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Background: We have previously shown that non-curative chemotherapy imposes fetal conversion and high
metastatic capacity to cancer cells. From the set of genes differentially expressed in Chemotherapy Resistant
Cells, we obtained a characteristic fetal intestinal cell signature that is present in a group of untreated tumors and
is sufficient to predict patient prognosis. A feature of this fetal signature is the loss of CDX1.

Methods: We have analyzed transcriptomic data in public datasets and performed immunohistochemistry analysis
of paraffin embedded tumor samples from two cohorts of colorectal cancer patients.

Results: We demonstrated that low levels of CDX1 are sufficient to identify patients with poorest outcome at the
early tumor stages II and III. Presence tumor areas that are negative for CDX1 staining in stage I cancers is
associated with tumor relapse.

Conclusions: Our results reveal the actual possibility of incorporating CDX1 immunostaining as a valuable
biomarker for CRC patients.

1. Background

Colorectal cancer (CRC) is the third leading cause of death by cancer
(reviewed in [1]). Although immunotherapy is acquiring increasing
interest specifically in tumors with microsatellite instability [2], adju-
vant chemotherapy after surgery is still the standard treatment in
resected CRC. Despite an adequate therapeutic intervention, 35 % of all
CRC patients (in average) relapse and/or metastasize and ultimately die
(source; https://www.cancer.net/cancer-types/colorectal-cancer/statis
tics). The identification of markers that predict tumor relapse, other
than tumor stage, and strategies to combat cancer cells surviving

chemotherapy is an urgent clinical and social need.

In this direction, the establishment of a consensus molecular subtype
classification of CRC tumors with implications in patient prognosis has
represented an important advance towards understanding the high
heterogeneity of the disease [3]. More recently, the identification of a
single CRC cell population, characterized by the expression of a 99-genes
signature, with high risk to metastasize has increased the options for
early detection and eradication of tumor metastasis even at the time of
primary tumor removal [4]. However, the use of extensive molecular
signatures still represents a significant difficulty in the real clinical
practice.
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Fetal/embryonic conversion of intestinal tumor cells is emerging as
one of the main mechanisms used by cancer cells to persist upon
chemotherapy treatment [5-8], and we have identified a specific 36-
gene fetal signature composed of 28 upregulated and 8 downregulated
genes (36FS) that is consistently acquired by therapy resistant cells. This
signature is also present in about 20 % of naive CRC tumors and is
predictive of poor patient prognosis [9]. Whereas genes upregulated in
36FS include genes that are expressed in the stromal component, genes
downregulated are mostly epithelial and include factors regulating in-
testinal identity such as MYB [10,11] and CDX1 [12,13].

CDX1 and the closely-related factor CDX2 are members of the caudal
homeobox-like family of proteins. CDX1 and CDX2 are expressed in a
manner similar to HOX genes and are functionally exchangeable in the
regulation of vertebral patterning [14]. In the intestine, CDX factors
bind the chromatin to determine the timing of enhancer activation in
postnatal duodenum. However, CDX1 and CDX2 function is not totally
redundant and while CDX2 knockout mice display peri-implantation
lethality, CDX1-null mice are viable and fertile, and show no overt in-
testinal defects. Work from different groups indicate some gene selec-
tivity for CDX-dependent gene transcription. For example, binding of
CDX2 to two different enhancer elements regulates HOXC8 expression,
which is cell type specific [15]. Otherwise, CDX1 binds to TCF factors to
allow full transcriptional activation of the Wnt target AXIN2 [16]. CDX1
function is not restricted to the intestine but it also refines positional
identity of the vertebrate hindbrain by directly repressing MAFB tran-
scription [17].

