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The circadian gene Timeless (TIM) provides a molecular bridge between circadian and cell cycle/DNA replication regulatory systems
and has been recently involved in human cancer development and progression. However, its functional role in colorectal cancer
(CRC), the third leading cause of cancer-related deaths worldwide, has not been fully clarified yet. Here, the analysis of two
independent CRC patient cohorts (total 1159 samples) reveals that loss of TIM expression is an unfavorable prognostic factor
significantly correlated with advanced tumor stage, metastatic spreading, and microsatellite stability status. Genome-wide
expression profiling, in vitro and in vivo experiments, revealed that TIM knockdown induces the activation of the epithelial-to-
mesenchymal transition (EMT) program. Accordingly, the analysis of a large set of human samples showed that TIM expression
inversely correlated with a previously established gene signature of canonical EMT markers (EMT score), and its ectopic silencing
promotes migration, invasion, and acquisition of stem-like phenotype in CRC cells. Mechanistically, we found that loss of TIM
expression unleashes ZEB1 expression that in turn drives the EMT program and enhances the aggressive behavior of CRC cells.
Besides, the deranged TIM-ZEB1 axis sets off the accumulation of DNA damage and delays DNA damage recovery. Furthermore, we
show that the aggressive and genetically unstable ‘CMS4 colorectal cancer molecular subtype’ is characterized by a lower
expression of TIM and that patients with the combination of low-TIM/high-ZEB1 expression have a poorer outcome. In conclusion,
our results as a whole suggest the engagement of an unedited TIM-ZEB1 axis in key pathological processes driving malignant
phenotype acquisition in colorectal carcinogenesis. Thus, TIM-ZEB1 expression profiling could provide a robust prognostic
biomarker in CRC patients, supporting targeted therapeutic strategies with better treatment selection and patients’ outcomes.

Cell Death & Differentiation (2022) 29:1552-1568; https://doi.org/10.1038/s41418-022-00935-y

INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer
worldwide [1]. Aggressive cancer frequently shows a switch to a
mesenchymal phenotype, which drives tumor progression and
acquisition of resistance to chemo/radiotherapy, including new
targeted agents [2]. The pathological mechanisms that drive EMT
in CRC have not yet been fully characterized, which hampers the
identification of successful treatment protocols for refractory
cancer. In such a scenario, we found that TIMELESS (TIM), a highly
conserved gene, is linked to EMT in CRC. TIM in Drosophila
melanogaster is a core circadian gene [3], while in human cells it
takes part in the replication fork protection complex (FPC), a
multiprotein complex that preserves fork integrity and genome

stability during DNA replication [4-7]. Augmented levels of TIM
and CLASPIN (a checkpoint adapter and DNA replication factor)
were frequently observed and functionally linked to the protec-
tion of tumor cells from oncogene-induced replicative stress in a
checkpoint-independent manner [8]. Recently, PARP1 was also
found to physically interact with TIM in a TIPIN (i.e.,, TIMELESS-
interacting protein) independent manner, which in turn allows
PARP1 interaction with several proteins involved in DNA damage
response (DDR), promoting its activation [9, 10].

TIM overexpression was associated with a pro-tumorigenic role
in different human cancer types and identified as an adverse
prognostic biomarker in breast cancer, cervical carcinoma, and
lung cancer [11-16]. However, contrasting results were reported in
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breast cancer where the loss of TIM expression was associated
with increased cell migration and invasion [17]. Further evidence
has also suggested that loss of TIM expression may contribute to
cancer development by impairing proper replication fork progres-
sion and DDR [8].

Here, we report unprecedented findings showing that loss of
TIM expression in CRC favors tumor progression underpinned by
induction of epithelial-to-mesenchymal transition (EMT). Further-
more, we provide evidence of an unedited TIM-ZEB1 axis in CRC
pathogenesis, with several implications in the acquisition of
aggressive phenotypes adversely impacting CRC prognosis.
Strikingly, the loss of TIM expression occurs in a sizable fraction
of human cancer types thus suggesting a “double-hedged sword”
role for TIM in cancer.

RESULTS

Pan-cancer analysis of TIM expression reveals prognostic
significance in multiple tumor types including CRC

We initially investigated the pattern of TIM expression in human
cancer by pan-cancer analysis using the “Human Protein Atlas”
database (HPA) [18], which contains expression data of protein-
coding genes from multiple tumor types (N = 21). Tumor samples
were stratified into low-TIM and high-TIM expression on the basis
of HPA “best-expression cut-off’ (see Methods). Overall, TIM
expression was prognostic in ~62% of different tumor types and
subtypes (13 out of 21) (Fig. 1A and Fig. S1A, B), with ~50% of the
tumor types (7 out of 13; Fig. 1A, B) showing TIM overexpression
as an adverse prognostic factor while, unexpectedly, in the
remaining half (6 out of 13), loss of TIM expression correlated with
poor prognosis (Fig. 1A, B). In particular, loss of TIM expression was
an unfavorable prognostic factor in CRC (HR=1.559; 95% Cl:
1.096-2.216; p =0.013), in cervical squamous cell carcinoma and
endocervical adenocarcinoma (HR = 1.832; 95% Cl: 1.149-2.92; p
=0.011), stomach adenocarcinoma (HR=1539; 95% CI
1.086-2.180; p =0.009), thyroid carcinoma (HR=3.541; 95% Cl:
1.325-9.468; p = 0.019), head and neck squamous cell carcinoma
(HR = 1.454; 95% Cl: 1.068-1.979; p =0.031) and lung squamous
cell carcinoma (LUSC) (HR=1.356; Cl: 1.025-1.793; p =0.027)
(Fig. 1A, B). Furthermore, we confirmed the unfavorable prog-
nostic value of loss of TIM expression in an additional independent
cohort of 562 CRC patients (GSE39582 cohort; Fig. 1C). Lastly, loss
of TIM expression correlated with advanced tumor stages,
metastatic spreading (loco-regional and distant), and microsatel-
lite stability status in CRC (Table 1).

