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Abstract

Background Accumulating evidence has suggested that cancer progression and therapeutic response depend on
both tumor epithelium (EPI) and tumor microenvironment (TME). However, the dependency of clinical outcomes on
the tumor EPI vs. the TME has neither been clearly defined nor quantified.

Methods We classified 2373 colorectal cancer (CRC) tumors into the consensus molecular subtypes (CMS1-4) and
generated the 10-gene TME® and the 10-gene EPI° signatures as the serendipitous derivatives of the most (positively
vs. negatively) correlated genes of a highly-prognostic, ~500-gene signature we previously identified. Distinct TME vs.
EPI cellular features of the signature genes were identified by CIBERSORT deconvolution and validated by scRNASEQ
in an independent public dataset.

Results The TME® signature was strongly associated with the immune/stromal TME-rich CMS1/CMS4 subtypes that
portended worse survival, whereas the EPI° signature was predominantly related to the TME-poor, epithelial CMS2/
CMS3 classes that portended better survival. Multivariable Cox regression analysis against 29 TME-related signatures
revealed that the TME® signature was the most strikingly impacted by the “Cancer-associated fibroblasts” signature
(HR: 10.87 vs. 0.13, both P<0.0001). Moreover, the TME® score was strongly correlated with EMT, SRC activation and
MEK inhibitor resistance in 2373 CRC tumors (Spearman r=0.727,0.802, 0.824, respectively), which was validated in
two independent CRC datasets (n=626 and n=566). By contrast, the EPI° score was the dominant force in associating
with longer progression free survival in cetuximab-treated metastatic CRC patients derived from two independent
clinical trials (Logrank trend P=0.0005/n=80; P=0.0013/n=44). This finding was further validated in a large real-world
clinico-genomics dataset with EGFR inhibitor therapy, which demonstrated that higher EPI° scores were associated
with increased overall survival (EGFRI, Logrank trend P<0.0001/n =2343) and time on treatment (cetuximab,
P=0.003/n=953; panitumumab, P<0.0001/n=1307).
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Conclusions Here we identified a pair of new, distinct 10-gene signatures (the EPI° vs. the TME®) capable of
distinguishing the cellular contribution of the tumor EPI vs. the TME in determining CRC prognosis and therapeutic
outcomes. With targeted approaches emerging to address both tumor epithelial cells and the TME, the EPI° vs. TME®
signature scores may have a novel biomarker role to permit optimization of CRC therapy by identifying sensitive vs.

resistant subpopulations.

Keywords Colorectal cancer, Consensus molecular subtype, Clinical outcome, Tumor epithelium, Tumor
microenvironment, Gene expression signature, EGFR inhibitor, Cetuximab, Panitumumab, MEK inhibitor

Background

It has been suggested that tumorigenesis and therapeu-
tic response may depend not only on tumor epithelium
(EPI), but also on the tumor microenvironment (TME),
composed of a variety of non-cancerous immune and
stromal cells [1-4]. Cancer progression and metastasis
are thought to result from complex interactions between
tumor cells and the TME [1-4]. Colorectal cancer (CRC)
is a highly heterogeneous disease that has diverse genetic,
molecular and clinical features associated with metas-
tasis, prognosis and therapeutic outcomes [5, 6]. While
both the biology of the CRC tumor and its associated
TME are both likely contributory to therapeutic clinical
outcomes, the cellular contribution of the tumor epithe-
lial cell versus the resident TME towards drug sensitiv-
ity and resistance has neither been clearly defined nor
quantified.

Heterogenous CRC has been classified into four dis-
tinct consensus molecular subtypes (CMS): CMS1
(MSI, immune), characterized by microsatellite instabil-
ity (MSI) and immune activation, with worse survival
after relapse (SAR); CMS2 (canonical), epithelial, WNT
/MYC signaling; CMS3 (metabolic), epithelial, dysregu-
lated metabolism; and CMS4 (mesenchymal), stromal
infiltration, angiogenesis and TGFp activation in associa-
tion with worse overall survival (OS) and worse relapse
free survival (RES) [7]. The CMS1-4 subtypes have been
applied to immune-classify CRC: CMS1, immune acti-
vated; CMS2, immune desert; CMS3, immune excluded;
CMS4, immune inflamed [8, 9]. In this study, we classi-
fied 2373 human CRC tumors into the CMS1-4 subtypes
with distinct, variable TME cellular features defined
by CIBERSORT deconvolution analysis of bulk gene
expression data. scRNASEQ derived from an indepen-
dent dataset documented the precise cellular origin of
signature transcripts. Here we present evidence clearly
demonstrating and quantifying the distinct cellular con-
tributions of the EPI vs. the TME in determining CRC
prognosis and therapeutic outcomes. Moreover, these
analyses have resulted in the generation of a pair of new,
distinct, predictive 10-gene signature scores (the TME®
score vs. the EPI® score)---biomarkers capable of quan-
tifying the dependency of clinical outcomes on tumor
epithelial cells vs. the TME, which may ultimately help
optimize therapeutic strategies for CRC patients.

Methods

A flowchart of this study is shown in Supplementary Fig-
ure S1, which illustrates generation and analysis of the
10-gene TMES versus the 10-gene EPI® signature scores
in the Merck-Moffitt CRC dataset and various other CRC
datasets.

Merck-Moffitt CRC dataset (n=2373)

The cohort of 2373 colorectal adenocarcinoma tumors,
including 1571 primary lesions and 802 metastatic
lesions (see Table 1), were obtained from adult patients
treated through the Total Cancer Care initiative, which
was created by the H. Lee Mofitt Cancer Center (Tampa,
FL) [10]. All tumor tissues were collected by macro-
disssection and snap freezing in liquid nitrogen within
15-20 min of extirpation. The Affymetrix gene expres-
sion data were obtained as described by the Merck group
as a part of the large reference datasets representing>25
different cancers to develop consensus signatures for
pembrolizumab response [11, 12]. This study used only
retrospective and de-identified clinical data for various
bioinformatic analyses. Of note, we previously analyzed
a subset of 468 tumors with global gene expression data,
MSI status, and targeted gene sequencing of 1321 cancer-
related genes including key driver genes (BRAF, KRAS,
APC and TP53) [6]. Here we also performed correlation
analyses of the TMES® score vs. the EPI® signature score
with these key driver genes in the 468 tumors.

Ethics statement

All the experiment protocol for involving human data
was in accordance with the guidelines of national/inter-
national/institutional or Declaration of Helsinki. The tis-
sue and clinical data were collected under the approval
of the Institutional Review Board (IRB) of Moffitt Cancer
Center with the informed written consent obtained from
participating patients (the IRB No. is MCC14690).

CARIS LS real-world clinico-genomics dataset with
longitudinal outcomes

Whole transcriptome sequencing (WTS)

Formalin fixed paraffin embedded (FFPE) CRC speci-
mens (from 11,369 non-EGFRi and 2,343 EGFRi treated
patients) underwent pathology review to measure per-
cent tumor content and tumor size; a minimum of 10%
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Table 1 Baseline characteristics of Moffitt-Merck 2373 CRC tumors

Characteristic Total CMS1(n=329) CMS2(n=689) CMS3 (n=357) CMS4(n=745) CMS-NA Chi-
(n=2373) (14%) (29%) (15%) (31%) (n=253) Square
(100%) (11%) p-Value

Age (yr)

Mean 66 70 65 68 64 66

Median 67 72 66 69 64 68

Range (21-88) (21-87) (24-88) (26-87) (28-87) (31-87)

Age subgroups (yr) 2373 (100%) 329 (100%) 689 (100%) 357 (100%) 745 (100%) 253 (100%)

<50 268 (11%) 25 (8%) 74 (11%) 29 (8%) | 112(15%) 111 28 (11%) <0.0001

50-59 452 (19%) 44 (13%) || 147 (21%) 63 (18%) 154 (20%) 44 (17%) V=0.101

60-69 664 (28%) 68 (21%) || 202 (29%) 98 (27%) 229 (31%) 1 67 (26%)

>70 989 (42%) 192 (58%) 111 266 (39%) 167 (47%) 1 250 (34%) 111 114 (45%)

Sex 2372 (100%) 329 (100%) 688 (100%) 357 (100%) 745 (100%) 253 (100%)

Male 1243 (52%) 130(40%) |l| 401 (58%) 111 175 (49%) 402 (54%) 135 (53%) <0.0001

Female 1129 (48%) 199 (60%) 111 287 (42%) ll]l 182 (51%) 343 (46%) 118 (47%) V=0.120

Race 2076 (100%) 290 (100%) 595 (100%) 304 (100%) 666 (100%) 221 (100%)

Asian 12 (1%) 1 (0%) 3(1%) 1 (0%) 4 (1%) 3(1%) .084°

Black or African American 142 (7%) 12 (4%) | 44 (7%) 23 (8%) 54 (8%) 9 (4%) V=.063°

White 1900 (92%) 273 (94%) t 542 (91%) 278 (91%) 599 (90%) 208 (94%)

Other 22 (1%) 4 (1%) 6 (1%) 2 (1%) 9(1%) 1 (0%)

Ethnicity 1772 (100%) 245 (100%) 513 (100%) 255 (100%) 573 (100%) 186 (100%)