Multiple reports indicated that loss of CDX2 is robustly associated
with poor prognosis in CRC tumors [18-20]. Similarly, CDX1 inactiva-
tion has been linked to the undifferentiated histology of CRC tumors
[21]. Re-expression of CDX1 or CDX2 in poorly differentiated CRC cells
reduces cell growth and metastasis [22,23], and overexpression of miR-
215, a direct transcriptional target of CDX1, decreases cell clonogenicity
[24]. However, most of the impact of CDX1 loss in tumor malignancy
has not definitely been established and it was suggested mostly in the
context of the double CDX2 and CDX1 deficiency [25-27]. Further
increasing uncertainty about the role of CDX1 in cancer, the human
CDX1 gene is located on chromosome 5q, near the adenomatous pol-
yposis coli (APC) gene, thus genetic rearrangements that frequently
occur at that locus are commonly, but not always, involving both APC
and CDX1 genes [28].

We have here investigated the possibility of using CDX1 mRNA or
protein as prognostic biomarker in CRC. We demonstrate that loss or
reduction in CDX1 levels predicts poor prognosis at early tumor stages.

2. Methods
2.1. Patient gene expression datasets analysis

The transcriptome of tumor samples from GSE39582 [29] and
GSE14333 [30] obtained by microarrays was downloaded from the Gene
Expression Ommnibus (GEO) [31] and analyzed with the affy R package.
Transcriptomic and available clinical data from COAD (colon) and
rectum (READ) TCGA dataset was downloaded using TCGA Biolinks R
package (v2.24.1) [32] as transcriptomic profiling category, gene
expression quantification data type and STAR-Counts workflow type.
Data from both COAD and READ datasets were merged, normalized and
transformed using edgeR R package (v.3.38.1) [33].

Marisa (GSE39582) data set includes expression and clinical data for
566 patients with CRC, Jorissen (GSE14333) data set includes 226 CRC
patients and TCGA dataset includes 539 CRC patients.

2.2. Statistical analysis
Survival analyses for relapse were described using Kaplan-Meier

curves, the log-rank test was used to compare survival curves and the
Cox proportional hazards models to estimate hazard ratios (HR) and
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95%ClIs. A standard log-rank test was applied to assess significance be-
tween groups. All the survival analyses and graphs were performed in R
using the survival (v.3.3-1) and survimer packages and a p-value < 0.05
was considered statistically significant. Patients were classified accord-
ing to the optimized cut-point of the designated genes, unless otherwise
stated, and the optimized cutpoint was assessed using the surv_cutpoint
function from the survminer R package (v.0.4.9).

2.3. Human colorectal tumors

Formalin-fixed, paraffin-embedded tissue blocks of gastrointestinal
tumor samples were obtained from Parc de Salut Mar Biobank (Mar-
Biobank, Barcelona) (discovery cohort and validation cohort 1) and the
tumor tissue Biobank at Hospital Clinic-IDIBAPS (Barcelona) (validation
cohort 2). Patient samples were selected based on clinical diagnosis of
CRC without additional bias. For stage I samples, we specifically
collected relapse cases and a comparable number of paired non-relapse
cases (matched by age, gender and histopathologic parameters). Sam-
ples were retrieved under informed consent and approval of the Clinical
Research Ethics Committee-Parc de Salut Mar (CEIC-PSMAR #2019/
8595/1) according to Spanish ethical regulations and the guidelines of
the Declaration of Helsinki. Patient identity for pathological specimens
remained anonymous in the context of this study. Patient data was
collected and treatment regimens were standard and adjusted to patient
and tumor characteristics (Supplementary Tables S1, S2, S3 and S5).

2.4. Immunohistochemical staining

Tumor tissues were obtained after conventional fixation in 4 %
formaldehyde overnight at room temperature, and subsequently
paraffin-embedding. Paraffin-embedded tumor sections of 4 pm were
deparaffinized, rehydrated and endogenous peroxidase activity was
quenched (20 min, 1.5 % Hy05). Citrate-based antigen retrieval was
used. Primary antibodies were diluted in PBS containing 0.05 % BSA
(CDX1: 1:200, [Sigma, HPA055196, rabbit polyclonal] and CDX2:
1:5000 [Abcam, ab76541, rabbit monoclonal]), incubated overnight at
4 °C, and developed with the Envision+ System HRP Labeled Polymer
anti-Rabbit or anti-Mouse and 3,3-diaminobenzidine (DAB). Samples
were mounted in DPX and the immunostaining was assessed by pa-
thologists AG, LF and MI, using an Olympus BX61 microscope. H.

