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Abstract: The identification of diagnostic and prognostic biomarkers is a major objective in improv-
ing clinical outcomes in cancer, which has been facilitated by the availability of high-throughput
gene expression data. A growing interest in non-coding genomic regions has identified dysregula-
tion of long non-coding RNAs (IncRNAs) in several malignancies, suggesting a potential use as bi-
omarkers. In this study, we leveraged data from large-scale sequencing projects to uncover the ex-
pression patterns of the MINX1 gene and its associated IncRNAs MNX1-AS1 and MNX1-AS2 in solid
tumours. Despite many reports describing MNX1 overexpression in several cancers, limited studies
exist on MNX1-AS1 and MNXI-AS2 and their potential as biomarkers. By employing clustering
methods to visualise multi-gene relationships, we identified a discriminative power of the three
genes in distinguishing tumour vs. normal samples in several cancers of the gastrointestinal tract
and reproductive systems, as well as in discerning oesophageal and testicular cancer histological
subtypes. Notably, the expressions of MNX1 and its antisenses also correlated with clinical features
and endpoints, uncovering previously unreported associations. This work highlights the ad-
vantages of using combinatory expression patterns of non-coding transcripts of differentially ex-
pressed genes as clinical evaluators and identifies MNX1, MNX1-AS1, and MNX1-AS2 expressions
as robust candidate biomarkers for clinical applications.

Keywords: transcription; pan-cancer; MNX1; biomarker; diagnosis; prognosis; cancer cell develop-
ment

1. Introduction

Cancer represents a major contributor of morbidity and mortality worldwide, with
current estimates suggesting that one in two people in the UK will develop cancer in their
lifetime [1,2]. Despite significant improvements in therapeutic interventions and clinical
outcomes in recent years, accurate patient diagnoses are imperative for maximising clini-
cal success. Thus, the identification of genes as diagnostic and prognostic markers is a
major objective in cancer research. The availability of large genome-wide studies is now
facilitating the discovery of clinically relevant genes [3,4].

Motor neuron and pancreas homeobox protein 1 (MNX1), also known as HLXB9, is
a key developmental homeobox gene coding for the transcription factor HB9. MNX1 is
involved in the differentiation and development of pancreatic and neuronal cells, and
commonly expressed in these respective tissues [5-8]. The past decade saw a plethora of
studies highlighting the dysregulation of MNX1 in various cancers, including leukaemia
[9], lymphoma [10], cancers of the breast [11,12], prostate [13], bladder [14], colorectal [15],
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brain [16,17], hepatocellular carcinomas [18], and pancreatic tumours [19]. However, the
function and activity of MNX1 in cancer is yet to be elucidated.

At the chromosomal locus 7q36.3, the MNX1 gene is associated with two long non-
coding RNAs (IncRNA)—the antisense transcripts MNX1-AS1 (long intergenic non-cod-
ing RNA; lincRNA) and MNX1-AS2 (antisense IncRNA). MNX1 and MNX1-AS1 share a
promoter region, while MNX1-AS2 is under the control of a second intergenic promoter
(Figure 1A), however their transcriptional regulation remains elusive. Earlier studies have
associated MNX1-AS1 with the pathogenesis of a wide range of malignancies (e.g., blad-
der, breast, lung, prostate, oesophageal, gastrointestinal (GI), and gynaecological) in vir-
tue of its regulatory activity on modulating malignant processes of proliferation, apopto-
sis, invasion/metastases, and migration (reviewed in [20]). The overexpression of MNX1-
AS1 has also been correlated with dismal clinical outcomes, such as shorter overall sur-
vival (OS), advanced clinical stage, and TNM classifiers [21]. By contrast, to date there are
no reports on the function and activity of MNX1-AS2 in cancer.
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Figure 1. Overview of expression of MNX1, MNX1-AS1, and MNX1-AS2 in cancers of the TCGA
cohort. (A) Schematic representation of the chromosome 7q36.3 locus and location of the MNX1
gene and its associated non-coding transcripts MNX1-AS1 and MNX1-AS2. Arrows within the gene
structure indicate the direction of transcription and vertical boxes represent gene exons. Under-
neath, known regulatory elements are shown. The table on the right summarises the classification
and genomic features of the three genes. (B) Expression values of MNX1, MNX1-AS1, and MNX1-
AS2 by anatomical site in cancer (indicated by TCGA acronyms) and normal tissues (indicated in
lower case). (C) Fold change in expression between tumour (TCGA) and normal (GTEx) by tumour
site and statistical significance of the differential expression. The size of the dots represents the ab-
solute fold change value and the colour gradients indicate increased (positive) or decreased (nega-
tive) fold change. (D) Hierarchical clustering of TCGA cancer by mean expression values of MNX1,
MNX1-AS1, and MNX1-AS2 revealed similarities in patterns of expression of the three genes.+: pos-
itive strand; —: negative strand ; Statistical significance is symbolised as: p value < 0.05 (*), 0.001 (**),
0.0001 (***), 0.00001 (****), ns: not significant.

In this study, we leveraged the large-scale data from the Cancer Genome Atlas
(TCGA) and Genotype Tissue Expression (GTEx) consortia projects to explore the tran-
scriptional activity and function of the MNX1 gene and its associated IncRNAs MNX1-
AS1 and MNX1-AS2 in cancer and to uncover their clinical potential as biomarkers.

