighting a role for choline metabolism and
lipid remodelling in tumourigenesis.* SM C18:0 and
SM (OH) C22:1 are sphingolipids, important structural
lipid components of biological membranes, which sup-
port the physiological function of the colon and are
deregulated in RC.” Interestingly, cancer cells hydrolyse
sphingomyelin to maintain production of PCs,* suggest-
ing a mechanism for the concomitant increase in PCs
and decrease in sphingomyelins demonstrated in RC
here.

Real-time metabolic analysis demonstrated that
(Figure 1C)OCR rates and OCR/ECAR ratios were sig-
nificantly decreased in RC compared to non-cancer
rectal tissue, highlighting metabolic remodelling in RC.
Inhibition of mitochondrial metabolism results in accel-
erated turnover of PCs in neuronal cells,’ suggesting a
mechanism underlying the altered choline metabolism
demonstrated in RC.

Transcriptomics revealed 2337 genes differentially
expressed between RC (n = 31) and non-cancer rectal
tissue (n = 28) (Figure 1D). Pathway analysis revealed
41 upregulated and seven downregulated pathways
significantly associated with altered genes (Figure 1E).
Interestingly, several of the most altered genes play roles
in mitochondrial respiration. ND2, ND3 and ND5 encode
subunits of the NADH dehydrogenase enzyme, a crucial
component in the electron transport chain, supporting the
altered OCR demonstrated in RC tissue.

In pre-treatment RC Dbiopsies, altered metabo-
lites had significant correlations with OCR, ECAR,
OCR/ECAR ratios, and several clinical variables, includ-
ing the modified Ryan Tumour Response Score (TRS)
(TRSO = complete response; TRS1 = near complete
response; TRS2 = partial response) (Figure 2A). Two
metabolites correlated significantly with TRS: Serotonin
and lysoPC a C16:1 (Figure 2B). Unsupervised hierarchical
clustering showed decent grouping in TRS2, with little
distinction between TRSO and TRSI, suggesting similar
expression profiles between the two (Figure 2C). Only
lysoPC a C16:1 had significant correlations with clinical
variables (Figure 2D).

SLC6A4 expression in CRC tissue, which transcribes
serotonin, had no significant effect on relapse-free survival

(Figure 2E), while low SLC6A4 resulted in significantly
worse post-progression survival (Figure 2F). Serotonin is
demonstrated to enhance radiosensitivity in colon cancer,’
suggesting that the decreased serotonin in TRS2 patients is
a mechanism underlying neo-tx resistance.

Altered genes had significant correlations with several
clinical variables (Figure 3A). RPL30 and CXCL14 were sig-
nificantly upregulated, and SNORAS81, SNORD50A, LCN2
and SNORA64 were significantly downregulated in TRS2
compared to TRSO (Figure 3B). Increased expression of
RPL30 is associated with amplification of the oncogene
MYC, which promotes cytotoxic therapy resistance.® Dele-
tion of SNORD50A is associated with poorer survival
outcomes in several cancers.’ Interestingly, SNORD50A
binds and inhibits the oncogene KRAS, with deple-
tion of SNORD50A causing activation of the MAPK
cascade,” which is involved in tumour resistance to
therapy,'” suggesting a potential role in neo-tx resistance in
RC.

Separation of TRS based on gene expression is
improved, with a clear distinction between TRSO and
TRS2 (Figure 3C). Several genes had significant corre-
lations with clinical variables (Figure 3D). Low CXCLI4
expression was associated with significantly worse overall
(Figure 3E) and post-progression survival (Figure 3F).
High RPL30 was associated with significantly longer
overall survival (Figure 3G); however, it resulted in
significantly worse relapse-free survival (Figure 3H)
and post-progression survival (Figure 3I), aligning with
the high RPL30 in TRS2 patients. Similarly, low LCN2
expression was associated with worse overall survival
(Figure 37).

Altered genes and metabolites were integrated into
an 8-feature multi-omic biomarker panel. Only TRSO
(n = 3), TRSI (n = 6) and TRS2 (n = 5) groups could
be included in the final analysis as matched transcrip-
tomic data were not available for the TRS3 patient. TRSO
and TRS2 cluster separately using these eight features,
with TRS1 interspersed between them (Figure 4A). Prin-
cipal component analysis showed similar patterns, with
Serotonin, SNORA64, SNORD50A, SNORAS1, RPL30 and
CXCLI14 contributing most to group separation (Figure 4B).
Examining expression of each feature individually, TRSO
and TRS2 have higher expression levels of separate fea-
tures, while TRS1 sits within the range of TRSO and
TRS2 (Figure 4C). Leave-one-out cross-validation demon-
strated poor distinction of TRSO from TRS1/TRS2 (area
under the curve [AUC] = 0.273, Sensitivity = 0%, Speci-
ficity = 54.5%), likely due to an imbalance for samples
between the groups (TRSO = 3, TRSI/TRS2 = 11) and
thus not accurately representing the panel’s performance
between these groups (Figure 4D). Classification accuracy
for TRSO versus TRS2 was far superior (AUC = 0.933,
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The metabolome and transcriptome of rectal tumours are distinct from those of normal non-cancer rectal tissue.