Loss of TIM expression impacts relevant cancer-related
pathways

While TIM overexpression protects cancer cells from DNA
replication stress and promotes proliferation [19], the link between
loss of TIM expression and tumor progression lacks at present a
specific mechanistic explanation. To tackle this issue, we started
by analyzing the TIM expression profile in a panel of 63 CRC cell
lines belonging to the cancer cell line encyclopedia (Table S1) [20].
TIM showed a wide range of expressions in these cell lines (Fig. 1D;
Table S1) and, in particular, among commonly used CRC cell lines
(HCT116, HT29, SW480, and SW620), which we then employed in
our experimental setting (Fig. S2A-C). Notably, a positive and
significant correlation was found between TIM mRNA and protein
expression (R = 0.54, p = 0.0004; Fig. 1E; Table S1). We thus initially
selected the SW620 (high-TIM expressing) cells to stably knock-
down TIM expression using different sh-RNAs (TIM-KD cells) or an
empty vector (CTRL cells) (Fig. S2D, E; see Methods). Next, we run
genome-wide expression profiling of CRC cells at 15-days and at
60-days post knockdown of TIM expression (Fig. 2A; Fig. S2F) to
monitor middle- (15-days) and long-term (60-days) transcriptional
changes upon TIM-KD, which more resembles actual pathological
conditions in CRC and is not limited only to an acute-phase KD as
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previously performed [8, 9, 11, 13, 15, 19]. A total of 2043
differentially expressed genes (DEG) (g-value < 0.05; log-FC > [1.5])
were found in the TIM-KD_15-days condition, while 1493 DEGs
were identified in the TIM-KD_60-days condition (Fig. 2B). A total
of 425 DEGs were also found overlapping in both conditions
(Fig. S2G), of which 334 (~79%) were coherently regulated in TIM-
KD_15-days and TIM-KD-60_days conditions (Fig. 2C, red dots;
Table S2). Next, we performed Molecular Signatures Database
(MSigDB) analysis (see Methods) using the set of 1618 DEGs
specifically regulated in TIM-KD_15-days condition (Fig. 2C, blue
dots; Fig. S2G) which revealed enrichment of the “G2M
checkpoint” and “E2F targets” gene sets (g-value < 0.05) (Fig. 2D;
Table S3). Yet, MSigDB analysis using the set of 1068 DEGs
specifically regulated in TIM-KD_60-days (Fig. 2C, yellow dots;
Fig. S2G) resulted in “KRAS signaling” and “IL2-STAT5 signaling”
(relevant for metabolic reprogramming and cancer progression
[21]) among the top enriched (g-value < 0.05) gene sets (Fig. 2D;
Table S3). Lastly, the analysis of the set of coherently regulated
334 DEGs (Fig. 2C, red dots) revealed that the “EMT program” was
the most significantly represented among coherently regulated
genes in both TIM-KD_15-days and 60-days conditions (Fig. 2D;
Table S3). Recent studies demonstrated that during EMT, which is
a lengthy process [22], a series of intermediate phenotypic states
are generated, referred to as the ‘EMT spectrum’, where cells can
exhibit both epithelial and mesenchymal features [22]. In keeping
with this, we explored the EMT spectrum upon TIM-KD by using a
universal and quantitative EMT-score [23] (see methods). Interest-
ingly, the EMT-score increased at TIM-KD-15-days and further
augmented at TIM-KD-60-days condition (Fig. 2E), which con-
firmed that loss of TIM expression was able to initiate a
transcriptional reprogramming characteristic of EMT. Importantly,
when we analyzed the transcriptome of CRC patients by Gene Set
Enrichment Analysis (GSEA; see Methods), low-TIM expressing
CRCs were enriched in gene sets representing cell plasticity (i.e.,
EMT transition, apical junction, NOTCH signaling, and TGF-beta
signaling) (Fig. 2F; Table S4). Conversely, proliferation/cell cycle-
related mechanisms (i.e., E2F targets, G2M checkpoint signatures,
MYC targets, and MTORC1 signaling) were enriched in high-TIM
CRCs (Fig. 2F; Table S3). Remarkably, TIM expression was also
found significantly lower in CRC samples with a high “EMT score”
(Fig. 2G).