2. Methods
2.1. Data Availability, Sample Selection and Expression Analysis

Clinical phenotype and expression data for unmatched healthy and tumour samples
were extracted from the TCGA and GTEx data, available in the TCGA-TARGET-GTEX
cohort from the University of California Santa Cruz public repository, Xena [22]. The data
were processed by UCSC from raw RNAseq reads using the TOIL pipeline ensuring the
quantification and cross-dataset normalisation of gene expression without any computa-
tional batch effects [23]. All gene expression values are presented in units of
logz(norm_count + 1). Differential expression between normal and tumour sites was cal-
culated as fold change, defined as the ratio between tumour and healthy tissue samples.
In this study we used only primary tumour data, and further filtered the samples to re-
move those lacking expression information for the genes of interest. The summary of an-
alysed samples is shown in Table 1. While we have used the largest uniformly processed
and normalized dataset available for tumour and healthy tissue samples, we are aware
that using a single data set can influence the outcome of our results and that this is a lim-
itation of our study. However, we addressed this issue by evaluating the potential for
analysis artifacts by splitting the data into two randomly selected groups and measuring
the change in the average expression levels for our genes of interests (Supplementary Ta-
ble S3). Our results show no change between the two groups suggesting that there is little
chance for a data bias to impact the biological insights we have drawn from the data.

We explored the expression profile of MNX1, MNX1-AS1, and MNX1-AS2 in 18 can-
cer tissues from the TCGA dataset (Table 1) and unmatched healthy samples from GTEx
(Figure 1B).
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Table 1. Clinical details of TCGA and GTEx cohorts.

sndyn

Son
BUIodIES

-ouIIe) UL}

240N
euiouDIT)
[eLawopuy
sndro) aunz)n

77

77

57

204

(%9°8¢) 7T

VIN

(%88) S

V/N

(%1°g¢) 0T

V/N

(%S°21) 0T

VIN

(%0°0) 0

VIN

proxfyy,

-Ied PIoIAY ],

279

571

(%9'6%) €8¢

(%6'8) 1S

(%9'61) TIT

(%9°6) 58

(%ETD) 02

snsaL

1J9L
smowny, [[3)
UL Ie[ndnsa I,

164

154

(%5°£9) $0T

(%82) L

(%1°6) ¥1

(%0°0) 0

(%9°s1) ¥¢

yoewols

av.is
eurounIed

-oudpe Ydewols

173

450

(%6'21) 85

(%6'90) 121

(%9°££) 691

(%1°6) ¥

(%9°€1) 19

ups

OIS
BUIOUB[IJA!
snoauejn)) un[g

788

102

(%S0 €

(%0°55) 99

(%21 T

(%5°22) LT

(%€'81) 2T

Jjejsorg

avid
euIounIed

-oudpe 3)e)so1]

100

548

VIN

V/IN

VIN

VIN

VIN

seanue]

avvd
euIoOuUnILd

-Ouape drjeanue i

167

183

(%S11) 1T

(%€°08) LF1

(%91 €

(%20 ¥

(%¥%) 8

AreaQ

7Y
ewou

-DIEedoUdpeIsAd
snoi1as ueLreaQ

86

427

(%T0) T

(%9°6) ¥¢

(%T LL) TEE

(%L7%1) €9

(%€72) 01

Sun

JS'T
euIounIed J[39

snowrenbs Sun

avnil
euIoOu

-DIedoudpe Jung

288

288

548

574

(%L '8%) 69T

(%€€9) 90€

(%TCe) 841

(%5°€T) S€1

(%1°91) 68

(%£791) 96

(%¥'1) 8

(%6'F%) 8T

(%¥'1) 8

(%91) 6

IBATT

OHI'1
eUIoOunIed reny

-19>03eday 19AT]

109

421

(%1°0%) 691

(%¥°02) 98

(%E'81) £L

(%z1) S

(%0°02) ¥8

urerg

091
BUIOI[D) dpeID)
IaMO7] urerg

WD
auLIoy I nux
BUIO)SB[qOI[D

1141

1141

523

171

VIN

V/IN

VIN

V/N

V/N

VIN

V/IN

VIN

VIN

V/IN

sn3eydosap

VOSH
euIoun

-red> [eadeydosaQ

650

195

(%6) 81

(%0°6€) 92

(%2°87) 98

(%97%) 6

(%061) £E

uojo)

avid
eurounIed

-oudpE WINPJY

avod
euroun

-Iedoudpe Uo[0)

307

307

103

331

(%L11) 21

(%EF1) ¥

(%€'€0) 7T

(%8°S€) 01T

(%072¢) €€

(%£792) T8

(%97C1) €1

(%0°€1) 0%

(%¥'00) 1T

(%1°01) 1€

(%1°6€) 80T

(%679) 661

jsearg

voud
IduR)) Jseargq

179

121

2

(%9°6T) 281

(%0°€9) 219

(%€°12) 8¥¢

(%£°1) 0

(%€8) L6

uediQ

uoyeIAdIqqe pue
I20Ued YOI,

Samples

Normal

tissue

(GTEx)

Pri-

mary tu-

mour

(TCGA)

Clinical

stage

Stage I

Stage I

Stage III

Stage IV

N/A

Age
GTEx
(years)