(A) Differential expression analysis comparing the metabolome of non-cancer rectum (n = 20) and rectal cancer tissue (n = 32) (p < 0.05, false

discovery rate [FDR] = 0.05); 18 decreased and 11 increased metabolites in rectal cancer (RC) compared to normal non-cancer tissue. (B)

Reactome pathway analysis of significantly altered metabolites. (C) Basal metabolic phenotyping of pre-treatment rectal cancer biopsies

(n =11) and non-cancer rectal tissue biopsies (n = 12) as assessed via Seahorse Biosciences XFe24 analyser. OCR = Oxygen Consumption
Rate, a measure of oxidative phosphorylation; ECAR = Extracellular Acidification Rate, a measure of glycolysis. Data are presented as
mean + SEM. Statistical analysis was performed by the Wilcoxon test or Mann-Whitney U test as appropriate (*p < 0.05, **p < 0.01, and

***p < 0.001). (D) Differential expression analysis comparing the transcriptome of non-cancer rectum (n = 28) and rectal cancer tissue

(n=31) (p < 0.05, FDR = 0.05); 919 upregulated and 1418 downregulated in RC compared to normal non-cancer tissue. (E) Reactome pathway

analysis of significantly altered genes.

85U8017 SUOWILLOD BAE81D 3|cfed!|dde ayy Aq pausenob 8. seoile O ‘88N JO Sa|nu o} Akeld 18Ul U0 8|1 UO (SUORIPUOD-pUe-SLUB)LI0O" A3 1M A eiq U1 UO//:SANY) SUORIPUOD PUe SWis | 8U188S *[9202/60/20] Uo Ariqiauljuo 48| ‘yioouke N puepl JO AISBAIUN U AQ 9250/ 2WI0/Z00T OT/I0p/L0D A8 1M Ake.d 1 jpuluoy//sdny woiy pepeojumod ‘T ‘9202 ‘92ETT00Z



40f7 CLINICAL AND TRANSLATIONAL MEDICINE KANE ET AL.
2o
A i $
zocx e 1=3 R
( ) Lttt H 2 ggzggfmmnvmmmwmmmgg
x ~zs9982¢8 c = 22c 8883 ISEIIEIIILLE20 000w
a sz 2833 > =2F 5} éSEmgUuuuoouuouuooouuzfgggﬁg
s 22222888082 ﬁng§§§%32‘é$$$3332‘é%S%%%%é‘éggooouo
8280008822350 2 BITaBr2R0RRRRRRERERRRRR3335555
sex| [@[c @@ 0 oo e eoeoeceeeeoeoeeeceoneee 1
AgeatDx @ ' 1) ® ® 0 e 08
BMI @ ®
Clinical T | & & & 06
ClinicalN ® @ & o
Clinical M X ® ee * ® 04
Pathological T ® e e 02
Pathological N o
Neoadjuvant Chemo X X X * & x 0
Neoadjuvant Radio X X X *
Surgery X X X 02
TRS o0 ® 04
Diabetic o0 h
Metformin use o0 06
ecAR Q@@ [ IO Y I
ocR @@ @ 000090 08
OCRECARRatio @ @ oo o@e oo ;
Metabolomics Colour density
(B) © .
2.0 S=
e T
. -3 -1 123
@ 1.5 o value
S
2 e TRSO —
g o = TRS1 'l I I I == I .
o 1.0 . - TRS2
E 4
g
< 0.5+ .
0.0 T T T 1
-1.0 -0.5 0.0 0.5 1.0
R-value
Negative Correlation Positive Correlation
Metabolite R-value P-value Metabolite R-value P-value
Serotonin -0.53297 0.03352lysoPC a C16:1 0.572694 0.02042
2 o lysoPCaC16.1
2 3 -
(D) - z O P - \etabolites
® ® £ € 35
8 85 & 8]
8 2289335, o £0 £
= W B W2 2T T 2 E O &
© e 2 e 29 2 & % 2 5a 2
83 sSEEES £ 3858888 S g g T e 88 2222 323888
G Booo0&dz22drFrBz220 e N © & = o N cor -
1
Sex = ) ®
AgeatDx & 08
BMI D ) | ¢ 06 (E) Relapse-free Survival (F) Post-progression Survival
Clinical T @® 100 100
& ® HR = 0.826 (0.651 - 1.049) = HR = 0.586 (0.4218 - 0.8152)
ClinicalN @ ) ® 04 % 80 Togrank p = 0.1156 s I logrank p = 00015
Clinical M . @ 02 y=, t%
Pathological T = @ ® . 5 80 w 60
Pathological N =) @ x| @ * E 40 E 40
Qo a2
1 -0.2 S [
Neoadjuvant Chemo ® o S 209 _ insicens 8 209 _ gnsiosme
Neoadjuvant Radio X 04 a — LowSLOGA4 o — LowSLCGA4
Surgel X X x b T T T T T T T T T T 1
e L4 - 06 o 50 100 150 200 0 20 40 60 80 100 120
TRS . ®® x x ee : ) Time (months) Time (months)
Diabetic ® 08 Number at Risk Number at Risk
) - High 600 269 55 6 1 High 128 67 42 19 6 1 0
Metformin use . B Low 567 238 46 5 0 Low 143 61 23 13 5 3 1