Hispanic or Latino 79 (4%) 10 (4%) 29 (6%) 15 (6%) 18 (3%) 7 (4%) 023

Not Hispanic or Latino 1693 (96%) 235 (96%) 484 (94%) 240 (94%) 555 (97%) 179 (96%) V=0.056

Stage at diagnosis 2156 (100%) 306 (100%) 640 (100%) 337 (100%) 641 (100%) 232 (100%)

1(0°) 278 (13%) 40 (13%) 85 (13%) 86 (26%) 111 43 (7%) 11| 24 (10%) <0.0001

2 491 (23%) 111 (36%) 111 130 (20%) 79 (23%) 138 (22%) 33(14%) 1)} V=0.158

3 579 (27%) 73 (24%) 145 (23%) |1 107 (32%) 1 187 (29%) 67 (29%)

4 808 (37%) 82(27%) |1l 280 (44%) 111 65(19%) 1]l 273 (43%) 11 108 (47%) 11

Microsatellite status 2373 (100%) 329 (100%) 689 (100%) 357 (100%) 745 (100%) 253 (100%)

MSI 237 (10%) 165 (50%) 111 0(0%) 1|l 41 (11%) 12(2%) 111 19 (8%) <0.0001

MSS 2136 (90%) 164 (50%) ||l 689 (100%) 111 316 (89%) 733 (98%) 111 234 (92%) V=0.554

Specimen type 2373 (100%) 329 (100%) 689 (100%) 357 (100%) 745 (100%) 253 (100%)

Primary 1571 (66%) 256 (78%) 111 412(60%) |/l 318(89%) 111 448 (60%) ||l 137 (54%) |}l <0.0001

Metastatic 802 (34%) 73(22%) |1l 277 (40%) 111 39(11%) |1l 297 (40%) 111 116 (46%) 111 V=0.247

Sidedness 1526 (100%) 243 (100%) 410 (100%) 296 (100%) 435 (100%) 142 (100%)

Left 826 (54%) 54 (22%)} |l 300(73%) 111 132(45%) 11l 275(63%) 111 65(46%) | <0.0001

Right 700 (46%) 189 (78%) 111 110(27%)lll 164 (55%) 111 160(37%) |1l 77 (54%) 1 V=0.352

Notes?comparing Black with White; Pincluding 6 Stage 0 cases; the CMS subtypes were generated by the CMScaller

1) for 0.01 <p<0.05; 11(1{) for 0.001<p<0.01; 111(144) for p<0.001 based on the standardized residual; Cramer’s V (last column) shows the strength of the

association

of tumor content in the area for microdissection was
required to enable enrichment and extraction of tumor-
specific RNA. The Qiagen RNA FFPE tissue extraction
kit was used for RNA extraction, and the RNA quality
and quantity were determined using the Agilent TapeSta-
tion. Biotinylated RNA baits were hybridized to the syn-
thesized and purified cDNA targets, and the bait-target
complexes were amplified in a post-capture PCR reac-
tion. The Illumina NovaSeq 6500 was used to sequence
the whole transcriptome from tumor samples to an
average of 60 M reads. Raw data were demultiplexed by
[lumina Dragen BiolT accelerator, trimmed, counted,
removed of PCR-duplicates, and aligned to human refer-
ence genome hgl9 by STAR aligner. TPM (Transcripts

Per Million Molecules) were generated using the Salmon
expression pipeline.

The TMES/EPI® genes were log transformed and
z-scored. The TMES/EPI® signature scores were calcu-
lated as the average z-scores for all the TMES/EPI® genes
for a given specimen.

Clinical outcomes

Real-world overall survival (OS) information was
obtained from insurance claims data using Kaplan-
Meier estimates. OS/EGFRi-OS was calculated from the
time of tissue biopsy/EGFRI to last contact while time
on EGFRI treatment (TOT) was calculated from the ini-
tiation of Cetuximab/Panitumumab to its termination
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(Cetuximab-TOT/Panitumumab-TOT). P values were
calculated using the log-rank test for trend.

Ethics statement

This study was conducted in accordance with the guide-
lines of the Declaration of Helsinki, Belmont Report, and
U.S. Common Rule. In keeping with 45 CFR 46.101(b)(4)
[], this study was performed using retrospective and de-
identified clinical data. This study was thus considered
institutional review board exempt, and no patient con-
sent was necessary.

Pelka et al. scRNASEQ CRC dataset (n=62)[13]

Recently, Pelka et al. used scRNASEQ to transcriptionally
profile 371,223 cells from colorectal tumors and adjacent
normal tissues of 62 CRC patients [13]. Here we accessed
this public available scRNASEQ dataset on Human Colon
Cancer Atlas (c295) - Single Cell Portal (broadinstitute.
org) to analyze and visualize the single cell expression of
the two distinct 10-gene signatures in epithelial tumor
cells vs. immune/stromal cells.

Marisa et al. CRC dataset (n=566)[14] and TCGA CRC
dataset (n=626)[5]

These two public CRC datasets were accessed as
described for our previous validation analyses [15, 16].
Here 19 normal samples were removed from the Marisa
dataset (n=585), whereas 51 normal samples were
removed from the TCGA dataset (n=677). We used
the Marisa (#=566) and TCGA (n=626) CRC datasets
to independently validate the distinct gene expression/
score/CMS correlations in relation to CRC outcomes and
resistance to targeted therapy. In addition, we also per-
formed correlation analyses of the TMES score vs. the
EPI® signature score with BRAF(V600E) and KRAS muta-
tions reported in the Marisa et al. CRC dataset [14].

Merck (PN04, n=44)[17] and BMS (Khambata-Ford, n=80)
[18] (cetuximab) clinical trial datasets

The PNO04 dataset had 44 WT KRAS CRC samples
selected from the control arm (cetuximab + irinotecan) of
a Merck prospective clinical trial (MK0646) [17], whereas
the public available Khambata-Ford dataset was from a
BMS trial including 80 cetuximab-treated CRC patient
samples among which 43 had WT KRAS [18]. Here we
used their Affymetrix data to examine the ability of the
10-gene EPI® (vs. 10-gene TME®) signature score in pre-
dicting progression free survival (PES) in cetuximab-
treated metastatic patients.

Gene expression signature scores

The gene expression signature scores were calculated for
each tumor as we previously described [15, 16, 19, 20].
Briefly, a score was computed for each of the signatures
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as the arithmetic mean of all probesets corresponding
to gene symbols present in the corresponding gene sig-
nature. Lists of the signature genes used here include
previously described APC1.LEMT and EMT scores [20],
SRC activation [15, 21], 13-gene MEKIi resistance and
18-gene MEK pathway activation [15, 22]. In addition,
we also computed the gene signature scores derived from
the iCMS2 and iCMS3 signatures reported by Joanito et
al. [23] and the 29 TME-related functional gene expres-
sion signatures (Fges) reported by Bagaev et al. [24],
respectively.

Statistical methods

CMS classification

the Merck-Moffitt (n=2373), TCGA (n=626) and Marisa
(n=566) CRC tumors were classified by the CMScaller
reported by Eide et al. [25] as previously described [15].
The CMS1* CMS2* CMS3* and CMS4* scores were
generated for each of these CRC tumors as previously
described [15]. The CMS1-4* scores were designated to
measure the propensity of a tumor to fall into CMSI,
CMS2, CMS2 and CMS4 classes, respectively [15]. More-
over, the Merck-Moffitt CRC tumors were also classified
by the random forest (rf) and single-sample predictor
(ssp.), the original CMS classifiers reported by Guinney
et al. [7], respectively. Of note, the CMScaller is a can-
cer cell-intrinsic CMS classifier that could recapitulate
the CMS subtypes in both in vitro and in vivo models and
also performed well in primary tumors [25]. Our analysis
in the Merck-Moffitt tumors also showed that the CMS
subtypes were well correlated among the three CMS clas-
sifiers (CMScaller, the rf and the ssp.) (as shown later).
Since the CMScaller could classify significantly more
tumors into the CMS1-4 subtypes (1n=2120) than the rf
(n=1646) and the ssp. (n=1766), the CMS subtypes gen-
erated by the CMScaller were primarily presented in this
study.

PDS classification

the Merck-Moffitt CRC tumors (n=2373) were also
classified by the pathway-derived subtypes (PDS1-3) as
reported by Malla et al. [26].

CIBERSORT is a method for enumeration of cell sub-
sets to characterize cell composition of complex tissues
from their gene expression profiles [27]. We performed a
CIBERSORT deconvolution analysis of the global expres-
sion data on the Merck-Moffitt 2373 CRC tumors simi-
larly as reported [27].

Statistical analyses, including Kaplan Meier (KM) sur-
vival, Spearman correlation, heatmap, Welch’s ¢ Test,
Cramer’s V Test, and CMS and PDS classifications were
performed using GraphPad Prism 10.0.2, SAS 9.4 and R
version 4.3. The statistical tests with an o =0.05 were cho-
sen as the significance level. In addition, for the Welch ¢
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test in comparison among multiple subgroups, adjusted p
values after adjustments for multi-comparisons by Holm-
Bonferroni method [28] were indicated. All tests were
two-sided unless indicated otherwise.