Cells 2022, 11, 3577

5 of 21

) ) < <)
— < < I —_ —_ —_ —_ —_ < —_ —_ —_ —_
N & & BN X X N X N % BN N N N
N ] 5 0 ) — & — =) pos ) N N &
Its) %) = ° 8 I < S < %) = [N S o
) ~ ~ ~ IS [ R F R ~ = %) a =
< ~ oy oy o < N N3 N o N3 < < N
< o N o N o 0 D < © o~ o © ©
Age <50 N ~ — 3] & > o« =) < I3 N © © 15}
< < < Q L < < < < <
X X 33 X < N < = < X = = = 3
& & = — N & N S N & < — — 2
<t — < — ] D «x I°N < o) ) ol foN o
O © 0 1D g ) 15 ) © © I} © o S
N2 < < < 2 < 8 e B < e < < 3
o} © o [Te) ~ T ~ o - ~ — ~ -® ©v
— x © 13} =} N © S © IN] S S o N
Age>50 — 1) X — D — < — 5 o — — — 155}
Age
TCGA
(years)
< < < < <
I —_ —_ —_ — 9 — e — — I I
3 3 3 3 3
= EN N BN 2 & 2 < Q =N 32 3 N 3 = o) S —_
S = & S & % © BN & % 0 BN & BN © ey BN 2
D 15 B < o © N @ Dy 1 o ) < « 1= 13} N S
~ — — — o ~ =) o0 o ~ — e ) @K ~ ~ Ne)
oy = = = o oy = * oA = = A=A = < ~ ~ N2 S
I = D~ N © < — < = IS <+ SY ) S N N — =
Age <50 e} <¥ — N I3 I3 ~ I3} I3 — N I3 — I3 — N — =
—_ —_ —_ —_ —_ — —_ —_ —_ —_ —_ —_ —_ —_ —_
N N 3 X N X X N N X BN X 3 X X N EN
) o P — @ — = o @ — 0 — S ] — — ® =
a < «@ 15 o — = — NS NS ) o) @ — »® < o =
O 0 i <) DN o <) [ i) I <) = e} i) o N [ (=}
< L 3 < s < * S S s < S 2 S N S =1
0 o = < o 10 — 1o =N o~ < — N 15 <3 10 ) NG
NS -+ < ) — 1 N N — I ) ) D N — © N
Age>50 ~ 3 ~ — — — N ) i) 1) — < ) ) 0 ~ — [s)

2.2. Prediction of Targets

The target prediction for MNX1-AS1 and MNX1-AS2 was performed on RNAInter
4.0 [24] by selecting the top 200 gene from the RN A-Protein hits based on the score. The
top 200 targets of MNX1 were extracted from JASPAR database of transcription factor
binding sites [25] based on the score. The Venn diagrams were generated on VennPainter
[26].

2.3. Differential Expression Analysis

RNA-sequencing values of transcripts were downloaded in counts units from the
University of California Santa Cruz public repository [22]. The differential expression
analysis was performed using limma (limma package version 3.48.3 in R statistical soft-
ware environment version 4.0.3 - The R Foundation for statistical Computing, Vienna,
Austria implemented in R studio version 1.4.1717, RStudio, Boston, MA, USA). The statis-
tically significant genes were extracted by filtering by p adjusted value <0.01.

2.4. Gene Ontology Analysis

The Gene Ontology (GO) enrichment analysis and network construction was per-
formed on ExpressAnalyst (available at www.expressanalyst.ca, last accessed on 20 Octo-
ber 2022) using the PANTHER Biological Process database. The significance was deter-
mined using p value < 0.05.
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2.5. Statistical Analysis

All statistical analyses were carried out using the standard libraries (stats 4.0.2, ggpubr
0.4.0) in R (statistical software environment version 4.0.3 - The R Foundation for statistical
Computing, Vienna, Austria implemented in R studio version 1.4.1717, RStudio, Boston,
MA, USA). The Wilcoxon test was used to evaluate the statistical significance, with a set
threshold for significance set to a p value < 0.05. The correlation between clinicopatholog-
ical features and expression levels was calculated using the Chi-squared test. The gene
expression was defined as “high” or “low” based on the absolute expression value relative
to the mean average of the respective phenotype. The receiver-operating characteristic
(ROC) was used to calculate the area under the curve (AUC) value to evaluate the diag-
nostic power in differentiating the tumour vs. normal samples.

2.6. Clustering Analysis

We used T-distributed Stochastic Neighbour Embedding (t-SNE), as implemented
using the library Rtsne 0.15, to visualise and identify the differentiation between various
phenotypes based on expression data. The t-SNE parameters were adjusted for perplexity
(56-50) and numbers of iterations (5000) according to sample sizes, abiding to the ranges
suggested by van der Maaten et al. [27]. The principal component analysis (PCA) was
implemented in the R (statistical software environment version 4.0.3 - The R Foundation
for statistical Computing, Vienna, Austria implemented in R studio version 1.4.1717, RStu-
dio, Boston, MA, USA) environment using the factoextra package version 1.0.7 for the anal-
ysis and identification of gene clusters. The contribution for each principal component
(PC) was considered significant above the threshold of 33%.

2.7. Survival Analysis

The clinical outcomes were extracted from survival data for the TCGA cohort avail-
able for 10,496 samples [22]. The following survival parameters were included: overall
survival (OS), disease-specific survival (DSS), disease-free interval (DFI), and progression-
free interval (PFI). The survival probability was analysed using Kaplan-Meier plots gen-
erated using R (statistical software environment version 4.0.3 - The R Foundation for sta-
tistical Computing, Vienna, Austria implemented in R studio version 1.4.1717, RStudio,
Boston, MA, USA) libraries survminer (0.4.9) and survival (3.2-11). The expression data
were segregated in “high” and “low” by comparison to the average expression recorded
by the mean in each analysed group.

3. Results
3.1. MNX1, MNX1-AS1, and MNX1-AS2 Are Dysregulated in Most Cancers

We explored the expression profile of MNX1, MNX1-AS1, and MNX1-AS2 in 18 can-
cer tissues from the TCGA dataset (Table 1) and unmatched healthy samples from GTEx
(Figure 1B).
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The majority of cancers analysed showed a statistically significant increase in expres-
sion for all three genes in tumour samples. The highest fold changes were recorded for
MNX1 and MNX1-AS1 in UCEC, PRAD, LUAD, ESCA, and COAD/READ (Figure 1C).
By contrast, MNX1-AS2 showed a modest upregulation in expression for the majority of
cancers. Moreover, cancers of the gastrointestinal (GI) tract showed a rather homogenous
expression profile across the three genes. LIHC, STAD, TGCT, and THCA were the only
tumours that showed different expression profiles across the three genes in terms of both
statistical significance as well as the differential expression (up vs. down regulation).
MNX1 expression was unchanged between normal and tumour in LIHC and THCA, how-
ever MNX1-AS1 and MNX1-AS2 showed a statistically significant upregulation. Notably,
all three genes were significantly downregulated in pancreatic adenocarcinoma.