Loss of TIM expression induces EMT
Bright-field microscopy analysis confirmed that loss of TIM
expression induced a switch from cobblestone-like to spindle-
like phenotype in CRC cells, which is a hallmark of EMT (Fig. 3A).
Furthermore, immunofluorescence, immunoblot, and gRT-PCR
analyses confirmed the increased expression of canonical EMT
markers (i.e., Vimentin, VIM; Zinc finger E-box-binding homeobox
1, ZEB1) and loss of E-cadherin (CDH1) expression in TIM-KD cells
(Fig. 3B-D). Such results were confirmed also in additional CRC cell
lines (i.e, HCT116 and HT29) (Fig. 3E). Conversely, TIM over-
expression reverted the spindle-like phenotype of TIM-KD cells to
a cobblestone-like (Fig. S3A) and reduced cell invasion (Fig. S3B).
Accordingly, ZEB1 expression was reduced while CDH1 expression
increased (Fig. S3A-E). Next, immunohistochemistry and immuno-
blot analyses performed on a cell line-derived xenograft (CDX)
model obtained using SW620 cells confirmed the EMT phenotype
in TIM-KD tumor masses (Fig. 3F, G); tumor masses derived from
TIM-KD and CTRL SW620 cells were comparable in size (Fig. 3H, I).
Lastly, we investigated whether the transition to a
mesenchymal-like phenotype of TIM-KD CRC cells triggered
increased cell aggressiveness. Wound healing assay revealed a
cell migration increase in TIM-KD vs. CTRL cells (Fig. 4A). Likewise,
cell invasion was increased in TIM-KD cells (Fig. 4B). We then
measured the efficiency of generating tumorspheres (TSE) as a
proxy for cancer stem cell (CSC) enrichment [24]. Loss of TIM
expression in CRC cells correlated with a significant increase of TSE
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Fig. 1 Pan-cancer screening on TIM expression reveals prognostic significance in multiple tumor types. A Forest plot analysis of the risk of
death (i.e,, hazard ratios; HR) of patients with low-TIM vs. high-TIM expressing cancer. Circles represent the HR values while horizontal bars
mean 95% confidence interval of HR. p-Values were calculated by log-rank test. B Bubble plot of the significant (p < 0.05) differential TIM
median expression (fragments per kilobase of transcript per million mapped reads, AFPKM) in tumors of patients associated with an adverse
prognosis (Dead) or favorable prognosis (Alive). Gene expression data were derived from the “HPA database” and were relative to TCGA cancer
samples. Bubble colors are as per the legend. Bubble size represents statistical significance expressed as —Log “p-value” (log-rank test), where
the larger the size the greater the significance. BRCA breast invasive carcinoma, CRC colorectal carcinoma, CESC cervical squamous cell
carcinoma and endocervical adenocarcinoma, LIHC liver hepatocellular carcinoma, LUAD lung adenocarcinoma, LUSC lung squamous cell
carcinoma, HNSC head, and neck squamous cell carcinoma, PRAD prostate adenocarcinoma, RCC renal cell carcinoma, STAD stomach
adenocarcinoma, SKCM skin cutaneous melanoma, THCA thyroid carcinoma, UCEC uterine corpus endometrial carcinoma. C Kaplan-Meier
survival curves of patients of two independent colorectal cancer cohorts [TCGA-CRC (n = 597) and GSE39582 (n = 562)] stratified based on
high- or low-TIM expression (see methods). p-Values were calculated by log-rank test. D Heatmap of TIM expression profile in 63 CRC cell lines
(CCLE dataset) ordered according to the TIM expression level (low to high) as per the legend. The labeled cell lines were the ones used in this
study. TPM transcripts per million. E Scatter plot analysis showing TIM expression correlation in 39 colorectal cell lines where mRNA and
protein expression data were available. Total protein level was measured by isobaric peptide labeling (TMT tandem mass tag) and MS3
quantification, while mRNA refers to RNA-seq expression quantification. TPM transcripts per million. p Values were determined by two-sided
Pearson’s correlation test.
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Table 1.

TCGA-CRC
cohort N =592

Age at diagnosis [yrs]

High-TIM N =
292 (49.3%)

Low-TIM N =
300 (50.7%)

Median (Q1; Q3) 68 (58; 76)° 68 (57; 77)° 67 (58; 75)
Min-max 31-90 33-90 31-90
Sex

Male 311 (52.5%) 146 (50.0%) 165 (55.0%)
Female 279 (47.1%) 144 (49.3%) 135 (45.0%)
NA 2 (0.3%) 2 (0.7%) 0

Stage

0 - - -

| 103 (17.4%) 2 (17.8%) 1 (17.0%)
Il 220 (37.2%) 119 (40.8%) 101 (33.7%)
1] 170 (28.7%) 80 (27.4%) 90 (30.0%)
\Y 5 (14.4%) 32 (11.0%) 53 (17.7%)
NA 4 (2.4%) 9 (3.1%) 5 (1.7%)
Pathological lymph node status

NO 340 (57.4%) 182 (62.3%) 158 (52.7%)
N+ 249 (42.1%) 108 (37.0%) 141 (47.0%)
NX/NA 3 (0.5%) 2 (0.7%) 1 (0.3%)
Pathological M status

Mo 439 (74.2%) 222 (76.0%) 217 (72.3%)
M1 82 (13.9%) 31 (10.6%) 51 (17.0%)
MX/NA 71 (12.0%) 39 (13.4%) 32 (10.7%)

Microsatellite status

Instable 177 (29.9%) 106 (36.3%) 71 (23.7%)
Stable 410 (69.3%) 183 (62.7%) 227 (75.7%)
NA 5 (0.8%) 3 (1.0%) 2 (0.7%)
Follow-up N =589 N =289 N =300
Deaths 120 (20.4%) 51 (17.6%) 69 (23.0%)
Survivors 469 (79.6%) 238 (82.4%) 231 (77.0%)

Median (Q1; Q3)
[yrs] in survivors

1.8 (1.1-3.0) 1.8 (1.1-3.0) 2.0 (1.1-2.9)
Percentages could not add up 100 due to rounding.

*Three patients with missing information on age.

PWilcoxon test.

‘Fisher’s exact test.

90One patient with missing information on age.

(Fig. 4C) confirmed also by extreme limiting dilution analysis
(ELDA) (Fig. 4D; see Methods). Strikingly, xenografts in Zebrafish
larvae (ZTX) of TIM-KD and CTRL SW620 cells and SW480 cells (see
Methods) revealed that loss of TIM expression correlates with a
strong and significant enhancement of CRC cells metastatic
spreading (Fig. 4E, F).