3. Results

3.1. Reduced CDX1 mRNA levels provide prognosis information in human
CRC regardless of CDX2

CDX1 transcription factor regulates intestinal-specific gene expres-
sion and it is functionally related with the CRC biomarker CDX2
[18-20]. First, we performed a comparative analysis of the impact of
CDX1 and CDX2 levels in patient prognosis in the Marisa, TCGA and
Jorissen datasets. We found that both CDX1 (Fig. 1A-C) and CDX2 levels
(Fig. 1D-F) were correlated with patient prognosis at all stages, but also
when considering patients at stages II and II + III (stages B + C in Jor-
issen) (Fig. S1A-F) or the poorest prognosis Stage III + IV tumors
(Fig. S1G-H).

We speculated that correlated expression of CDX1 and CDX2 in tu-
mors [34,35], which were present in the Marisa, TCGA and Jorissen
datasets (Fig. S1I-K) may affect the interpretation of our results.
Importantly, in the TCGA and Jorissen datasets, low CDX1 levels iden-
tified patients with poor prognosis even in the presence of high CDX2
levels (compare red and green lanes), although tumors expressing low
levels of both CDX1 and CDX2 imposed the worst prognosis (blue lanes)
(Fig. 1G-I). In the Marisa dataset, that included only one patient with
low CDX1 and high CDX2 levels, the CDX1-low and CDX2-low was again
the group with poorest outcome (Fig. 1I). Moreover, in the poorest
outcome Stage III + IV tumors CDX1 low levels were still a prognosis
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factor.

3.2. CDX1 and CDX2 are independent prognosis factors in CRC
independent of tumor stage, gender and oncogene mutations

To better characterize the prognosis value of CDX1 and CDX2,
independently, we performed multivariate analysis including well-
established prognostic factors such as KRAS or BRAF mutations, TP53
status and tumor stage. We found that CDX1 and CDX2 were indepen-
dent predictors of outcome in CRC patients, with CDX1 being significant
in the three cohorts analyzed and CDX2 being significant only in the
TCGA cohort (Fig. 2A-C). Mutations in KRAS and distal localization of
the tumor were also identified as poor prognosis factors in the Marisa
dataset (Fig. 2A).The lower prognostic value of CDX2 as an independent
biomarker in CRC could be related to its association with the subset of
poor prognosis BRAF mutant tumors [36-39].
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3.3. Detection of CDX1 protein from paraffin-embedded CRC samples
informs on patient prognosis

To bring our study closer to clinical routine, we analyzed whether
immunohistochemistry (IHC) analysis of CDX1 protein was efficient in
predicting patient prognosis in a discovery cohort (n = 39) of paraffin-
embedded CRC samples. We initially determined the intensity levels of
CDX1 (from 0 = negative to 3 = high, comparable to normal tissue)
(Fig. 3A) and the tumor area positive to generate an H-score (intensity =
0-3 * % positive tumor area; 0-100). We then categorized tumors in
quartiles (Q1-Q4) depending on the H-score (H-score 0; H-score 1-75 =
Q1; H-score 76-150 = Q2; H-score 151-225 = Q3; H-score 226-300 =
Q4) (Supplementary Table S1). Analysis of patient survival according to
the H-score demonstrated that H-scores of 0 and >0 (Q1 to Q4) repre-
sented the best cutoff for patient stratification (Fig. S2A), with loss of
CDX1 protein being suggestive of reduced overall survival (Fig. 3B).
Disease-free survival data from this cohort of patients was not available.
We then performed IHC analysis of CDX1 from two different CRC vali-
dation cohorts, one containing 191 samples obtained from MarBiobank
(Supplementary Table S2) and the other containing 125 samples from
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Fig. 1. Reduced CDX1 mRNA levels provide prognosis information in human CRC regardless of CDX2. (A-F) Kaplan-Meier representation of disease-free survival
over time for patients at all stages from Marisa (A, D), TCGA (B, E) and Jorissen (C, F) colorectal cancer databases, according to CDX2 or CDX1 expression levels as
indicated. (G-I) Kaplan-Meier representation of disease-free survival over time for patients from TCGA (G), Jorissen (H) and Marisa (I) colorectal cancer databases,
according to the indicated combination of CDX1 and CDX2 expression levels. Hazard ratios (HRs) and 95 % ClIs are estimated from Cox proportional hazards models,
and p-values are derived from the log-rank test. *P < 0.05; **P < 0.01. ***P < 0.001. All patients were considered.
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Fig. 2. CDX1 and CDX2 are independent prognosis factors in CRC independent of tumor stage, gender and oncogene mutations. Forest plot for the multivariate Cox
proportional hazard regression model showing hazard ratio estimates and 95 % confidence intervals from the CDX1 and CDX2 genes in in Marisa (A), TCGA (B) and
Jorissen (C) databases. Other parameters included in the analysis are indicated. WT: wildtype, MT: mutated, NA: not ascribed.