The average expression values in the different cancers revealed a similarity in expres-
sion patterns by hierarchical clustering (Figure 1D). READ, COAD, STAD, PAAD, and
TGCT showed the most similar expression pattern characterised by a high expression of
all three genes, with the highest expression being MNX1. A second cluster of tumours
showed similar expression levels between MNX1 and MNX1-AS1 and included PRAD,
LUAD, ESCA, UCEC, BRCA, and LUSC. Low expression values of all three genes clus-
tered SKCM, UCS, GBM, LGG, OV, LIHC, and THCA. Furthermore, we have explored
the correlate of the expression profiles of the any of the three genes in the 18 studied can-
cers (Supplementary Figure S1). The results show a cancer/tissue specific relationship in
particular for the associations with MNX1-AS2.

3.2. Diagnostic Biomarker Potential for MNX1, MNX1-AS1, and MNX1-AS2

Given the differential expression profile shown by the three genes across a large va-
riety of cancer types, we investigated their potential to be defined as individual or collec-
tive diagnostic biomarkers for cancer. We performed a ROC analysis to evaluate the sen-
sitivity and specificity of the three genes as a collective diagnostic biomarker (Figure 2).
The combinatorial expression profile of MNX1 and its associated IncRNAs (“combo”)
showed high AUC values for most cancers analysed, indicating a high sensitivity and
specificity as a collective diagnostic marker. Cancers of the GI system achieved the best
AUC scores, followed closely by LUAD, TGCT, PRAD, and UCEC. By contrast, none of
the individual genes, nor their combined expression profiles produced an AUC higher
than 0.7 in SKCM, THCA, GBM, and LIHC.

Overall, MNX1-AS2 showed the lowest performance of AUC values across all cancer
sites, with the exception of PAAD, where MNX1-AS2 was comparable and even exceeded
AUC values of MNX1 and MNX1-AS1. High level AUC scores were observed for MNX1-
AS2 in PRAD and UCEC suggesting a moderate diagnostic power for these tumour types.

Interestingly, in several sites (e.g., COAD, READ, LUAD, and LUSC) the IncRNAs
showed a superior performance to MNX1, suggesting a higher tissue specificity of the
antisense transcripts in these tumours. Despite lower individual values, the combination
expression patterns displayed the highest performance in the majority of cancers, indicat-
ing that the transcriptional patterns of MNX1, MNX1-AS51, and MNX1-AS2 are important
determinants in distinguishing normal vs. tumour samples.
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Figure 2. ROC analysis of MNX1, MNX1-AS1, and MNX1-AS2 expressions as diagnostic evaluators.
Each plot represents the ratio of sensitivity and specificity of the discriminatory power for each gene
and their combination. The AUC values for each gene and combination are shown on the bottom
right corner, with values closer to 1 indicating a higher performance in discerning normal vs. tu-
mour samples.

We used t-SNE analysis to assess whether the combinatory expression patterns of
MNX1, MNX1-AS1, and MNX1-AS2 have discriminatory power in distinguishing tumour
vs. normal tissue samples (Figure 3A). Overall, we found that the three genes are able to
differentiate between the two states in a tissue specific manner (Figure 3A). Specifically,
patients with GI tract tumours were clearly distinguished from health individuals using
the combined expression profiles of the MNX1 and its associated antisense transcripts. A
poorer discriminatory power was observed for the other tumour types, namely TGCT,
LUAD, LUSC, UCS, and UCEC. By contrast, BRCA, THCA, OV, LGG, GBM, SKCM, and
LIHC cancers show no differentiation from the corresponding normal samples based on
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the transcription profiles of the three genes, reflecting the low expression and fold change
at these sites.

We then quantified the observed t-SNE clustering and differentiation of tumour and
normal samples using PCA. The contribution percentage of each gene for each principal
component (PC) was extracted and is shown in Figure 3B. In the majority of tumours,
MNX1 and MNX1-AS1 are the main contributors (i.e., accounting for more than 33% of
the total contribution) to PC1, while MNX1-AS2 is the highest contributor for PC2. PAAD
and TGCT diverged from this trend, with MNX1 being the sole significant contributor to
PC1 and both MNX1-AS1 and MNX1-AS2 contributing to PC2. Consistent with the fold
change patterns, PCA contribution reflected the changes in expression and the tissue spec-
ificity of the IncRNAs.
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Figure 3. t-SNE clustering analysis of normal vs. tumour samples based on the combinatorial ex-
pressions of MNX1, MNX1-AS1, and MNX1-AS2. (A) The visualization of multi-gene relationships
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using t-SNE plots allowed the discrimination of tumour vs. normal samples in several cancer sites.
A distinct clustering of normal (in green) and tumour (in red) samples, with no or minimal overlap
between samples, defined a strong performance in diagnostic power. (B) PCA contribution of ex-
pressions of MNX1, MNX1-AS1, and MNX1-AS2 in clustering differentiation of cancer and normal
samples. Percentage of contribution to PC1 (left) and PC2 (right). The black intercept indicates the
significance threshold of 33%.