Results

The highly prognostic APC1.EMT score was strongly
associated with CMS1 and CMS4 subtypes independent

of age, sex, race, stages, MSI, metastasis and sidedness in
2373 CRCs

We first classified Merck-Moftitt 2373 CRC tumors by
the CMS subtypes using the CMScaller [25]. Among
2373 tumor samples analyzed, CMS1-4 subtypes could
be determined in 2120 samples whereas 253 tumors
were not applicable to be classified into any CMS1-4
subtypes (CMS-NA). The frequencies of CMS subtypes
were as follows: CMS1 (n=329; 14%), CMS2 (n=689,
29%), CMS3 (n=357; 15%), and CMS4 (n=745; 31%) as
well as CMS-NA (n=253; 11%). Various baseline pheno-
typic characteristics and related statistics among CMS
subtypes are listed in Table 1. Here the p values based
on standardized residual were used to compare the sub-
groups of the baseline phenotypic characteristics in each
CMS subtype. The Cramer’s V (last column) shows the
strength of their association with the CMS classes. It is
noteworthy that the baseline characteristics of CMS1 and
CMS3 tumors were generally shared, as were the CMS2
and CMS4 tumors. Notably, among patients identified
with “Race and Ethnicity” information, 7% of patients
were “Black or African American” and appeared to have
lower CMS1 tumors (4%, P <0.05).

We previously reported an epithelial-to-mesenchymal
transition (EMT)-based gene expression signature score
that was highly-correlated to the PC1 (the first principal
component) signature score in human CRC tumors [19].
We then generated a composite signature score (APCI.
EMT) by subtracting the EMT score from the PC1 score
[20]. As a result, the APC1.EMT score demonstrated a
dramatically improved capacity to predict metastasis and
clinical outcomes over its parent scores (either PC1 or
EMT) and ten other published scores [20]. However, the
biology underneath this composite score is still poorly
understood. To better understand the biology underpin-
ning this complex ~ 500 gene score, here we re-analyzed
the APC1.LEMT score in the context of various baseline
characteristics and the CMS classes. Here the Welch’s ¢
test was used for score comparison. Higher APC1L.EMT
scores were significantly (P<0.0001) associated with
higher stages (IV >1II>1I>1) tumors (including both pri-
mary and metastatic) and metastatic tumors themselves,
and to a lesser extent, with MSI tumors (Fig. 1A-C). The
Kaplan Meier (KM) survival analysis was also performed
by APC1.EMT score quartiles, which confirmed the score
to be highly prognostic (Fig. 1A-C). Moreover, the APC1.
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EMT scores were remarkably higher in the CMS1/CMS4
than CMS2/CMS3 classes when compared across all
stages, individual stages (I, II, III, IV), primary and met-
astatic tumors, or MSI and MSS tumors (Fig. 1D-F). In
addition, among the subgroups of age, sex, race and sid-
edness, higher scores appeared to associate with younger
patients of <50 year (all stages considered) (see Addi-
tional File 1-Fig. S2). Again, strong associations with the
CMS1/CMS4 (vs. CMS2/CMS3) subtypes were observed
in all the subgroups tested (Fig. S2). Taken together, the
highly prognostic APC1.EMT score was strongly associ-
ated with CMS1 and CMS4 subtypes independent of age,
sex, race, stages, MSI, metastasis and sidedness in 2373
CRCs. This strongly suggests that the biology underpin-
ning the APC1.EMT score may be highly related to the
distinct cellular features of the CMS1/CMS4 vs. CMS2/
CMS3 classes.

While APC1.EMT'’s top 10 positively-correlated (POS)

genes were predominantly associated with the CMS1/
CMS4 subtypes that portended worse survival, its top 10
negatively-correlated (NEG) genes were strongly related to
the CMS2/CMS3 subtypes that portended better survival
The composite construction of the ~500-gene APCI.
EMT signature score (a combination of 125 PC1-UP
genes, 120 PC1-DOWN genes, 150 EMT-UP genes and
162 EMT-DOWN genes) [20], made it difficult to dissect
its complex biology. Thus, we elected to further inter-
rogate APC1.LEMT’s most-correlated genes with known
biological functions. From an analysis of six independent
CRC datasets, we previously conscripted 10 top-ranked,
positively-correlated (POS) genes (CDI109, AHNAK2,
GAS1, PRKCDBP (i.e. CAVIN3), MEIS2, NXN, GFPT2,
PMP22, WWTRI, PTRF (i.e. CAVINI)) (adj P<0.0001)
and 10 top-ranked, megatively-correlated (NEG) genes
(CDX1, CDX2, C100rf99, DDC, GPA33, FAM84A (i.e.
LRATDI), NR112, MYB, C20rf89 (i.e.TRABD2A), EPHB2)
(adj P<0.0001) [20]. Of note, these 20 top genes are
mostly related to cancer and metastasis [20]. Remark-
ably, all top 10 POS genes had significantly higher gene
expression in CMS1 and CMS4 tumors (Welch’s t test
P<0.0001), whereas each of the 10 top NEG genes had
significantly higher gene expression in CMS2 and CMS3
tumors (P<0.0001) (Fig. 2A, B). This prompted us to gen-
erate a 10-gene POS signature score and a 10-gene NEG
signature score (Fig. 2C).

In addition, we also generated the CMS1-4 subtypes by
the random forest (rf) and single-sample predictor (ssp.),
the original CMS classifiers reported by Guinney et al.
[7], respectively (Additional File 1-Fig. S3). Notably, the
degree of Spearman correlation between the CMScaller
and the rf or between the CMScaller and the ssp. were
the same as between the two original classifiers (rf and
ssp.) (Fig. S3A), validating the use of the CMScaller in



Yang et al. BMC Cancer

A

Stages |-V tumors (n=2156)

P<0.0001
1007 peo.goot P<0.0001
— s —
0.75: o 8 8
H §
£ oso 8
g 8
- 025
@
oo ... BB --Median
1 &
2 025
-0.50 P<0.0001
P<0.0001
Stage I* Primary Tumors (n=274)
100

Logrank trend P = 0.099*

(2025) 25:441

Merck-Moffitt CRC Tumors --- APC1-EMT score

Stages I-IV tumors (n=2246)

Logrank trend P < 0.0001

B

All Stage Tumors (n=2373)

®
S w0
] - Q4 (highest, n=562)
£ 2 o050
@ s
2 o0 -+ Q2 (n=561) 8
° - Q1 (lowest, n=562) = 0.25
£ z
i 2 000
3 1)
a
2 5 % 025
[
-0.50
0 50 100 150 200 250 075
0S (months) D
PO
N ©
2 (n=561) Q1 (n=562) NS
[T [ | w1 | & &

Stage Il Primary Tumors (n=480)

Logrank trend P =0.0014

P<0.0001
—

-- Median

All Stage Primary Tumors (n=1537)

Logrank trend P < 0.0001

Page 6 of 21

All Stage Tumors (n=2373)

P<0.0001
—
0.75- 8
8
2 o050
s
3
@
- 025
@
- 000, - -~ Median
4
< 025
-0.50
of
&
MSI CRC (n=230)
100