FIGURE 2 Expression of two metabolites in rectal cancer tissue significantly correlates with Tumour Response Score
(TRS). (A) Correlations between patient clinical data, differentially expressed metabolites, and metabolic outcomes of the Seahorse
Biosciences XFe24 analyser are given as a corrplot. Colour intensity relates to R value, circle size relates to the p-value (*p < 0.05, **p < 0.01,
and ***p < 0.001). ‘x’ indicates that there was not sufficient data to correlate these variables. (B) Correlation analysis of the metabolome of

rectal cancer tissue and TRS (p < 0.05). (C) Unsupervised hierarchical clustering of patients into TRS groups based on their expression of the

two highly correlated metabolites. Dendrograms show (top) the relatedness of the patients, and (left) the relatedness of the metabolites. (D)
Correlations between patient clinical data and highly correlated metabolites are given as a corrplot. Colour intensity relates to R value, circle
size relates to the p-value (*p < 0.05, **p < 0.01, and ***p < 0.001). ‘X’ indicates that there was not sufficient data to correlate these variables.
Kaplan-Meier curves comparing colorectal cancer patient (E) relapse-free survival and (F) post-progression survival rates with low and high

SLC6A4 (serotonin) mRNA expression (**p < 0.01).

Sensitivity = 100%, Specificity = 80%), aligning with the
distinct expression profiles observed (Figure 4B,C). Lastly,
in this pilot cohort, TRSO/TRS1 versus TRS2 demonstrated
perfect classification (AUC = 1, Sensitivity = 100%, Speci-
ficity = 100%), suggesting that overall, the expression

profiles of TRS2 patients are distinct from both TRSO
and TRS1, which are more closely related to each other
(Figure 4D).

In a pilot cohort, we demonstrate that rectal tumours
have metabolic and transcriptomic remodelling, highlight-
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FIGURE 3 Expression of six genes is significantly altered in rectal cancer tissue from patients having poorer pathological

responses to neo-tx. (A) Correlations between patient clinical data and differentially expressed genes are given as a corrplot. Colour intensity
relates to R value, circle size relates to the p-value (*p < 0.05, **p < 0.01, and ***p < 0.001). ‘X’ indicates that there was not sufficient data to
correlate these variables. (B) Differential expression analysis of the transcriptome of rectal cancer tissue from patients having a complete
pathological response (TRS0) and partial pathological response (TRS2) (p < 0.05). (C) Unsupervised hierarchical clustering of patients into

Tumour Response Score (TRS) categories based on their expression of the six differentially expressed genes. Dendrograms show (top) the
relatedness of the patients, and (left) the relatedness of the genes. (D) Correlations between patient clinical data and differentially expressed
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FIGURE 3 (Continued)
genes are given as a corrplot. Colour intensity relates to R value, circle
indicates that there was not sufficient data to correlate these variables.

size relates to the p-value (*p < 0.05, **p < 0.01, and ***p < 0.001). X’
Kaplan-Meier curves comparing CRC patient (E) overall survival and

(F) post-progression survival rates with low and high CXCL14 mRNA expression. Kaplan-Meier curves comparing CRC patient (G) overall
survival, (H) relapse-free survival and (I) post-progression survival rates with low and high RPL30 mRNA expression. Kaplan-Meier curve
comparing CRC patient (J) overall survival rates with low and high LCN2 mRNA expression (*p < 0.05, **p < 0.01, and ***p < 0.001).
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FIGURE 4 8-feature multi-omic panel predicts TRS2 from TRSO and TRS1 with perfect accuracy. (A) Unsupervised
hierarchical clustering of patients into Tumour Response Score (TRS) groups based on their expression of the 8 features. Dendrograms show

(top) the relatedness of the patients, and (left) the relatedness of the fe,

atures. (B) 2D Principal component analysis using the 8-feature

multi-omic panel, with biplot overlayed. Biplot scale is set to zero to ensure vectors (arrows) are scaled to represent their respective loadings.

The length of each vector is proportional to the variance of the corresponding feature. (C) Radar chart showing the scaled, mean value for

each feature across the TRS groups. (D) ROC Curves generated from leave-one-out cross validations of the 8-feature panel comparing various

combinations of TRS groups.

ing altered lipid metabolism as a common feature in
rectal tumours, suggesting a novel therapeutic targeting
approach. We also identify a novel multi-omic 8-biomarker
panel, with potential, following validation in an inde-
pendent cohort representing the full TRS spectrum, as a
predictive signature of pathological response to neo-tx for
improved patient stratification.
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