Taken together, our results convincingly hint that loss of TIM
expression in CRC cells induces EMT with the acquisition of
aggressive features in line with the unfavorable prognosis of
patients with low-TIM expressing CRC (Fig. 1C).

The newly identified TIM-ZEB1 axis

Since EMT is tightly controlled by activation of EMT-inducing
transcription factors (EMT-TFs) such as SNAI1, SNAI2, TWIST1,
ZEB1, and ZEB2 [25, 26], we analyzed EMT-TFs expression profile in
TIM-KD and CTRL cells. ZEB1 expression was increased, while
SNAIT and SNAI2 diminished (Fig. 5A). Yet, the expression
landscape of epithelial and mesenchymal markers confirmed the
switch to a mesenchymal phenotype of TIM-KD cells (Fig. 5A).
Therefore, we asked whether ZEB1 overexpression in TIM-KD cells
was functionally related to EMT and increased in malignant
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0.57°

0.17¢

0.08°

0.0241¢

0.06°

0.0015¢

0.45°

Clinicopathologic characteristics of TCGA-CRC cohort (N =592) and GSE39582 cohort (N = 566), according to TIM level.

GSE39582 N = High-TIM N = Low-TIM N = p-Value
566 306 (54.1%) 260 (45.9%)
68 (59; 76)° 69 (58; 77) 68 (60; 75)%  0.72°
22-97 24-97 22-96
310 (54.8%) 158 (51.6%) 152 (585%)  0.11°
256 (45.2%) 148 (48.4%) 108 (41.5%)
(o 79%) 1 (0.3%) 3 (1.2%) 0.0246°
3 (5.8%) 9 (6.2%) 14 (5.4%)
264 (46.6%) 158 (51.6%) 106 (40.8%)
205 (36.2%) 104 (34.0%) 101 (38.8%)
0 (10.6%) 4 (7.8%) 36 (13.8%)
302 (53.4%) 179 (58.5%) 123 (47.3%)  0.0208°
244 (43.1%) 119 (38.9%) 125 (48.1%)
20 (3.5%) 8 (2.6%) 12 (4.6%)
482 (85.2%) 272 (88.9%) 210 (80.8%)  0.0263¢
61 (10.8%) 24 (7.8%) 37 (14.2%)
23 (4.1%) 10 (3.3%) 13 (5.0%)
75 (13.3%) 59 (19.3%) 16 (6.2%)  <0.0001¢
444 (78.4%) 215 (70.3%) 229 (88.1%)
47 (8.3%) 32 (10.5%) 5 (5.8%)
N =562 N =305 N =257
191 (34.0%) 87 (28.5%) 104 (40.5%)
371 (66.0%) 218 (71.5%) 153 (59.5%)
5.3 (3.4-7.1) 5.2 (3.4-7.3) 55 (29-7.1) 0.79°

phenotype. To tackle this issue, we stably knocked down ZEB1 in
SW620 cells (i.e., ZEB1-KD cells) (Fig. S3F; see Methods) followed
by TIM knockdown (i.e, ZEB1/TIM-KDs cells; Fig. S3G; see
Methods), with TIM-KD only as further experimental control
(TIM-KD cells). The invasive potential of TIM-KD cells was
confirmed to be increased when compared to CTRL cells (Fig. 5B).
Contrariwise, the absence of ZEB1 in ZEB1/TIM-KDs cells resulted
in a significant reduction of cell invasion (Fig. 5B). Furthermore,
genome-wide expression profiling revealed 889 DEGs in ZEB1/
TIM-KDs vs. TIM-KD cells (g-value < 0.05; log-fold change (FC) > |
1.5; Fig. 5C). Of these, 548 DEGs (~62%) were overlapping with the
2043 DEGs in TIM-KD cells vs. CTRL cells (Fig. 5C). Importantly, 526
(~96%) out of 548 DEGs showed an opposite trend of regulation in
ZEB1/TIM-KDs cells vs. TIM-KD cells (Fig. 5D; Table S5). Likewise,
the EMT-score was reduced in ZEB1/TIM-KDs cells (Fig. 5E) as well
as the expression profile of several mesenchymal markers
including Fibronectin 1 (FN1), which, on the contrary, were
upregulated in TIM-KD vs CTRL analysis (Fig. 5F-H). These results
revealed the existence of a TIM-ZEB1 axis functional to EMT and to
the acquisition of an aggressive phenotype of CRC cells. Recently,
the miR-200(cluster)-Zeb1 axis has been revealed as having a
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central role in controlling EMT, tumor invasion [27], and stemness
[28]. Therefore, we assayed the expression levels of miR-200 family
members (MiR-141-3p and miR-200c-3p) [29]; the analysis by qRT-
PCR revealed a marked expression reduction of both miR-141-3p
and miR-200c-3p in TIM-KD cells when compared to CTRL cells
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(Fig. 5I; see Methods). However, in ZEB1/TIM-KDs cells the
expression of miR-141-3p and miR-200c-3p reverted to compar-
able levels as observed in CTRL cells (Fig. 5I). Notably, miR-200
members target the Notch pathway components [30] and Bmi-1
[31] which control core cellular processes including proliferation,
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Fig.2 Loss of TIM expression triggers relevant CRC pathways. A Western blot analysis of TIM levels in SW620 cells infected with a lentiviral
vector containing shRNA (TIM-KD; oligo#1; see Methods) or an empty lentiviral vector as negative control (CTRL), at 15-days and 60-days after
cell selection with Puromycin. -actin was used as a protein loading control. B Volcano plot of differentially expressed genes (microarray; g-
value < 0.05; FC>[1.5]) in SW620 TIM-KD vs. CTRL cells, at 15-days or 60-days conditions. In red, upregulated genes, and, in green,
downregulated genes (number of genes are indicated within the plot). FC fold change. C Scatter plot analysis of differentially expressed genes
(DEGSs) in SW620 TIM-KD at 15-days or TIM-KD at 60-days conditions. y-Axes, Log,oFC at 60-days condition; x-axes, Log,oFC at 15-days
condition. Blue dots, genes exclusively regulated in 15-days condition; Yellow dots, genes exclusively regulated in 60-days condition; Red dots,
commonly regulated genes with the same trend of expression; Grey dots, commonly regulated genes but with the opposite trend of
regulation. D MSigDB-overlap analysis of TIM DEGs (SW620 at 15-days and 60-days) as in (C) with the Hallmark (H) gene sets (N =50). The
bubble plot shows the top six overlapping gene sets among TIM-regulated genes. Bubble size represents the statistical significance of overlap
expressed as —logio(g-value), where the larger the size the greater the significance. In the x-axis, H-gene set name; in y-axes, the ratio of
overlap (k/K) is shown where “k” represents the number of TIM regulated genes while “K” is the number of genes in the specific H-gene set.
Bubble color reflects the number of TIM DEGs (k). The complete results are provided in Table S3. E EMT-score of SW620 TIM-KD or CTRL cells at
15-days or 60-days conditions. In y-axes, the EMT-score.; x-axes, the statistical significance of mesenchymal transition expressed as —log(p-
value) of two-sample Kolmogorov-Smirnov test. F Bubble plot of GSEA results using Hallmark (H) gene sets (N = 50) of the TCGA-CRC cohort
of patients stratified accordingly to high- or low-TIM tumor expression level. y-Axes, H-gene set name; x-axes, number of core enriched (TIM-
regulated) genes. Bubble size represents statistical significance —log;q(g-value) of enrichment. Bubble color represents the normalized
enrichment score (NES) where positive values indicate enrichment of gene sets in high-TIM expressing CRC, while negative values indicate
enrichment of gene sets (Gsets) in low-TIM expressing CRC. Bubble colors are as per the legend (NES). In bold, Gsets represent mechanisms of
cell plasticity. Complete results of GSEA are provided in Table S4. G Violin plots of TIM expression level in CRC samples from TCGA-CRC or
GSE39582 cohorts, stratified accordingly to low- or high-EMT score (i.e., the 75th and 25th percentile rank of EMT score values were used to