3.3. MNX1, MNX1-AS1, and MNX1-AS2 Correlate with Oncologic Clinicopathological Fea-
tures

Next, we looked at the association between clinicopathological features and the ex-
pression levels of MNX1, MNX1-AS1, and MNX1-AS2 (summarized in Figure 4). Statisti-
cally significant associations are reported in detail in Supplementary Table S1. The strong-
est associations in terms of X? and p values were found for disease subtype in lung tu-
mours (LUAD and LUSC), ESCA, UCEC, and TGCT. High expressions of all three genes
were able to discern adenocarcinomas from squamous tumours in LUAD vs. LUSC, as
well as in ESCA. A weaker association with adenocarcinomas was also identified in
COAD, however for high MNX1 and MNX1-AS1 expressions only. In UCEC, high expres-
sions of the three genes were also associated with adenocarcinomas, while lower expres-
sions defined cystic, mucinous, and serous types. High expressions of MNX1, MNX1-AS1,
and MNX1-AS2 also correlated with the TGCT subtype of seminomas. The high expres-
sion of MNX1-AS1 was only associated with oligodendrogliomas in LGG.

We also observed a correlation between increased expression levels and clinical fea-
tures associated with advanced disease progression (i.e., TNM features, staging, and grad-
ing), which was particularly evident for GI tract cancers. High expressions of all three
genes correlated with a higher histological grade for ESCA and the presence of lymph
node invasion in both ESCA, PRAD, and LIHC. In PRAD, high expression of all three
genes also correlated with larger tumours. On the contrary, high expression of MNX1, but
not of the antisenses, was associated with a smaller tumour size in PAAD.

Other clinical features mainly associated with MNX1 and MNX1-AS1 expressions. In
COAD, MNX1, and MNX1-AS1 high expression correlated with the presence of metasta-
sis. Lymph node involvement was associated with increased expressions of these two
genes in LUSC and LIHC. MNX1 and MNX1-AS1 also showed an association with age,
with higher expression values in patients above the age of 50 years in BRCA, LGG, LIHC,
and PRAD. Late disease staging was associated with increased expressions of MNX1 and
MNX1-AS2 in COAD and a lower expression at early stages of LIHC.

Overall, MNX1 expression had the highest number of statistically significant associ-
ations (n = 25), followed by MNX1-AS1 (n =22) and MNX1-AS2 (n = 14). No clinicopatho-
logical features were significantly linked to any of the MNX1 transcripts in UCS, SKCM,
THCA, and READ.
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Figure 4. Summary of correlations between MNX1, MNX1-AS1, and MNX1-AS2 expressions and
clinicopathological features. Each dot represents the value of Chi-square correlation expressed in X?
value, as well as the statistical significance in pink (at a threshold of p value < 0.05). Detailed sample
information on statistically significant features is reported in Supplementary Table S1. ns : not sig-
nificant.

3.4. MNX1, MNX1-AS1, and MNX1-AS2 Distinguish Tumour Subtypes

Building on the positive results showcased by the discriminatory power of the three
genes to distinguish between tumour and healthy samples, we expanded our analysis to
evaluate the biomarker potential in differentiating various histological subtypes. The ob-
servation of defined tumour clusters in ESCA, STAD, TGCT, LUAD, and LUSC using t-
SNE (Figure 3) suggested that specific tumour subtypes may be recognised by the com-
bined expression profiles of the MNX1, MNX1-AS1, and MNX1-AS2. The Chi-square anal-
ysis of clinicopathological features (Figure 4) also revealed a defining power of these genes
in distinguishing disease subtypes.

First, we combined multiple anatomical sites with adenocarcinomas, squamous tu-
mours, seminomas, and non-seminomas. MNX1, MNX1-AS1, and MNX1-AS2 were capa-
ble of discerning adenocarcinomas and squamous carcinoma samples by combinatorial
analysis visualised using t-SNE. Testicular seminomas and non-seminomas also appeared
distinctly clustered (Figure 5A). When colour-coded by anatomical site, adenocarcinomas
of the GI tract (COAD, ESCA, PAAD, STAD, and READ) clustered closely together and
were discernible from squamous ESCA tumours, LIHC, LUAD, and LUSC. TGCT semi-
nomas formed a defined cluster within the majority of GI adenocarcinomas (Figure 5B).

This separation was also confirmed by hierarchical clustering on individual samples,
classified by anatomical site and tumour type (Figure 5C and Supplementary Figure S2).
The vast majority of adenocarcinomas of the GI organs were characterised by a high ex-
pression of the three genes. A second major cluster grouped squamous ESCA tumours,
both LUAD and LUSC, and LIHC. The distinct seminoma TCGT clustering is also evident
from the central cluster of the heatmap, which separates seminomas from non-semi-
nomas. These results indicate that MNX1, MNX1-AS1, and MNX1-AS2 are expressed at a
higher level in adenocarcinomas and seminomas, compared to squamous and non-semi-
noma tumours, and that their discriminative power is visualisable using clustering meth-
ods.

Site-specific clustering using t-SNE revealed specific tumour clusters in TGCT and
ESCA (Figure 5E-H), but weakly in COAD, LUAD/LUSC, and UCEC (Supplementary
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Figure 53). A summary of the results from Chi-square and t-SNE analyses is reported Fig-
ure 6D. MNX1, MNX1-AS1, and MNX1-AS2 could distinguish seminomas against embry-
onal carcinomas in TGCT (Figure 5E) and adenocarcinomas against squamous subtypes
in ESCA (Figure 5G-H). Detailed analysis of histological subtypes of TGCT revealed that
the TGCT of the mixed subtype were equally distributed between the seminoma and non-
seminoma clusters (Figure 5E), which is coherent with the biological properties of this
subtype, yet clearly distinguishable from the corresponding healthy testicular tissue.
ESCA tumours of the squamous type, on the other hand, showed overlap with healthy
tissue of the oesophagus (Figure 5G), but a remarkable distinction when analysed in tu-
mour tissues only (Figure 5H).
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Figure 5. Site-specific t-SNE clustering for the identification of disease subtypes by combinatorial
expressions of MNX1, MNX1-AS1, and MNX1-AS2. (A) t-SNE visualisation of selected cancer sites
by tumour type (adenocarcinoma, squamous, non-seminoma, and seminoma). (B) t-SNE clustering
by tumour type and colour-coded by cancer site. (C) Hierarchical clustering of MNX1, MNX1-AS1,
and MNX1-AS2 expression levels, with cancer type and site information, revealing similar cluster-
ing patterns to t-SNE analyses. (D) Comparison between Chi-square results of distinction between
disease subtypes and the correspondence in t-SNE visualisation of distinct clusters. One green tick
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indicates a statistically significant correlation in Chi-square tests and the ability to differentiate dis-
ease subtypes using t-SNE. Two green ticks indicate a strong t-SNE clustering performance. (E) Site-
specific t-SNE clustering of TGCT tumours against healthy testicular tissue (GTEx) by TGCT types
of seminomas and non-seminomas. (F) Diagnostic subtype specification of samples within clusters
identified using t-SNE in TGCT seminomas and non-seminomas. (G) t-SNE clustering of ESCA tu-
mour subtypes (adenocarcinomas and squamous carcinomas) and healthy oesophageal tissue. (H)
t-SNE clustering of ESCA adenocarcinomas and squamous carcinomas by analysis of tumour tissues
only.