POS-EMT score

K] K T w Logrank trend P =0.0110
z % o - z 0 o - 2 -+ Q4 (highest n=292) _— 9
] Q4 (highest, n=19) ] Q4 (highest, n=83) 2 P 3 -+ Q4 (highest n=69)
5 + Q3-1(n=255) 5 a L G5 {ned06) : .
2 e 2 6. -+ Q2 (n=124) 5 ® - Q1 (lowest n=511) @ 60 S L2 qes0)
3 5 - Q1 (lowest, n=150) 2 s - Q1 (lowest n=35)
Z 2 e e
H 40 3 40 a s
3 3 s g
$ 4 ] &
o & » & 20
0 50 100 150 200 250 0 50 100 150 200 250 4 50 100 15 200 250 ° 0 b (Mo""::;" 200 250
0s (months) 0S (months) 0OS (months)
[ T4 (v=69) | 03 (n=76) | 02 n50) [ 01 (39|
[ Tad4(=19)]as1 m=255)] [ To4(n=s3) [ 03(n=123) [Q2 (n=124)[Q1 (n=150)| [ Tatn=292[ 03 (n=328) | G2 (n=406) [Q1 (n=511)] [Median Survival (mo)| 264 | 522 | Undefined | 1315 |
Modian Sural(mol|_ 334 | 656 | 54 | 1045 Modian Sunvat(me)| 22 | 522 | 469 | 777
Stage Il Tumors (n=559) Stage IV Tumors (n=730) All Metastic Tumors (n=709) MSS CRC (n=2016)
100: 100 100- 100
Logrank trend P <0.0001 Logrank trend P = ns Logrank trend P =0.0127
90-
T 4. - Q4 (highest, n=132) T g T w0 Logrank trend P < 0.0001
3 ' 3 - Q4 (highest, n=227) Z - Q4 (highest n=270) 5 %
] 2 70 s =
a - Q2 (n=154) 3 a Q2 (n=155) : 34 (highest n=493)
2 6 - Q1 (lowest, n=151) 2 o + Q2 (n=181) & o0 -+ Q1 (lowest n=51) 3 60
° o - Q1 (lowest, n=87) o 5 -+ Q2 (n=511)
z ——— 2 ) z - Q1 (lowest n=527)
g 40- E 40- 2 40 ﬁ o
s ] ] 3
Q E-3 E-3 & 30-
o o e
& 2 & & 20 20
10
6 50 100 150 200 [vl 50 100 150 200 250 6 50 100 150 200 250 o 50 100 150 200 250
OS (months) 0S (months) 0S (months) 08 (Months)
= = [ To#(=493)[ 03 (n=465) [Q2 (n=511) [Q1 (n=527)|
[4 (n=132)[ @3 (n=122) [02 (n=154) [Q1 (n=151)] [ Tasn=221[ 03 (n=235) G2 (n=161)[ Q1 (n=7) | [4n=270)[ 03 (n=233) [Q2 (n=155) [ 1 (n=51) | °“Z';;’3 “3“"":‘5* o a1 5';?177
Wodian Sunvial(mo)] 240|670 4 1 49 Wodian Suvialmo)] 217 | 203 | %00 | 284 Wodian Survialmo)] 217 | 364 | 315 | 315 X X
All CMS1-4 tumors (n=2120) Stage I* CMS1-4 tumors (n=254) Stage Il CMS1-4 tumors (n=458) Stage lll CMS1-4 tumors (n=512) Stage IV CMS1-4 tumors (n=700)
- ns ns s P=0.0264
—— —_——
100 Fooont 100 P<0.0001 1.00 00001 1.00 00001 1.00 Pe00001
) P<0.0001 P<0.0001 P<0.0001 P<0.0001
— Peo.00t — — —
075 0.75: 0rs{ o ° °
§ o o ° 8
2 oo P00tz8 2 o050 - ° 2 oy © P0002) ® g " g H
S — S —— 3 g T e 8 — 8
a
o 025 o 025 @ e 025 s fae
= = = o = =
W o0 & 000 % % o000 Median u Median o Median
w0001 BB L8 - - - Median T . - Median = 00013 gg--- - N - = B T - = -
o o o
2 S 2 -3 g g & g 8 2
< -0.25- < -0.25- < -0.25 < - <
P00t Pt peou0n )
-0.50- -0.50- -0.50-
paagton P00t P00t peo0u0t
-0.75- - -
NP NP S
A S P S &S S & &
S R A SEREERS S
QEFNEREIRS N P S
& & & & S S S
& & ¢ & & & o ¢ ¢
E Primary CMS1-4 tumors (n=1434) Metastatic CMS1-4 tumors (n=686) MSI CMS1-4 tumors (n=218) MSS CMS1-4 tumors (n=1902)
ns. ns. 00214 P=0.0266
000t
1.00 00001 100 oo 100 100 )
oot X pe0gt0t X
— — =
ol < i o] ¢ o o5 ors
g ® 8 §
Q os0{ ¢ P=0.0280 2 o.50. ns 2 o050 2 o0s0{ o Pe0.0162
S — S o S ] —
@ o 2 @ 0
e 025 e 025 e 025 e 025
§ § § B
= 000l FS R --Median < oot Z2 & T . .Median < 000f. gy - R Median < oo TR & N yedian
o 13 3 o o
o % o o o
3 025 < 025 © b < 025 < 025
P00t Peo000t
-0.50- — 0.50- — -0.50- -0.50-
-0.75- -0.75-
N N
& & & e S &S
SRS ¢ ¢
& N & ¢ & &
& o< & & & &

Fig. 1 The highly prognostic APC1.EMT score was strongly associated with both CMS1 and CMS4 subtypes independent of stages, primary/metastatic
tumor types, and MSI/MSS status in the Merck-Moffitt CRCs. A-C. The APC1.EMT score comparison and Kaplan-Meier (KM) survival analyses by the score
quartiles (Q1-Q4) in Merck-Moffitt CRCs that had corresponding overall survival (OS) data. D-F. The APC1.EMT score comparison among the CMST vs.
CMS2 vs. CMS 3 vs. CMS4 subtypes. Here the CMS1-4 subtypes were generated by CMScaller. AD. all stages and individual stages (Stage I* (including
6 Stage 0 cases), Stage II, Stage Ill and Stage IV); B,E. primary and metastatic tumors; C,F. MSI and MSS tumors. Bars represent Median with interquartile
range. Adjusted P values are shown for two-tailed Welch'’s t test after adjustments for multi-comparisons by Holm-Bonferroni method [28]. See Table 1 for
detailed description of the baseline phenotypic characteristics
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Fig. 2 The APC1.EMT's top 10 positively-correlated (POS) genes (vs. top 10 negatively-correlated (NEG) genes) were strongly correlated with the CMST1
and CMS4 (vs. the CMS2 and CMS3) subtypes that portended worse survival. Comparison of gene expression of (A) the APC1.EMT's top 10 positively-
correlated (POS) genes and (B) top 10 negatively-correlated (NEG) genes across the CMS1-4 subtypes. (C) Comparison of the 10-gene POS and 10-gene
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Merck-Moffitt (n=2009, OS), (F) TCGA (n=577, OS) and (H) Marisa (n =489, RFS) tumors, respectively



Yang et al. BMC Cancer (2025) 25:441

the primary tumors. Similar distinct association of the
10-gene POS signature score vs. the 10-gene NEG signa-
ture score with the CMS1-4 subtypes was also obtained
by the rf and ssp. classifiers (Fig. S3B, C). Moreover, these
distinct associations were independently validated in the
TCGA (n=626) [5] and Marisa (n=566) [14] CRC datas-
ets (Fig. 2E, G).

Furthermore, the KM analysis among the CMS1-4
classes revealed that both CMS1 and CMS4 classes por-
tended worse OS in the Merck-Moffitt tumors (Fig. 2D
(the CMScaller), Fig. S3D (the rf)). More distinct OS dif-
ferences between CMS1/CMS4 vs. CMS2/CMS3 tumors
were noted in the TCGA dataset (Fig. 2F) whereas worse
RES was only seen for CMS4 in the Marisa dataset
(Fig. 2H). These data suggest that the 10 POS (vs. the 10
NEG) signature genes/score were strongly associated with
the CMS1/CMS4 (rather than CMS2/CMS3) subtypes,
which portended worse survival.

CIBERSORT Deconvolution cell type analysis confirmed
that the POS vs. the NEG signature genes/scores were
differentially associated with variable immune/stromal
cellular features

To investigate whether the POS vs. the NEG genes/
scores might capture the distinct cellular features associ-
ated with the CMS subtypes, we performed CIBERSORT
deconvolution analysis in Merck-Moffitt 2373 CRC
tumors (Fig. 3). A few key observations were noted:

(1) For the majority of CIBERSORT-defined immune
cell populations, similar correlation patterns were seen
between CMS1 and CMS4, or between CMS2 and CMS3.
While CMS1*/CMS4* scores had negative correlations,
the CMS2*/CMS3* scores had positive or no correlations
with the cell scores of “B cells naive’, “Plasma cells’, “T
cells CD4 naive’, “T cells CD4 memory resting’, “T cells
CD4 memory activated’, “T cells follicular helper’, “T
cells regulatory (Tregs)’; “NK cells resting’, “Mast cells
resting’, “Mast cells activated” and “Eosinophils”. In addi-
tion, while the CMS2*/CMS3* scores had negative corre-
lations with “Monocytes’, “Macrophages M2’; “Dendritic
cells resting’, and “mMDSC’; CMS1*/CMS4* scores had
positive correlations with them.

(2) Distinct CMS-associated correlations were also
observed. (i) CMS1 was positively correlated with
immune “active” cell populations including “B cells mem-
ory’, “T cells CD8’; “T cells gamma delta’, “NK cells acti-
vated’, “Macrophages M1” and “Dendritic cells activated”.
(i) CMS2 and CMS3 tended to correlate with immune
“inactive” cells including “B cells naive”, “NK cells resting”
and “Macrophages MO” (iii) CMS4 was strongly corre-
lated with “stromal” and “tumor” cells.

(3) The POS genes/score tended to correlate with the
CMS1/CMS4-related immune/stromal cell popula-
tions. On the other hand, the NEG genes/score tended
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to correlate with the CMS2/CMS3-related immune inac-
tive/poor cell populations.

(4) The 10-gene POS score was correlated stronger
with “CMS4” than “CMS1’, suggesting more preferential
association with stromal-related immune-suppressive
features.