categorize high- or low-EMT score CRCs samples, respectively). p-Values were calculated by Mann-Whitney U-test.

differentiation, survival, and stemness features acquisition. Indeed,
we found several stem-related markers and Notch signaling
targets to be upregulated upon TIM-KD (Fig. 5L, M) which is in
line with the observed significant enrichment of CSC compart-
ment confirmed both by TSE analysis and ELDA in TIM-KD cells
(Fig. 4C, D).

Loss of TIM and ZEB1 expression induces DSBs

Previous evidence showed that loss of TIM leads to impairment of
FPC with proper fork progression and DDR [8-10, 19]. Yet, ZEB1
has also been recently described to take part in DDR [32]. We,
therefore, asked if TIM-ZEB1 axis may play a role for DDR in CRC
cells. CTRL and TIM-KD cells were exposed to y-radiation (IR; 5 Gy)
and incubated for 30’, 4 h, and 24 h. Immunoblot analysis revealed
an increase in pATM, p-CHK1, and p-CHK?2 at different time points
(i.e, at 30" and 4h) post-IR in both CTRL and TIM-KD cells,
consistently with induction of DNA double-strand breaks (DSB;
[33] (Fig. 6A). Immunofluorescence analysis of p53 binding protein
1 (53BP1) and y-H2AX localization, a well-recognized marker of
DSBs [34-36], showed higher co-localizing nuclear foci (canonical
DSBs hallmark) in TIM-KD cells compared to CTRLs at 24 h post-IR
(1 Gy; see Methods) (Fig. 6B-D). Notably, the number of y-H2AX/
53BP1 foci in irradiated CTRL cells was comparable to non-
irradiated cells, thus confirming an efficient repair of DSBs
(Fig. 6B-D). Time-course analysis revealed a less efficient DSBs
repair in TIM-KD cells at the different time points (Fig. 6E, F).
Interestingly, we observed that the number of y-H2AX/53BP1 foci
was significantly higher in ZEB1/TIM-KD cells vs. TIM-KD cells at 4 h
post-IR condition (Fig. 6G), thus suggesting a delay in the DNA
damage recovery upon the TIM-ZEB1 axis impairment. Remark-
ably, ZEB1-KD cells showed a significantly higher number of y-
H2AX/53BP1foci in pre-IR conditions compared to CTRL cells
(Fig. 6H). This difference was appreciable even in post-IR
conditions (Fig. 6H) in keeping with the described role of ZEB1
in DDR [32].

TIM-ZEB1 axis derangement is a hallmark of CRC progression
Finally, we explored the relevance of this unedited TIM-ZEB1 axis
in human CRCs. Low-TIM expressing CRCs showed indeed a
significantly increased expression of ZEB1 in both TCGA-CRC and
GSE39582 datasets cohorts (Fig. 7A). Patients with low-TIM/high-
ZEB1 expressing CRCs showed a poorer prognosis like the patients
with high-TIM/high-ZEB1 expressing CRCs in the TCGA-CRC cohort
(Fig. 7B). However, univariate COX analysis revealed that the low-
TIM/high-ZEB1 group was associated with the higher risk of death
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(HR=1.98, p-value =0.0062, TCGA-CRC; HR=254, p-value<
0.0001, GSE39562; Fig. 7C). In the multivariate analysis (corrected
for age, stage and sex), patients with low-TIM/high-ZEB1 CRC still
remained at higher risk of death in the GSE39562 cohort (HR =
2.04, p-value =0.0029) and also in the TCGA-CRC cohort though
with borderline significance (HR=1.49, p-value =0.12; Fig. 7C;
Table S6).