3.5. Prediction of Biological Functions of MNX1, MNX1-AS1, and MNX1-AS2 in Cancer

We attempted to explore biological functions of the two antisense transcripts by look-
ing at the potential targets of MNX1-AS1 and MNX1-AS2. We observed a large degree of
overlap between the predicted targets of MNX1-AS1 and MNX1-AS2 and a smaller set of
antisense specific gene targets (Figure 6A). As limited functional studies are available for
these transcripts, we inferred their association with biological processes using Gene On-
tology (GO) analysis (Figure 6B-D). Both MNX1 and antisenses shared several biological
processes related to transcription and developmental processes (e.g., anatomical structure
morphogenesis, endoderm development, nervous system development), which supports
a role in gene expression regulation during development. Notably, targets of MNX1-AS1
were enriched in processes related to proliferation, cell cycle regulation, apoptosis, and
angiogenesis (Figure 6C). MNX1-AS2 also targets genes associated with the cell cycle and
angiogenesis, as well as a unique association with epigenetic regulation of gene expres-
sion and chromatin remodelling (Figure 6D).

Based on the high scores observed in the chi-square analysis of clinicopathological
features (Figure 4) and subtype prediction using t-SNE (Figure 5), we performed differen-
tial expression analysis of COAD, ESCA, PRAD, TGCT, LUSC, and UCEC to identify bio-
logically relevant differences between samples expressing high and low MNX1, MNX1-
AS1, and MNX1-AS2. In agreement with some redundancy of predicted functions (Figure
6E), we observed overlap between processes for MNX1 and the antisenses, but also unique
terms associated with specific antisenses in a cancer-specific fashion. The most reoccur-
ring GO terms for all three genes encompassed biological processes relating to cellular
transport, metabolism, transcription, and cellular differentiation. The patterns of biologi-
cal process enrichment indicate varying roles for the two antisenses, which are likely mod-
ulators of transcription to accomplish changes in cellular metabolism and identity. In
agreement with the main clinical feature associated with high expressions of MNX1 and
antisenses being disease subtype, we observed cell differentiation and lipid metabolism
particularly enriched in UCEC and ESCA. We also observed the enrichment of nervous
system processes (nervous system development and synaptic vesicle endocytosis), which
involve the expression of cell adhesion genes that can modulate invasion behaviour. In
TGCT, the highest enriched process was spermatogenesis, which suggests a modulation
of testicular gene expression patterns that distinguishes seminomas from non-seminoma
tumours.

3.6. Prognostic Biomarker Potential for MNX1, MNX1-AS1, and MNX1-AS2

In order to uncover potential prognostic value of MNX1, MNX1-AS1 and MNX1-AS2,
we performed Kaplan—Meier analysis based on their expression levels in all cancers. The
individual expression levels of MNX1, MNX1-AS1, and MNX1-AS2 had a weak correla-
tion with survival (overall —OS, disease free—DFI, and progression free—PFI) (Supple-
mentary Table S2). However, statistical significance for segregating the patient prognostic
profiles using gene expression was reached in colon, stomach, ovarian, lung (LUSC,
LUAD) and brain (LGG) cancers (Figure 7). Higher expressions of all three genes were
associated with inferior OS in COAD. A higher MNX1-AS2 expression was associated
with PFI in COAD (p = 0.033) and LGG (0.028). Interestingly, in stomach cancer, a lower
expression of MNX1 associated with inferior clinical outcomes for both OS and PFIL. A
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similar trend was observed for low expressions of MNX1-AS1 in OV for poor outcomes in
terms of OS and DFI. In lung cancers LUAD and LUSC, only a high MNX1 expression was
correlated with inferior DFI and PFI. Overall, these observations indicated that individual
MNX1, MNX1-AS1, and MNX1-AS2 expressions harbour modest prognostic potential in
selected tumours. Combinatorial analysis of expressions, however, showed stronger sta-
tistical differences in OS for COAD (p = 0.018), ESCA (p < 0.0001), and LGG (p < 0.001),
suggesting a value in multi-gene expression combinations (Figure 8). In particular, in all
three cancers, the combinatorial high expression of MNX1, MNX1-AS1, and MNX1-AS2
indicated poor clinical outcomes.
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Figure 6. Functional prediction of MNX1, MNX1-AS1, and MNX1-AS2 functions in cancer using
Gene Ontology (GO) analysis. (A) Venn diagram of shared and unique predicted targets of MNX1,
MNX1-AS1, and MNX1-AS2. (B-D) Biological processes associated with targets of MNX1 (B),
MNX1-AS1 (C), and MNX1-AS2 (D), represented as network of biological processes terms from the
PANTHER database and coloured by false discovery rate (FDR; shades of red representing lower
values). Highlighted processes are unique to MNX1-AS1 (yellow) or MNX1-AS2 (turquoise). (E) Top
10 biological processes (PANTHER) enriched in differentially expressed genes of tumours express-

ing high levels of MNX1 (in pink), MNX1-AS1 (in yellow), and MNX1-AS2 (turquoise).