the Biobank from Hospital Clinic in Barcelona (Supplementary
Table S3). When analyzed independently, CDX1-negative tumors strat-
ified patients with lower disease-free survival in both cohorts with
different statistical power, and marginal impact in overall survival
(Fig. 3C). Pooling both cohorts together increased the significance of the
results and demonstrated that loss of CDX1 is predictive of tumor
relapse, although it did not reach statistical significance in relation with
overall survival (Fig. 3D). In the same CRC cohort, we found that loss of
CDX2 identified patients with very low overall and disease-free survival,
however the number of patients with CDX2-negative tumors was
extremely low (Fig. S2B and S2C).

3.4. Presence of CDX1 negative tumor areas in stage I CRC is linked to
relapse

Stage I CRC tumors are considered to have a good prognosis and most
of them are treated exclusively with surgery. However, a very small
numbers of these patients relapse and there are no biomarkers to
anticipate this event. We studied whether CDX1 and CDX2 levels pre-
dicted patient outcome at specific tumor stages, and in particular at
stage I. In the 3 cohorts analyzed, low levels of CDX1, but not CDX2,
characterize the poorest prognosis stage I (stage A in Jorissen) patients
(Supplementary Table S4). We visualized these results in the Kaplan
Meier curves of TCGA and Jorissen cohorts (Fig. 4A and B), since the
Marisa cohort only included 4 CDX1-high patients. Addition of CDX2
levels in the analysis of stage I tumors did nor add any benefit in terms of
significance (Fig. 4C and D). However, the significance and hazard ratio
(HR) of CDX1 (Fig. 4E and F) or CDX1 plus CDX2 (Fig. 4G and H) were
highly improved when considering stages I + II (or A + B for Jorissen)
patients.

We investigated the possibility that IHC analysis of CDX1 provides
information on the outcome of patients with stage I tumors. For this
analysis, we specifically selected 11 samples of stage I tumors that
relapsed after surgery and a comparable number of non-relapsed tumors
(Supplementary Table S5). CDX1 expression was primarily preserved in

all stage I tumors at different levels. Unexpectedly, we detected the
presence in some of the tumors of circumscribed CDX1-negative areas
with no significant morphological differences with the adjacent positive
areas (Fig. 4I). CDX1-negative areas were almost exclusively present in
samples from tumors that subsequently relapsed (5 of 11 relapsed tu-
mors compared with 1 of 11 non-relapsed) (Fig. 4J). We then performed
CDX2 IHC on these same samples and found that all but 3 of the stage I
tumors analyzed were CDX2 positive with the presence of scattered
negative cells (Fig. S3A and Supplementary Table S5). Similar to that
found in the majority of stage I tumor, we detected loss of nuclear CDX2
in few cells of the CDX1-negative areas (Fig. S3B).