Importantly, when we analyzed TIM expression across the
intrinsic molecular subtypes of CRC by using the Consensus
Molecular Subtypes of Colorectal Cancer [37] (CMS), we found that
the CSM4 group of tumors had a significant lower TIM expression
(Fig. 7D). CMS4 is a hallmark of aggressive CRC [37], is associated
with loss of genome integrity [38], and is characterized by
upregulation of genes implicated in the EMT process (including
ZEB1), in transforming growth factor-8 (TGFP) signaling, angio-
genesis, complement-dependent inflammatory system, and in
downregulation of miR-200 family members, in line with most of
the molecular and phenotypic features of TIM-KD CRC cells we
herein characterized.

DISCUSSION

In the last decade, numerous studies have identified TIM as a
prognostic biomarker in a variety of human cancers [3, 8]. Timeless
is a gene conserved in different living organisms, coding for a
protein involved in many cellular processes, such as the circadian
circuitry, embryonic development, replication termination, and cell
cycle progression [3]. Deranged TIM expression greatly impacts
these critical processes as well as the prognosis of cancer patients.
We found that TIM expression regulation in cancer correlates with
specific cell/tissue context and, possibly, genetic background. As a
matter of fact, in non-small cell lung cancer (NSCLC), TIM was over-
expressed in aggressive lung adenocarcinoma (LUAD) while
downregulated in aggressive LUSC (Fig. 2A). LUAD and LUSC are
two NSCLC subtypes originated from different cell types [39] (i.e.,
the alveolar type Il cell for adenocarcinoma, preferentially; the
basal/club cells for squamous cell carcinoma) and characterized by
distinct oncogenic lesions (e.g, NKX2-1 amplification in lung
adenocarcinoma; SOX2 gain and PTEN loss in squamous cell
carcinoma) [40, 41] and molecular profile [42, 43].

Intriguingly, TIM expression regulation showed prominent but
opposite prognostic significance when evaluated in the various
cancer types comprised in the HPA database [18]. In particular,
low-TIM expression is associated with advanced stages, metastatic
spreading, and unfavorable prognosis in patients suffering from
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aggressive CRC which accounts for ~1,9 million new cases and
~900,000 deaths in 2020, worldwide [1]. This evidence seemed at
odds with the protective role of TIM against oncogene-induced
DNA replication stress, especially when overexpressed [8]. DNA
replication stress is crucial to support cancer onset and
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progression [44], but at a higher level can induce mitotic
catastrophe which kills cancer cells [44-46].

Our in vitro and in vivo experiments reconcile the apparent
paradox of loss TIM expression correlating with CRC progression
by showing, for the first time, that loss of TIM expression triggers
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Fig.3 Loss of TIM expression induces EMT in CRC cell lines and cell line-derived xenograft (CDX). A Bright-field images of CTRL and TIM-KD
CRC cells at 60-days conditions. White arrows indicate remarkable morphologic features showing fibroblast-like characteristics in TIM-KD cells.
Scale bar, 50 pm. B qRT-PCR analysis of EMT markers expression in TIM-KD vs. CTRL CRC cells (SW620 and SW480) at 60-days conditions. y-Axes,
—log,FC (fold change) of TIM-KD vs. CTRL. x-axes, EMT markers analyzed. The 18S ribosomal RNA was used as a housekeeping gene. Data are
represented as means + SEM of experiments run at least three times (at least three biological replicates). *p < 0.05; **p < 0.01; ****p < 0.0001
(Student’s t-test). C Immunoblot analysis for TIM expression and EMT markers (E-cadherin, Vimentin, Zeb1) was performed in TIM-KD and CTRL
CRC cells at 60-days conditions. B-actin was used as a protein loading control. D Immunofluorescence staining of Vimentin and E-cadherin
used as a mesenchymal or epithelial marker, respectively, in TIM-KD and CTRL CRC cells at 60-days conditions. Scale bars are also shown.
E qRT-PCR analysis of TIM and EMT markers expression in TIM-KD vs. CTRL CRC cells (i.e,, HCT116 and HT29). y-axes, log, FC (fold change) of
TIM-KD vs. CTRL. x-Axes, gene symbols. The 18S ribosomal RNA was used as a housekeeping gene. Data are represented as means + SEM of
experiments run at least six times (at least six biological replicates). *p < 0.05; **p < 0.01; ***p < 0.001 (Student’s t-test). F Hematoxylin and eosin
(H&E) staining, E-cadherin and Vimentin immunohistochemical analysis, performed on FFPE samples of CDX (TIM-KD or CTRL condition) (Scale
bar, 100 pm). G Immunoblot analysis of TIM and ZEB1 expression in CDX (TIM-KD tumors, N = 4; CTRL tumors, N = 4). -actin was blotted as a
protein loading control. H Pictures of CDX were obtained from TIM-KD and CTRL SW620 cells. Tumors were excised on day 24 after cell
injection. I Tumor growth of TIM-KD and CTRL condition (Line graph). y-Axes, relative tumor volume (mm?); x-axes, days after injection. Values

;epresent means + SEM (N = 10). p > 0.05, statistical analysis was performed by Mann-Whitney test.