Analysis of an independent SCRNASEQ dataset validated
that the 10 POS genes were principally TME-associated
genes and the 10 NEG genes were predominantly EPI-
associated genes

To determine the precise cellular origin of the gene tran-
scripts for the POS/NEG signatures, we assessed their
expression levels at single cell resolution using a public
colon cancer scRNAseq dataset (Pelka et al. n=62) [13]
(Fig. 4A-E). Strikingly, all 10 NEG signature genes were
consistently and predominantly expressed in the epithe-
lial tumor cells and epithelial normal mucosa, whereas
each of the 10 POS signature genes were preferentially
expressed in various stromal/immune TME cells (Fig. 4D,
E). For example, all of the 10 POS genes were strongly
expressed in the fibroblast cells, whereas 9 of the 10 POS
genes (except GFPT2) had abundant expression in endo-
thelial cells. Of note, PMP22 showed strong expression in
the macrophages. Thus, the 10 POS genes were prefer-
entially expressed by the stromal (and to a lesser extent,
immune) TME. In striking contrast, each of the 10 NEG
genes was predominantly expressed in epithelial (EPI)
tumor cells. The distinct EPI vs. TME expression patterns
led us to rename the NEG signature as “EPP” and the
POS signature as “TMES”

The TMES vs. the EPI° genes, and their respective 10-gene
signature scores, were distinctly correlated with BRAF and
APC mutations

We previously carried out targeted DNA sequencing of
1321 cancer-related genes (including key driver genes
such as APC, TP53, KRAS and BRAF) and MSI analysis
on a set of 468 clinically-characterized, sporadic, colorec-
tal tumors [6]. Here we assessed correlation of key driver
mutations with the TME® vs. the EPI® genes/scores on
the 468 tumors (Additional File 1-Fig. S4A). The TME®
score/genes were positively correlated with BRAF
(V600E) and MSI and negatively correlated with APC
truncating mutations, whereas the opposite was seen for
the EPI® score/genes. Of note, only the BRAF(V60OE)
and APC truncating mutations were considered as func-
tional mutations for these two driver genes [6]. The dis-
tinct correlation with the BRAF vs. APC mutations was
clearly illustrated by score comparison analyses against
the prevalence of these mutations (Fig. S4B, C). Notably,
the CMS correlations were seen for BRAF (V600E) with
CMS1* score and for APC mutations with CMS2* score
(Fig. S4A).
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Fig.3 CIBERSORT deconvolution and spatial transcriptomics revealed that the 10 POS genes/score vs. the 10 NEG genes/score were distinctly associated
with the epithelial tumor vs. immune/stromal TME cellular features. Spearman correlation of the 10 POS genes/score and 10 NEG genes/score with the
20 CIBERSORT scores and the CMS1*, CMS2* CMS3* and CMS4* scores in the Merck-Moffitt CRC tumors (n=2373). The 20 CIBERSORT cell scores were
derived from the deconvolution analysis of Affymetrix gene expression data to measure the abundances of various immune cell populations as well as

those of “stromal” cells and “tumor” cells, respectively

The TME® and EPI° genes/scores were associated with
distinct prognostic contributions

We next performed the KM survival analyses to assess if
the TMES vs. the EPI® genes/scores might be prognostic
in the Merck-Moffitt 2246 tumors that had available OS
data. Remarkably, higher expression of 9 of the 10 TME®
genes portended worse OS, whereas higher expression
of all the 10 EPI® genes were associated with better OS
(Fig. 5A, B). Moreover, higher TME® scores and lower
EPI® scores were highly prognostic in all stages, Stage

I-1II primary and MSS tumors, and to a lesser extent, pre-
dicted worse OS in MSI and metastatic tumors (Fig. 5C-
G). These data suggest the TME® vs. the EPI® genes/
scores were associated with distinct prognostic contribu-
tions. Of note, the 20-gene TMES-EPI® composite score
(generated by subtracting the EPI® score from the TME®
score) did not further improve prognostic prediction.

In addition, we also performed the KM survival anal-
yses on the 10-gene TME® score and the 10-gene EPIS
score in the Marisa CRC tumors that had corresponding



Yang et al. BMC Cancer (2025) 25:441

Broad Institute Human Colon Cancer Atlas (c295) --- All cells (tSNE)

A Clustered by 7 main cell classes

B
III Ep
. Mast
III Myeloid
. Plasma
. Strom
. TNKILC

c Tumor cells (T) vs. normal cells (N)

D Single cell expression of the 10 POS genes
CD109 AHANK2
| |

Cell No
25677

168672
3872
42545
37813
15457

77187

Cell No
112864

258359

GAS1

B Clustered by 20 cell types

PRKCDBP

DDC

Page 10 of 21

Cell No
. B 25677
. DC 5587
. Endo 7538
. Epi 60175
. EpiT 108497
M oo 5231
. Granulo 2092
. iLc 838
- Macro 20411
. Mast 3872
- Mono 14455
. NK 3963
[ peni 1526
Plasma 37813
Schwann 281
D SmoothMuscle 881
TCD4 34609
TCD8 23528
R 9407
. TZBTB16 4842
row min row max
Al $]
g £33
gs 88¥,
ClusterTop= oo S w id
« @+ « o+ o CD109
e e e e e e GAS1
“ e . « o AHNAK2
.@- -+ -+ PRKCDBP
° 0 « MEIS2
I IR NXN
o e e e e e GFPT2
e®: - @+ o PMP22
NOBDDon WWTR1
@ - .- PIRF
row min row max
o
g £33
gs 88¥,
ClusterTop= o S~ w id
...... @ coxt
A s s 1y Y PY P ® CDXx2
...... @® C100rf99
...... e DDC
...... @® GPA33
. @ FAMB4A
...... « NR1I2
® s e s e . e MYB
...... @ TRABD2A
« « ® EPHB2

Fig. 4 Single cell expression analysis using an independent public sScRNASEQ dataset validated that the 10 POS genes were principally TME-associated
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RES data (n=557) (Additional File 1-Fig. S5). While the
logrank trend p values were not significant, the plots
show a trend for higher TMES scores (Fig. S5A, higher
quartiles Q4,Q3 vs. lower quartiles Q2,Q1) and lower
EPI® scores (Fig. S5B, the lowest quartile Q1 vs. other
quartiles Q2-4) to be associated with worse RFS.

Multivariable Cox regression analyses against the 29
known TME-signatures revealed that while the TME® and
the EPIS were independent prognostic signatures, the TME®
score was strikingly impacted by the “Cancer-associated
fibroblasts” signature

Bagaev et al. recently established a list of 29 TME gene
expression signatures (Fges) representing the major
functional components and immune, stromal and other
cellular populations of a tumor for a pan-cancer TME
subtyping analysis [24]. To determine whether the
10-gene TME® and the 10-gene EPI® signatures were
independent prognostic signatures, we performed a mul-
tivariable Cox regression analysis against the 29 TME-
Fges in the Merck-Moffitt CRC dataset (Fig. 6). Here we
also performed a univariable Cox regression analysis of
these signatures as a reference (Fig. 6A). Both the TMES
and the EPI® were shown to be independent prognostic
signatures when analyzed along with the 29 TME-Fges
(Fig. 6B). Moreover, bivariable Cox analyses of the TME®
signature confirmed the TME® signature as an indepen-
dent prognostic signature when competing against each
of the 29 Fges, respectively (Fig. 6C). Remarkably, the
TMES signature was strikingly impacted by the “Can-
cer-associated fibroblasts” (CAF) signature (HR: 10.87
[6.64-17.81] for TME® vs. 0.13 [0.09-0.21] for CAF,
both P<0.0001) when compared to their univariable Cox
OR (1.90 [1.40-2.60] for TME® and 0.81 [0.61-1.10] for
CAF). This is supported by the single cell gene expres-
sion data showing that all the 10 genes were predomi-
nantly expressed in stromal/fibroblast cell types (Fig. 4D).
In addition, to a lesser degree, the TMES signature was
also considerably impacted by a number of other Fges
(e.g. HR: 3.38 [2.46-4.65] for TME® vs. 0.16 [0.10-0.25]
for “Co-activation molecules’, both P<0.0001; HR: 3.36
[2.44-4.64] for TMES vs. 0.18 [0.12-0.27] for “Check-
point molecules’, both P<0.0001; HR: 3.61 [2.09-6.24],
P<0.0001 for TMES vs. 0.45 [0.25-0.81] for “EMT-sig-
nature’, P=0.0074). These data suggest that the 10-gene
TME® signature could capture various stromal and
immune TME components. These data are in agreement
with the strong association of the TMES signature with
both immune CMS1 and stromal CMS4 subtypes that
portended worse survival (Fig. 2).
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The TME® and the EPI° scores were distinctly correlated
with the iCMS3 signature score

Joanito et al. recently identified two intrinsic (epithelial)
subtypes (iCMS2 and iCMS3) that refined CMS clas-
sification [23]. The iCMS3 subtype, that comprised MSI
tumors and also one-third of MSS tumors, portended
worse prognosis (vs. the iCMS2 subtype) [23]. Nota-
bly, the iCMS3 associated with the CMS4 had the worst
prognosis [23]. Here we performed a heatmap correlation
analysis on the iCMS2/iCMS3 signatures vs. the CMS
subtypes in the Merck-Moffitt tumors (1n=2373) (Addi-
tional File 1-Fig. S6). The iCMS2 up genes were primarily
correlated with the CMS2 subtype, supporting the most
prominent feature of the iCMS2 [23] (Fig. S6A). How-
ever, the iCMS2 down genes, the iCMS3 up and down
genes had less clear, “mixed” correlations with CMS1/
CMS3/CMS4 (Fig. S6A). Further signature score correla-
tion analysis shows that the 10-gene TMS® score and the
10-gene EPI® score had no correlation with the iCMS2
(up— down) signature score (Fig. S6B). By contrast, the
TMS® score and the EPI® score were distinctly correlated
with the iCMS3 (up— down) signature score (Spearman
r=0.57 for the TMSS vs. r= -0.77 for the EPI) (Fig. S6B).
Since the iCMS3 was associated with worse prognosis
[23], this supports the distinct association of the TMS®
(worse) vs. the EPI® (better) with CRC prognosis.