Figure 7. Prognostic evaluation of MNX1, MNX1-AS1, and MNX1-AS2 expressions. Kaplan-Meier
plots of statistically significant associations between individual expressions of MNX1, MNX1-AS1,

and MNX1-AS2 in OS, DFI, and PFL.
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Figure 8. Combinatorial survival analysis of MNX1, MNX1-AS1, and MNX1-AS2 expressions.
Kaplan-Meier plots of OS in COAD, LGG, and ESCA with patients stratified according to expres-
sion levels.

4. Discussion

Several reports have highlighted MNX1 and MNX1-AS1 dysregulation in various
malignancies [9-21], however the combined expression patterns of the locus comprising
the MNX1 gene and its associated IncRNAs MNX1-AS1 and MNX1-AS2 have not been
explored. Here, we leveraged the TCGA dataset to show the clinical potential of the three
genes in cancer, in order to address the clinical need for more accurate diagnostic and
prognostic biomarkers.

We showed that MNX1, MNX1-AS1, and MNX1-AS2 expressions are dysregulated
in most cancers analysed, with particularly high fold changes observed in uterine, pros-
tate, oesophageal, colorectal, and lung cancers. The significant differential expression be-
tween normal and tumour tissues suggested that these genes can serve as hallmark diag-
nostic markers for various cancers. These observations are in line with previous reports
describing overexpression of MNX1 in cancers of the colon [15], breast [11,12], prostate
[13], and glioma [17], as well as MNX1-AS1 in breast [28], colon [29], oesophageal [30],
stomach [31], glioblastoma [32], liver [33], lung [34], ovarian [35,36], and prostate [37] tu-
mours. MNX1 was not found to be significantly overexpressed in liver cancer samples
from TCGA compared to healthy liver tissue from GTEX, despite reports of upregulation
in hepatocellular carcinoma [18]. Nevertheless, MNX1 and its antisenses showed statisti-
cally significant associations in grading, lymph node invasion, and staging in liver cancer.
One of the most interesting results was the overexpression of MNX1, MNX1-AS1, and
MNX1-AS2 in testicular tumours and their downregulation in pancreatic adenocarcino-
mas, which have not been previously reported.

In particular, we describe here for the first time the dysregulation of MNX1-AS2 in
cancer. While its fold changes between normal and tumour samples were lower than
MNX1 and MNX1-AS], its expression levels were particularly high in gastro-intestinal
tract and testicular tumours, with the highest negative fold change in pancreatic adeno-
carcinoma. The current literature on MNX1-AS2 is scarce, with only one report on MNX1-
AS2 dysregulation associated with pre-eclampsia [38]. From our study, we identified in-
dividual and combinatorial diagnostic and prognostic potential of MNX1-AS2 in several
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cancers. From the PCA analysis, MNX1-AS2 showed a significant contribution in sample
segregation in both pancreatic and testicular tumours. In terms of association with clinical
features, MINX1-AS2 expression shows a strong discrimination of disease subtype (ade-
nocarcinomas vs. squamous, or seminoma vs. non-seminoma).

Overall, MNX1, MNX1-AS1, and MNX1-AS2 individual expressions exhibited lim-
ited prognostic potential, compared to their more widespread diagnostic power. Poor
clinical outcomes have been previously associated with the overexpression of MNX1-AS1
in various cancers [21]. In this study, while some association was found with OS, DFI, and
PFI in colon, stomach, ovarian, lung, and brain cancers, stronger statistical differences
were observed in combinatorial analyses of their expressions in colon and oesophageal
cancers and lower grade glioma. The disparity in the distribution of clinical stages in the
analysed cohorts may have impacted the evaluation of prognostic significance and espe-
cially in tumours where the range of overexpression of the genes is homogeneous (e.g.,
COAD).

Thanks to the plethora of transcriptomics data becoming available, IncRNAs are in-
creasingly gaining clinical interest for their expression dysregulation and involvement in
biological processes related to cancer. Nonetheless, the functions and mechanisms of the
vast majority of identified IncRNAs remain to be elucidated [39,40]. The high tissue-spec-
ificity in expression renders IncRNAs attractive markers for specific cellular states, with
potential correlations with specific disease characteristics [41,42]. The tissue tropism of
IncRNA expressions is in fact an advantage in providing biomarker specificity. As re-
vealed by the ROC analysis, the expression of the associated IncRNA MNX1-AS1 and
MNX1-AS2 performed better than the corresponding coding gene in distinguishing can-
cerous vs. normal samples in some tissues. In virtue of IncRNA's regulatory function in
gene expression modulation, the transcriptional relationship between coding genes and
non-coding transcripts may also reveal biologically relevant clues on the transcriptional
activity of specific loci [43,44]. In fact, in this study, combinatorial expression patterns dis-
played a high degree of accuracy in distinguishing tumour samples against normal tissues
and tumour subtypes. Nevertheless, the combinatorial predictive power may only be clin-
ically applicable in specific tumours rather than a collective pan-cancer biomarker.

While the functions of MNX1-AS1 and MNX1-AS2 remain elusive, we identified a
high degree of overlap in predicted targeted genes and biological functions associated
with the two antisense. By comparing the DEGs in high vs. low expressing patient sam-
ples, we observed different target genes but similar biological processes across tumours,
mainly associated with cellular differentiation and metabolism. We can speculate that
these genes function as selective transcriptional regulators with overlapping targets, with
tissue/cancer-specific action. From the observations of the transcriptional elements regu-
lating the expression of these genes (Figure 1A), distinct promoters and enhancer regions
allow the selective expression of MNX1 or its transcripts to modulate the regulation of
their targets. In cancer, the dysregulation of this physiological transcriptional balance re-
sults in the activation or repression of key cellular processes.