additional mechanisms which determine aggressive cell pheno-
types and fate. Notably, we designed our experimental setting to
analyze middle-/long-term transcriptional changes induced by
TIM-KD, which could better recapitulate actual pathological
processes going on in human CRC. Previous studies analyzed
TIM-related phenotypes only at an acute phase (i.e, ~24-72h
[8, 9, 11, 13, 15, 19]); which, therefore, were not appropriate to
explore the role of TIM in determining EMT transition, known to be
a lengthy process [22]. Indeed, when we performed TIM-KD in
acute phase condition the EMT markers expression was relatively
unchanged (Fig. S3H). Importantly, we showed that loss of TIM
expression in CRC cells triggers a specific and strong induction of
ZEB1, an EMT-inducing zinc finger transcription factor that
reprograms the transcriptional profile of several coding and
non-coding genes (including the miR-200 family). EMT and its
reverse process named mesenchymal-to-epithelial transition are
fundamental steps during embryogenesis that determine migra-
tion and plasticity of cells thus favoring differentiation in diverse
cell and tissue types [22]. In cancer, EMT is aberrantly re-activated
during progression in order to enhance cell migration, invasion,
and stemness phenotypes. Indeed, ZEB1 overexpression in low-
TIM expressing CRCs does correlate with the EMT process and
metastatic spreading. Our results also suggest that ZEB1 over-
expression in the TIM-KD condition is accompanied by down-
regulation of miR-141-3p and miR-200c-3p, two canonical miRNAs
involved in a negative feedback loop with ZEB1 [47]. In our
experimental setting, miR-141/200c loss of expression seems to
result from the perturbation of this feedback, which we found to
be further regulated by TIM. Notably, Notch pathway elements
[30] and Bmi-1 [31], which manage crucial cellular processes such
as proliferation, differentiation, survival, and stemness phenotype,
are targeted by miR-200 family members. As a matter of fact, TIM
loss of expression correlated with increased tumor sphere-forming
efficiency (Fig. 4Q), i.e., a proxy for increased stemness [24], and
upregulation of several stemness-related markers and Notch
signaling targets (Fig. 5L). Yet, we observed that decreased
expression of miR-200 family members (i.e., miR-141-3p and miR-
200c-3p) in TIM-KD condition was reverted by silencing ZEB1 thus
suggesting possible reciprocal feedback. Further studies are
therefore warranted to explore the epigenetic and transcriptional
control mechanisms impinging on this new TIM-ZEB1 axis and
relevant for CRC progression.

ZEB1 was found also to stabilize CHK1 during DDR [32], which is
particularly relevant when transformed cells acquire genomic
instability. Loss of TIM expression was largely associated to the
impairment of FPC and DDR response [8, 19]; indeed, we found an
increase in y-H2AX and 53BP1 foci in TIM-KD cells that is a
hallmark of augmented DNA damage. It is tempting to speculate
that ZEB1 overexpression could prevent, at least in part, the
accumulation of toxic DNA damage due to defective FPC and DDR
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upon loss of TIM expression [8, 10, 19]. Nevertheless, we showed
that loss of TIM expression causes DNA replication stress and
enhanced expression of ZEB1, ultimately leading to EMT and the
acquisition of metastatic traits of CRC cells, thus potentially
representing another alternative mechanism for TIM-dependent
ZEB1 regulation besides the miR-200 family regulation. It is worth
noting that the aggressive and genetically unstable CRC-CMS4
subtype [37] is characterized by lower expression of TIM (Fig. 7D),
in agreement with adverse outcome hallmarking patients with
low-TIM and high-ZEB1 expressing CRCs.

In a recent publication, the TIM protein expression profile was
analyzed by immunohistochemistry (IHC) in a cohort of 114 CRC
patients [48]. In univariate analysis, high TIM protein expression
was found to positively correlate with the patient’s adverse
outcome [48], which is in stark contrast with the results we
obtained by analyzing two sizeable independent cohorts of CRC
patients (N=1159), i.e,, the TCGA CRC and GSE39582 cohorts
(Fig. 1C). Furthermore, Cao et al. described the interaction and
positive expression correlation of B-catenin and Myosin IIA (aka
Myosin-9) with Timeless which would synergize to favor EMT. In
our case, we did not observe any positive correlation either at the
mRNA level using the TCGA-CRC dataset (i.e., TIM-MYH9 pair,
Spearman correlation coefficient p =0.022, p-value = 0.58; TIM-
CTNNB1, Spearman correlation coefficient p = —0.09, p-value =
0.03) (Fig. S4A) or when p-catenin and Myosin IIA protein
expression profile was investigated (i.e, TIM-Myosin IIA pair,
Spearman correlation coefficient p =0.048, p-value = 0.49; TIM-
Myosin 1lA_pS1943 pair, Spearman correlation coefficient p=
0.042, p-value = 0.55; TIM-B-catenin pair, Spearman correlation
coefficient p=0.002; p-value =0.98) in a subset of TCGA-CRC
samples with proteomic data available (i.e., the TCPA dataset, N =
204; [49]) (Fig. S4B).

In conclusion, our results suggest the engagement of an
unedited TIM-ZEB1 axis in key pathological processes in colorectal
carcinogenesis. Besides, TIM-ZEB1 expression profiling could
provide a robust prognostic biomarker in CRC patients, supporting
targeted therapeutic strategies with superior treatment selection
and outcome.