The TME® and the EPI° scores were distinctly associated
with the PDS1-3 subtypes

Malla et al. recently performed pathway level subtyping of
CRC and defined three pathway-derived subtypes (PDS1-
3) [26]: PDS1—canonical/LGR5" stem-rich and highly
proliferative, with good prognosis; PDS2—regenerative/
ANXA1" stem-rich, with elevated stromal and immune
TME lineages; PDS3—a slow-cycling subset of CMS2
tumors with reduced stem populations and increased
differentiated lineages and with the worst prognosis
in locally advance disease [26]. Here we classified the
Merck-Moffitt tumors (7 =2373) into the PDS1 (n=817),
the PDS2 (n=608) and the PDS3 (n=368) as well as the
mixed subtype (n=580). We next performed the Welch’s
t test to compare that the 10-gene TMS® score and the
10-gene EPI® score among the PDS1-3 subtypes, respec-
tively (Additional File 1-Fig. S7A). Significant score dif-
ferences were seen for both the TMS® and the EPIS but
with opposite directionalities (PDS2>PDS3>PDS],
all P<0.0001 for the TMS® vs. PDS2<PDS3<PDSI, all
P<0.0001 for the EPI®). Notably, the highest TMS® score
vs. the lowest EPIS score in the PDS2 “TME” subtype
[26] agrees with the distinct association of the two scores
with the TME. In addition, the lowest TMS® score vs. the
highest EPI® score in the PDS1 (good prognosis) subtype
[26] is also consistent with the distinct association of the
two scores with CRC prognosis (see Fig. 5C-G). Of note,
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Fig. 6 Cox proportional hazards regression analyses of the 10-gene TME® score and the 10-gene EPI° score, along with 29 TME-functional gene expres-
sion signatures (Fges), in the Merck-Moffitt CRC tumors that had corresponding OS data (n=2246). A. Univariable Cox regression analysis. B. Multivariable
Cox regression analysis. C. Bivariable Cox regression analyses of the 10-gene TME® score against each of the 29 TME-Fges, respectively (total 29 pairs). OR,
odd ratio; HR, hazard ratio. Here X10_gene_TME_S_score represents the 10-gene TME® score and X10_gene_EPI_S_score represents the 10-gene EPI°
score
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the KM survival analysis of the PDS1-3 subtypes in the
Merck-Moffitt tumors shows that while not significant,
the PDS1 tended to have better OS (Fig. S7B).

The TMES® score was strongly correlated with EMT, SRC
activation and MEK inhibitor resistance

Over half of CRC tumors are driven by oncogenic
RAS/RAF mutations, suggesting that CRC is hard-
wired to RAS/RAF/MEK signaling [5, 6, 29]. KRAS/
BRAF-mutated CRC has been targeted but therapeutic
inhibitors are largely ineffective, likely due to complex
resistance mechanisms that are not well understood [22,
30, 31]. We previously reported the SRC activation sig-
nature score was strongly correlated with the 13-gene
MEKi-resistance signature score (that predicts drug
resistance caused by “bypass” proliferation/survival sig-
naling pathways) [15, 22]. We now identified that the
TMES signature score was highly correlated with the
EMT, SRC activation and 13-gene MEKi-resistance sig-
nature scores in Merck-Moffitt 2373 CRC tumors (Spear-
man r=0.727, 0.802, 0.824, respectively, all P<1073%, see
Fig. 7A). By contrast, the EPI® signature score was, to a
lesser statistical degree, negatively-correlated with these
scores (Fig. 7B). Notably, CMS4 (and to a lesser extent,
CMS1) tumors were strongly associated with higher
scores of EMT, SRC activation and MEKi-resistance,
whereas CMS2 and CMS3 tumors were highly associated
with their lower scores (Fig. 7A, B). Moreover, these find-
ings were validated in the Merck-Moffitt Stage IV tumors
(Additional File 1-Fig. S8) and the Marisa CRC dataset
(n=566) (Fig. 7C, D). Furthermore, the same distinct cor-
relation patterns were also seen for all the TMES vs. the
EPI® genes in multiple datasets (Additional File 1-Fig.
§9-S11), suggesting a contributive role of the individual
genes.

The EPI° score was associated with longer progression

free survival in cetuximab-treated metastatic CRC patients
derived from two independent clinical trials

We next examined the potential of the EPI® score vs.
the TMES score to predict outcomes in metastatic CRC
patients treated with cetuximab in two independent
clinical trial datasets (BMS (Khambata-Ford) [18], Merck
(PN04) [17]). Higher EPI® scores were highly associated
with longer progression free survival (PES) in the BMS
dataset with all patients regardless of KRAS mutation
status) (n=80, Logrank trend P=0.0005, median sur-
vival (days): 103.5 (Q4, highest) vs. 53 (Q1, lowest)) and
in the subset of WT KRAS patients (n=43, P=0.0062,
median survival (days): 135.0 (Q4) vs. 49.5 (Q1)) (Fig. 8A,
B). The TMES score, by itself, was not predictive of CTX
sensitivity, and it did not add any predictive value to the
EPI® score when combined with it (20-gene EPI® /TMES
score) (Fig. 8A, B). Of note, higher EPI® scores were
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significantly associated with patients with complete/par-
tial responses (CR/PR) and stable disease (SD) (Fig. 8C).
The same predictive value was also demonstrated in the
Merck-PNO4 dataset with WT KRAS patients (n=44,
P=0.0013, median survival (days): 208.0 (Q4) vs. 75.5
(QU) (Eig. 8D).

Establishing the association of EPI° and TME® scores with
OS, EGFRI-0S and EGFRIi-TOT in a large real world clinic-
genomics dataset

Finally, using a large real-world dataset, we investigated
the association of the EPI® score and TMES scores with
clinical outcomes. The KM analysis showed that the EPI®
score modestly but very significantly (Logrank trend
P<0.0001) predicted better OS whereas the TMES score
was barely prognostic (P=0.0153) on all CRC patients
excluding those treated with EGFRi (n=11369, Fig. 9A,
E). We next investigated the association between the
EPI® and TMES scores with survival from the initiation
of EGFRi (OS) and time on treatment (TOT) as a surro-
gate for PFS in patients treated with cetuximab (CTX) or
panitumumab (PMB). These treatments were delivered in
all lines of therapy. We found that higher EPI® scores were
associated with increased OS (nz=2343, P<0.0001) and
TOT with EGFRI therapy (CTX, n=953, P=0.003; PMB,
n=1307, P<0.0001) (Fig. 9B-D). On the other hand,
higher TMES scores were significantly, but to a lesser
extent, associated with decreased OS (P<0.0001), CTX-
TOT (P=0.004) and PMB-TOT (P=0.0242) (Fig. 9F-H).

Discussion
Cancer progression and therapeutic response depend
on both tumor epithelium (EPI) and their surrounding
immune/stromal TME [1, 32, 33]. However, the differ-
ential contribution of cell type and relative geography
of the EPI vs. the TME to CRC prognosis and therapeu-
tic outcomes is not yet clearly defined. Here we report
an analysis of 2373 human colorectal cancers, validated
by multiple independent CRC datasets (Additional File
1-Fig. S1 for study flowchart), leading to development of
a companion pair of distinct 10-gene signatures (TME®
vs. EPI®) scores capable of distinguishing the cellular ori-
gin and quantitative contribution of epithelial tumor vs.
the TME to both prognostic and therapeutic outcomes.
We deciphered the biology underpinning the complex
APC1.EMT score. The APC1.EMT score and its most
correlated genes (10 POS genes vs. 10 NEG genes) had
distinct correlations with the TME-rich CMS1 and CMS4
(associated with worse survival) vs. the TME-poor (epi-
thelial) CMS2 and CMS3 subtypes (associated with bet-
ter survival) (Figs. 1 and 2, Additional File 1-Fig. S2).
Notably, higher APC1.EMT scores appeared to associ-
ate with younger patients of <50 year (all stages consid-
ered) (Fig. S2). It is noteworthy that the CRC incidence