The implementation of dimensionality reduction techniques (e.g. clustering methods
such as t-SNE [27]) allowed us to uncover gene relationships with ease of visualisation
and interpretation. Specifically, we were able to capture tissue-specific transcriptional pat-
terns of the MNX1 locus that are altered in the cancer state, with a higher specificity than
measuring the expression levels of the individual genes. Interestingly, the MNX1, MNX1-
AS1, and MNX1-AS2 combined expression patterns defined specific tumour subtypes,
displaying both tissue- and cell-type specificity of adenocarcinomas and seminomas.
Transcriptional and molecular differences between adenocarcinomas and squamous can-
cers have been identified, with a high degree of similarity even across different anatomical
sites [45]. While the role of MNX1-associated IncRNAs has not been investigated during
embryonic development, MNX1's role in instructing pancreatic beta cell identity (endo-
crine portion of the pancreas) may explain their reminiscent expression in the healthy tis-
sues of the gastro-intestinal tract and the specificity in expression in glandular tumours.
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In addition to providing diagnostic specificity for these cancers, the dysregulation of the
MNX1 transcripts may also be interesting in the light of tumour genesis and development.

While the association with GI organs may derive from the embryonic functions of
MNX1, the expression of MNX1 and its antisenses in normal testis and testicular cancer
does not seem to link with developmental activity. MNX1 has not been described in gen-
ital development but has been reported to be expressed in the developing urinary tract
[46]. It must be noted that testes are known to be a transcriptionally active tissue, with a
large proportion of genes being expressed [47,48]. Nevertheless, MNX1, MNX1-AS1, and
MNX1-AS2 transcription profiles exhibited high specificity in differentiating seminomas
from non-seminomas samples. The expression patterns of MNX1 and its IncRNA’s in
these subtypes may be linked to the fact that the cell of origin of seminomas and non-
seminomas appears to be distinct, with unique transcriptional identities [49]. Moreover,
the distinction between the two subtypes also has therapeutic implications due to the ra-
diosensitivity of seminomas compared to non-seminomas [50]. Thus, the use of the three
genes as collective biomarkers with subtype discriminatory power can strongly impact
the patient’s course of treatment. Thus, it would be an interesting avenue to pursue in the
future examination of the transcriptional activity based on the cellular subtype in the tu-
mour environment.

The use of a next-generation sequencing (NGS) platform in clinical practice will ena-
ble these observations to be translated into diagnostic procedures [51]. Overall, MNX1,
MNX1-AS1, and MNX1-AS2 show a robust performance in distinguishing normal sam-
ples from tumours, with a good site-specific diagnostic power. The use of a simple three
gene signature has the potential to improve histological classification workflows and
showcase IncRNAs as diagnostic markers [52-54]. Currently, the use of NGS data has al-
ready shown promising results in supporting histopathological information [51,55,56] and
the clinical potential of MNX1 and its antisenses.

5. Conclusions

The availability of transcriptomics data and the use of an NGS platform in clinical
applications will enable the use of both coding and non-coding transcripts as clinical in-
dividual and collective biomarkers. In this study, we identified the expression patterns of
the MNX1 gene and its antisense transcripts MNX1-AS1 and MNX1-AS2 as potential di-
agnostic and prognostic biomarkers in cancer. Based on the analysis of the TCGA cohort,
these genes are dysregulated in the majority of cancers. By the use of clinicopathological
features, clustering, and ROC analysis, we identified a strong diagnostic power for both
individual and combinatorial expressions of these three genes in distinguishing tumour
vs. healthy samples, as well as differentiating histological tumour subtypes. In particular,
MNX1, MNX1-AS1, and MNX1-AS2 could discern adenocarcinomas from squamous tu-
mours at various sites, as well as testicular seminomas from non-seminomas. As the use
of next generation sequencing platforms widens in the clinic, we foresee that robustly dif-
ferentially expressed genes with tissue specificity, such as MNX1 and its antisense tran-
scripts, will be ideal diagnostic markers to be implemented in current clinical workflows.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cells11223577/s1, Figure S1: Hierarchical clustering on Pear-
son correlation values of expression between MNX1-MNX1-AS1, MNX1-MNX1-AS2, and MNX1-
AS1-MNX1-AS2 in each cancer type analysed; Figure 52: Complete hierarchical clustering of MNX1,
MNX1-AS1 and MNX1-AS2 expression levels, with cancer type and site information, complemen-
tary to the binary clustering in Figure 6; Figure S3: Site-specific t-SNE plots for discriminating dis-
ease subtypes based on MNX1, MNX1-AS1, and MNX1-AS2 expressions. (a-b) Clustering of astro-
cytomas and oligodendrogliomas in LGG, by comparison with normal brain tissue and tumour-
only analysis. (c-d) t-SNE analysis of LUAD against LUSC samples and normal lung tissue. (e-f)
Differentiation of adenocarcinomas and cystic, mucinous and serous cancers in UCEC, and normal
uterine tissue; Table S1: Statistically significant correlations between expression levels of MNXI,
MNX1-AS1, and MNX1-AS2 and clinicopathological features; Table S2: P values of survival analysis
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by Kaplan-Meier analysis based on high and low individual expressions of MNX1, MNX1-AS1 and
MNX1-AS2, as well as combinatorial (“COMB”). P values lower than 0.05 are highlighted; Table S3:
Evaluation of the sample data bias impact on the biological insights. Expression data from cancer
(indicated by the tumour abbreviation) and normal samples (indicated by the tissue name) have
been randomly split into two groups and the difference in the average expression in each group was
evaluated using Wilcoxon test.
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