These results indicate that loss of CDX1, either complete or focal,
could represent a powerful biomarker for high-risk stage I tumors at the
time of diagnosis.

4. Discussion

We have now identified CDX1, one of the genes downregulated in the
poor-prognosis fetal-type tumors [6], as a new biomarker for patient
stratification at early-stage CRC. This finding has extremely important
clinical implications since there are few (if any) molecular biomarkers
that are translated to clinical practice to predict relapse at specific tumor
stages and in particular at Stage I (reviewed in [40]). From a clinical
perspective, the relevance of our findings relies in the identification of a
useful biomarker that could be easily implemented in the pathology
departments at the time of diagnosis. It is important to remark that
CDX1-negative areas that are present in stage I tumors with higher
probability to relapse are indistinguishable from the CDX1-positive
areas at histopathological level, thus making essential IHC evaluation
of CDX1. However, the number of samples analyzed in this study is
relatively low and a more extensive analysis of this subset of patients
with good prognosis is clearly required to obtain more conclusive re-
sults. Association of CDX1 loss with intestinal development, and CRC
initiation and progression has previously been described, but mainly
associated to CDX2 loss [12,13,26,28,34,35,41]. Although we are aware
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Fig. 3. Detection of CDX1 protein from paraffin-embedded CRC samples informs on patient prognosis in three different cohorts analyzed. (A) Representative images
of CDX1 classified according to protein intensity levels (0-3) in the TMA of CRC tumors from the discovery cohort. CDX1 staining of a normal adjacent colonic tissue
is shown. (B) Kaplan-Meier representation of overall survival of CRC patients from the discovery cohort classified according to presence (>0) or absence (=0) of
nuclear CDX1. (C-D) Kaplan-Meier representation of disease-free and overall survival of CRC patients from the MarBiobank and Hospital Clinic validation cohorts (C)
and pooled data from the two cohorts (D) classified according to presence (>0) or absence (=0) of nuclear CDX1. Hazard ratios (HRs) and 95 % Cls are estimated
from Cox proportional hazards models, and p-values are derived from the log-rank test. *P < 0.05; **P < 0.01. ***P < 0.001. All patients were considered.

that the predictive capacity of CDX1 is significantly lower than CDX2, in
contrast, it incorporates a higher number of patients, which is not less
relevant. Moreover, CDX2 does not inform on patient outcome when
determined at Stage I, a group of patients that would crucially benefit
from a simple test capable to refine their diagnosis and therapeutic
management. Since, the CDX1 gene is located near APC in the human
genome, whether low CDX1 levels are linked to genetic APC deletion in a
percent of cases, remains unstudied. However, the high correlation be-
tween CDX1 (cytogenetic band 5q32) and CDX2 (cytogenetic band
13q12.2) expression in the tumors suggest some kind of transcriptional

coregulation more than a specific deletion of the CDX1 locus.

Still, we are aware that the prognosis capacity of the entire fetal
signature previously described [6] is significantly superior than CDX1 or
any other fetal markers alone. For this reason, we are currently working
on the incorporation of additional fetal markers to perform multiplex
IHC analysis on paraffin-embedded samples. In addition, because
several of the genes and proteins that are over-represented in the fetal-
type tumor cells are also expressed in the cancer-associated fibroblasts
and macrophages (not depicted), we are studying the possibility to setup
a qPRC test from liquid biopsy, thus avoiding the artifacts derived from
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Fig. 4. Low levels of CDX1 RNA or the presence of CDX1 negative tumor areas in stage I CRC are linked to relapse. (A-B) Kaplan-Meier representation of overall
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stromal-derived transcripts.
5. Conclusions

Together, our results identified CDX1 as a potential prognostic
biomarker at difficult-to-predict stages I and II + III. We propose that
CDX1 loss should be assessed in stage I tumors at diagnosis to identify
patients who are candidates for a closer follow-up. Implementation of
CDX1 immunostaining could have a relevant clinical impact in ther-
apeutical management of early-stage CRC patients in the near future.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbamcr.2024.119658.
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