Yang et al. BMC Cancer

(2025) 25:441

A Merck-Moffitt all stage CRC (n=2373) --- The 10-gene TMES score
EMT

SRC activation

MEKi resistance

Page 15 of 21

MEK pathway

35 3.5 3.5- 3.5-
Spearman r = 0.72 Spearman r = 0.802 Spearman r=0.824 Spearman r =-0.024
P <1.00x10°% P <1.00x10°% P <1.00x10°20 P=n:
3.0- 3.0 3.0 3.0
2 e e 4 3
%2 %2 %S %S Wedan ine
H H isdanine z iaian ne H
2 2 2 2
%2.0 g’2.(1 %2.0 $2.0
¢ ¢ e g g | oo
15 CMS2 (n=689) 15 N 15 CMS2 (n=689) 1. -
. CMS4 (n=745) - CMS4 (n=745)
CMS4 (n=745) S CMS4 (n=745)
y Median line CMS-NA (n=253) . Mediantine  CMSNA(1=253) , Median line CMS-NA (n=253) \ CMS-NA (n=253) Median line
15 -1.0 -0.5 0.0 0.5 1.0 15 20 214 22 23 24 25 26 27 28 150 1.75 2.00 225 2.50 275 3.00 20 22 24 26 28 3.0 3.2
EMT score SRC activation score 13-gene MEKi resistance score 18-gene MEK pathway score
B Merck-Moffitt all stage CRC (n=2373) --- The 10-gene EPIS score
EMT SRC activation MEKi resistance MEK pathway
35) spearman r =-0.593 CMS1 (n=319) 35 Spearman r = -0.457 CMS1 (n=319) 357 spearman r=-0.499 CMS1 (n=319) 35
P=1.24x1022 CMS2 (n=689) P =4.94x10"% CMS2 (n=689) P =1.19x10"49 CMS2 (n=689) Spearman r = 0.009
P=ns
3.0 CMS4 (n=745) 3.0 oMss <n=755) 3.0 CMS4 (n=745) 3.0
® CMS-NA (n=253) 2 CMS-NA (n=253) e CMS-NA (n=253) @ Median line
g g 8 N Meda
mm 25 Median line mvv 25 Median line mln 25 H Median line ”:" 25
o o o o
& & & &
2 2 2 2
@ 2.0- @ 2.0- @ 2.0 @ 2.0
4 4 2 ?
2 3 2 2 CMS1 (n=319)
o2 (eot9)
15 15 15 15 e
CMS4 (n=745) 4
Median line Median line Median line: CMS-NA (n=253) Median line
1.0 1.0 1.0 1.
1.5 -1.0 -0.5 0.0 05 1.0 15 20 21 22 23 24 25 26 27 28 1.50 1.75 2.00 225 2.50 275 3.00 20 22 24 26 28 3.0 32
EMT score SRC activation score 13-gene MEKi resistance score 18-gene MEK pathway score
C - = s
Marisa all stage CRC (n=566) --- The 10-gene TMES score
EMT SRC activation MEKi resistance MEK pathway
10- 10- 10 10
Spearman r = 0.803 Spearman r = 0.836 Spearman r = 0.846 Spearman r = 0.385
P=7.55x10"2 P=2.66x10"14 P =2.40x10°15 P=1.76x10?"
e 8 @ 8 o 8 o 8
% U % %
s Median line Ze Median line Z s Median line Z s Median line
3 oMst oeen 8 oMst oeen & - & .
e CMS2 (n=173) 2 CMS2 (n=173) =3 CMS2 (n=173) =3 CMS2 (n=173)
4 . 4 o 4 4
cMsa netn cMsa (ret5n oS4 (retn oS4 (et
CHENA (rett) CHENA (rett) CHENA (et CHENA (et
-0.8 -0.6 0.4 0.2 0.0 0.2 0.4 5.0 55 6.0 6.5 7.0 5 6 7 8 9 6 7 8 9
EMT score SRC activation score 13-gene MEKi resistance score 18-gene MEK pathway score
Marisa all stage CRC (n=566) --- The 10-gene EPIS score
EMT SRC activation MEK:i resistance MEK pathway
10 10 10- 10-
Spearman r = -0.482 Spearman r = -0.464 Spearman r = -0.499 Spearman r = -0.415
P=256x10% P=1.67x10% P=539x10% P=554x102
o 8 o 8 L 0 8 o &
S Median line 5 .. Median line 5 Median line 5 Median line
5 5 K .
o o o o
w6 w6 w e w e
: CMs1 (n=87) g’ CMs1 (n=87) g’ CMs1 (n=87) g‘ CMS1 (n=87)
2 | cwszomm 2 | cwszomm 2 | cwszemm 2 | cms2emm
B 4 4 s
oM (et oM (rets) oM (retsty M8 (et
CMS-NA (n=68) | CMS-NA (n=68) CMS-NA (n=68) CMS-NA (n=68) H
i Median line i Median line Median line i Median line
-0.8 -0.6 0.4 0.2 0.0 0.2 04 5.0 55 6.0 65 7.0 5 6 7 8 9 6 7 8 9
EMT score SRC activation score 13-gene MEKi resistance score 18-gene MEK pathway score

Fig. 7 The 10-gene TME® signature score (vs. the 10-gene EPI° signature score) was strongly correlated with the EMT, SRC activation and MEK inhibitor
(MEKI) resistance signature scores in multiple CRC datasets. Scatter plots of (A) the 10-gene TME® score and (B) the 10-gene EPI° score versus the EMT,
SRC activation, 13-gene MEKi resistance and 18-gene MEK pathway activation signature scores, respectively, in the Merck-Moffitt CRC tumors (n=2373).
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Fig. 8 Retrospective analysis of two independent clinical trial datasets showed that the 10-gene EPI° signature score significantly predicted longer pro-
gression free survival (PFS) in cetuximab (CTX)-treated metastatic CRC patients. The Kaplan-Meier (KM) survival analyses of the 10-gene EPI°, the 10-gene
TME®, and 20-gene EPIS-TME® signature scores in (A) the Khambata-Ford CTX-treated metastatic CRC patients (n =80, all cases regardless of KRAS mutation
status) [18] and (B) a subset of WT KRAS patients (n=43) as well as (D) Merck-PN04 CTX-treated WT KRAS metastatic CRC patients [17]. C. Comparison of
the 10-gene EPP°, the 10-gene TME®, or 20-gene TME®-EPI° scores among Khambata-Ford CR/PR (complete response/partial response), SD (stable disease),
PD (progressed disease) and UTD (undetermined) patients. Bars represent Median with interquartile range. Unadjusted P values are for two-tailed Welch’s
t test; ns — not significant. Of note, those significant unadjusted p values remained significant after adjustments for multi-comparisons by Holm-Bonfer-
roni method [28]. Note: *3 EPI° genes (C100rf99, FAM84A, TRABD2A) and 1 TME® gene (CD109) did not have probe values in the Khambata-Ford dataset so

these 4 genes were excluded in the analyses

was increasing in young patients, which was higher for
African Americans as reported by Ashktorab et al. [34].
Our analysis also shows that the “Black or African Amer-
ican” patients had lower CMS1 tumors (4%, P<0.05)
(see Table 1) but more CRC classification analyses are
needed for African Americans [35]. The differential asso-
ciation of the 10 POS genes/score vs. the 10 NEG genes/
score with variable immune/stromal TME cellular fea-
tures was demonstrated by CIBERSORT deconvolution
analysis (Fig. 3). Next, scRNASEQ analyses (Fig. 4) both
confirmed that the 10 POS genes, that were strongly
correlated with the CMS1/CMS4 subtypes, represented
TME associated genes (TME®). In striking contrast, the
10 NEG genes, that were strongly correlated with the
CMS2/CMS3 subtypes, represented EPI associated genes
(EPIS).

Our data revealed that the TME® genes/score predicted
worse OS (Fig. 5). This is supported by the observation
that all the 10 TMES genes were principally expressed
in the tumor stroma, primarily in the tumor fibroblasts
(Fig. 4B, D). The tumor stroma can account for up to
>50% of tumor mass of CRC and its extent is predic-
tive of worse survival [7, 36-38]. Cancer associated
fibroblasts, the dominant cellular components of tumor
stroma, were reported to promote tumor cell invasion
and metastasis [32, 39]. The multivariable Cox regres-
sion analyses against the 29 TME gene expression signa-
tures [24] in the Merck-Moffitt tumors show the HR of
the TMES score was the most strikingly impacted by the
“Cancer associated fibroblasts” signature (Fig. 6C). The
TME induces EMT in various types of tumor cells [40].
EMT is aberrantly activated in cancer as a major mech-
anism promoting invasion and metastasis and is also
known to contribute to drug resistance [40]. We found
that the 10 TMES genes and their composite score were
strongly correlated with the EMT score and the “mesen-
chymal” CMS4 subtype that portended worse survival [7]
(Figs. 2 and 7, Additional File 1-Fig. S8-11).

Intriguingly, the 10 TME® individual genes and their
signature score were also strongly associated with the
CMS1 (MSI], immune) subtype (Figs. 2 and 3, Fig. S2).
The multivariable Cox analyses also show that the HR of
the TMES score was also considerably impacted by vari-
ous “immune” signatures including the “Co-activation
molecules” and “Checkpoint molecules” signatures that

were associated with better OS (Fig. 6). These data sug-
gest that the 10-gene TMES signature could capture vari-
ous stromal and immune TME components. The “MS],
immune” CMS]1 subtype was associated with response
to checkpoint inhibitor therapy (e.g. pembrolizumab) [9,
41]. However, despite its positive association with immu-
notherapy, the CMS1 subtype portended worse prognosis
(OS) in the Merck-Moffitt CRC tumors (1 =2246) (Fig. 2).
The association of CMS1 with worse prognosis was also
recently reported by Chowdhury et al. when analyzed in
all CRC (n=24,939), primary or local tumors (n=14,153)
and distant metastatic tumors (#=10,776) [41]. Why the
CMS1 tumors were associated with worse prognosis is
largely not clear [41]. The CMSI tumors are less meta-
static (see Table 1) and confer the best prognosis in early-
stage CRCs but portend very poor outcomes at advanced
stages [42, 43]. Moreover, BRAF(V600) mutation was the
most frequently present in CMS1 [7]. BRAF(V600E) was
reported as a strong negative prognostic marker of CRC
[20, 44, 45] but the biology is poorly understood. Notably,
we found that the TMES genes and score were positively
correlated with BRAF (V600) (Additional File 1-Fig. S4),
suggesting a potential biological role of the TME in BRAF
(V600)-mediated poor prognosis. Moreover, the TME®
score was strongly related to the stromal/fibroblast TME
(Figs. 4 and 6) and the fibrotic subtypes were reported
to associate with the non-responders in immunotherapy
[24], suggesting that the TMES score may not have asso-
ciation with immunotherapy response. On the other
hand, our data revealed that the TMES genes/score were
strongly associated with SRC activation and MEK inhibi-
tor resistance and (Fig. 7, Additional File 1-Fig. S8-11). Of
note, the SRC oncogene is a non-receptor tyrosine kinase
that mediates cell proliferation, survival, invasion and
motility [46, 47] and is regulated by the TME [48].

By contrast, the 10-gene EPI® genes and their compos-
ite score predicted better OS (Fig. 5). The EPI® score was
associated with longer PFS in cetuximab-treated meta-
static CRC patients in two clinical trial datasets (Fig. 8).
Furthermore, we independently validated the EPI® score
as mildly prognostic (better OS) but highly predictive
of EGFRi outcomes (better OS and longer TOT) using
a large real world CarisLS dataset (Fig. 9). Notably, the
TMES score was also prognostic and predictive (worse
outcomes) but to a lesser degree (Fig. 9). In addition, the



Yang et al. BMC Cancer

(2025) 25:441

A Association of the 10-gene EPISscore with OS (CARIS) (n=11369)

Page 18 of 21

Association of the 10-gene EPISscore with EGFRI-OS (CARIS) (n=2343)

1.04 Logrank test for trend P <0.0001 10 Logrank test for trend P <0.0001
i EPI-Q1 (n=2933, m0S=22.73m) = -L EPI-Q1 (n=505, MEGFRi-0S=13.57m)
N EPI-Q2 (n:2914. mOS:30-1GM) s -1 EPI-Q2 (n=532, MEGFRi-0S=21.19m)
g EPI-Q3 (n=2818, mOS=31.34m) 5 - EPI-Q3 (n=607, mEGFRIi-0S=24.24m)
58 - EPI-Q4 (n=2704, mOS=28.45m) g; - EPI-Q4 (n=699, mEGFRi-0S=28.28m)
58 3
Lg iE
£ 705 S8 o5
£Z 5%
.2 3g
a S
0.0 y [X 1
200 150

Time (months)

Association of the 10-gene EPISscore with CTX-TOT (CARIS) (n=953)

Logrank test for trend P = 0.003

Time (months)

Association of the 10-gene EPISscore with PMB-TOT (CARIS) (n=1307)

Logrank test for trend P <0.0001

1.04 1.04
L EPI-Q1 (n=218, mCTX-TOT=4.6m) L EPI-Q1 (n=257, mPMB-TOT=46
L EPI-Q2 (1=217, mCTX-TOT=5.58m) . 2(":294' "‘FMB'TO ‘5 0'6“)
- EPIQ3 (n=239, mCTX-TOT=6.21m) - Emgzg:ué :FMB'TO 3:;
-+ = - =348, -
H EPI-Q4 (1=279, mCTX-TOT=6.34m) § - EPI-Q4 (=408, mPMB-TOT=7.59m)
3e 13
8
2 s
s E 0.5 £ =05
A 33
3 a

Time (months)

E Association of the 10-gene TMES score with OS (CARIS) (n=11369)

Time (months)

Association of the 10-gene TMES score with EGFRI-OS (CARIS) (n=2343)

ol Logrank test for trend P=0.0153 104 Logrank test for trend P <0.0001
- TMEQ1 (1=2799, mOS=26.21m) = -L TME-Q1 (n=617, mEGFR-0S=23.39m)
- TMEQ2 (1=2882, mOS=28.61m) ]
- TMEQ3 (1=2827, mOS=29.47m) H - TME-Q3 (n=589, mEGFR-O!
= 1] 3 K
-3 - TMEQ4 (1=2861, mOS=27.76m) 5% - TME-Q4 (n=575, mEGFRI-0S=15.99m)
St 2
g8 .
s E =
= ]
$3 05 28 os5q
35 5
? o ac
o 2
5
z
Lyl ! 1u J
0. T T - 2 X 7
50 100 150 200 150

G

Survival Fraction
(CTX-TOT)
| o4
kil

Time (months)

Association of the 10-gene TMES score with CTX-TOT (CARIS) (n=953)

Logrank test for trend P =0.004

-L TME-Q1 (=242, mCTX-TOT=6.01m)
- TME-Q2 (n=214, mCTX-T( 5.98m)
-~ TME-Q3 (n=240, mCTX-TOT=5.75m)
- TME-Q4 (n=257, mCTX-TOT=5.22m)

Time (months)

Time (months)

Association of the 10-gene TMES score with PMB-TOT (CARIS) (n=1307)

Survival Fraction
(PMB-TOT)
°
o
¥

Logrank test for trend P = 0.0242

-L TME-Q1 (n=365, MPMB-TOT=6.67m)
-1 TME-Q2 (n=331, mPMB-TOT=6.89m)
- TME-Q3 (=327, mPMB-TOT=6.31m)
-1 TME-Q4 (n=284, mPMB-TOT=5.06m)

Time (months)
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EPI® score was significantly correlated with APC-truncat-
ing mutations (Additional File 1-Fig. S4) that may predict
cetuximab sensitivity [16]. These data suggest clinical
potential for this 10-gene EPI® signature as a predictive
biomarker to improve EGFRi outcome.

In addition to the CMS classification, other new CRC
classifications have been recently developed as well. For
example, Joanito et al. identified two intrinsic (epithe-
lial) subtypes (iCMS2 and iCMS3) [23], whereas Malla
et al. defined three pathway-derived subtypes (PDS1-3)
[26]. Our additional analyses in the Merck-Moffitt CRC
tumors revealed that 10-gene TMES® score vs. the 10-gene
EPI® score were distinctly associated with the iCMS3
signature and with three PDS subtypes (Additional File
1-Fig. S6, Fig. S7). These data also support the association
of the 10-gene TMES vs. the 10-gene EPI® with distinct
prognostic contributions.

Remarkably, nine of the 10 TME® genes and all the 10
EPI® genes were prognostic (Fig. 5), suggesting individual
functional importance. The biological roles of many of
these genes have been reported [20]. For example, CD109
(a TMES gene) was identified as a metastasis-associated
protein marker [49]. Reduced expression of EPHB2 (an
EPI® gene) was associated with metastasis [50] and its
overexpression induced EMT [51]. How the biological
functions of the TME® vs. EPI® genes are related to their
distinct contributions to CRC outcomes remains to be
investigated.

Limitation of the study

We serendipitously identified 10-gene TME® and 10-gene
EPI® signature scores that may have the potential to
quantify the cellular contribution of the TME vs. the EPI
to therapeutic outcomes. However, this study was by
nature a retrospective study. Thus, additional technical
and clinical validation analyses of these two newly iden-
tified signature scores, especially in prospective studies,
will be needed for developing clinical applications.

Conclusions

This study has generated a pair of new, distinct 10-gene
signature scores (the TME® vs. the EPI®) that identify dif-
ferential cellular contributions of the TME and the tumor
epithelium to therapeutic outcomes. While the TMES
score was strongly correlated with MEKi resistance, the
EPI® score was highly predictive of EGFRi outcomes as
demonstrated in clinical trial and large real-world data-
sets. With targeted approaches emerging to address both
the TME and the tumor EPI, the distinct 10-gene sig-
nature scores (the TME® vs. the EPIS) may have a novel
biomarker role to permit optimization of CRC therapy by
identifying resistant vs. sensitive subpopulations.

Abbreviations

Page 19 of 21

CMS Consensus Molecular Subtype
CRC Colorectal Cancer

CR/PR Complete/Partial Responses

CTX Cetuximab

CTX-S Cetuximab Sensitivity

EGFRi EGFR Inhibitor

EMT Epithelial to Mesenchymal Transition
EPI Epithelium

EPP the 10-gene EPP° Signature Score
FFPE Formalin Fixed Paraffin Embedded
KM survival — Kaplan Meier survival analysis
MEKi MEK inhibitor

MSI Microsatellite Instability

MSS Microsatellite Stable

NEG Negatively Correlated

0S Overall Survival

PFS Progression Free Survival

RFS Relapse Free Survival

PC1 The First Principal Component

PD Progressed Disease

PMB Panitumumab

POS Positively Correlated

SAR Survival After Relapse

SCRNASEQ single cell RNA Sequencing

SD Stable Disease

SRCi SRC inhibitor

TGCA The Cancer Genome Atlas Program
TME Tumor Microenvironment

TME® the 10-gene TME® signature score
TOT Time on Treatment

utb Undetermined

WT Wild Type

WTS Whole Transcriptome Sequencing
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