MATERIALS AND METHODS

Cell culture

Human CRC cell lines, SW480, SW620, HT29, and HCT116 were obtained
from the American type culture collection (ATCC, Manassas, VA, USA).
SW480 and HT29 were grown in DMEM Media—GlutaMAX ™-| (Gibco;
ThermoFisher Scientific, Waltham, MA, USA) with 10% FBS, 1% penicillin/
streptomycin (Gibco; Thermo Fisher Scientific, Waltham, MA, USA); SW620
and HCT116 were cultured in RPMI 1640 (Gibco; Thermo Fisher Scientific,
Waltham, MA, USA), with 10% FBS and 1% penicillin/streptomycin. Cells
were maintained at 37 °C and 5% CO, in a humidified incubator. Cells were
routinely verified as free of mycoplasma contamination.
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RNA interference and plasmid transfection

For small interfering RNA (siRNA)-mediated knockdown of TIM, SW620 cells
were seeded in 6-well plates and transfected with 10 nM of the targeting
or control siRNA (Sigma-Aldrich) using Lipofactamine RNAiMax (Life
Technologies). Cells were incubated at 37°C and experiments were
performed 48 or 72 h after transfection. The siRNA sequences used were as
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follows: CTR siRNA pool (Oligo 8017542333-000050 sequence 5-UUCUC
CGAACGUGUCACGUIdT][dT]-3' and Oligo 8017542333-000060 sequence
5’-ACGUGACACGUUCGGAGAA[AT][dT]-3/) and hTIM siRNA pool (Oligo
8017542333-000020 sequence 5-GUAGCUUAGUCCUUUCAAA[CT][AT]-3’
and Oligo 8017542333-000030 sequence 5-UUUGAAAGGACUAAGCUAC
[dTI[dTI-3/).
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Fig. 4 Loss of TIM expression in CRC cells correlates with enhanced migration, invasion, tumorsphere formation in vitro, and enhanced
metastatic spreading in vivo. A Left, representative images of wound healing assay of TIM-KD and CTRL CRC cells. The wound width was
measured at 0, 24, 48, or 72 h. Right, histograms show the quantification of the percentage of area compared to the initial scratch area.
Experiments were run in biological replicates (N = 4). Statistical significance (p-value) was computed by Student’s t-test. B Top, Invasion assay
of TIM-KD and CTRL CRC cells. Images (10x magnification) of DAPI-staining of invaded tumor cells at 24 or 48 h post-seeding. Bottom, dot-
plots are based on data as in (B), collected from two independent experiments (eight random fields). y-Axes, number of invaded cells; x-axes,
experimental condition. Statistical significance (p-value) was computed by Mann-Whitney test. C Left, analysis of tumorsphere efficiency (TSE)
in TIM-KD and CTRL CRC cells. Representative images of spheres. Scale bar, 500 um. Right, bar plots represent the TSE expressed as a number
of spheres over the total number of cells seeded (as a percentage). Data represent mean + SEM of biological triplicates. Statistical significance
(p-value) was computed by Student’s t-test. D TIM-KD and control cells were seeded into 96-well U-bottomed culture plates (poly-HEMA
coated) at a density of 10, 5, or 1 cell per well and cultured for 7 days. The sphere-forming cell frequency was calculated by ELDA software. The
data are reported as the estimated (ESTIMATE) sphere-forming frequency with relative confidence intervals (95% Cl) as well as the estimated
percentage of self-renewing cells (%). Fold, sphere-forming frequency of TIM-KD vs. CTRL conditions. p-Value, statistical significance calculated
by the chi-squared test. E SW620-CTRL, SW620-TIMKD, SW480-CTRL, and SW480-TIMKD cells were fluorescently labeled with Dil (red) and
injected into the perivitelline space (PVS) of 2 days post fertilization (dpf) Tg(fli1:eGFP) zebrafish larvae. At 24 and 72 h post-injection (hpi), ZTX
was analyzed to measure the number of metastases. White arrowheads indicate the metastatic colon cancer cells (RED dot) into zebrafish
head and tail. N, the number of larvae with metastases (At least >2 any location) divided by the number of total larvae analyzed (N = met/
total). Scale bars, 100 pm. F Box-plots represent the number of metastatic colon cancer cells into the head and tail of Tg(fli1:eGFP) zebrafish
larvae at 24 and 72 h post-injection. Each dot represents one zebrafish larvae. Results are from two independent experiments. The p-value was

calculated by the longitudinal Poisson log-linear model.

To generate stably overexpression of Timeless, the SW620-KDTIM cells
(60 days) were transfected with pcDNA4-Flag-TIMELESS (wild-type ORF)
(Addgene plasmid # 22887) or pcDNA"4/myc-His as control (Invitrogen;
VV86320). The cells were then grown into a selection medium containing
100 pg/mL of Zeocin and selection was continued for 2 weeks.

Lentivirus vector production and transduction

Lentiviral constructs functionally knocking-down TIM (p.LKO.1#1—
TRCN0000153760 and p.LKO.1#2—TRCN0000153090, Sigma-Aldrich, St.
Louis, MO, USA) and knocking-down ZEB1 (p.LKO.1#1—TRCN0000369267
and p.LKO.1#2—TRCN0000017565, Sigma-Aldrich), along with the corre-
sponding control (p.LKO.1-puro (SHC002), Sigma-Aldrich) were transduced
and packaged in 293 T cells. The “p.LKO.1#1—TRCN0000153760" (i.e., TIM-
KD) and the “p.LKO.1#2—TRCN0000017565" (i.e., ZEB1-KD) were then
preferentially used. 293 T cells were seeded into cell-culture dishes of 10
cm in diameter at a density of 3.5 x 10° cells per plate and grown in DMEM
Media - GlutaMAX™- supplemented with 10% FBS, 1% penicillin/
streptomycin (Gibco; ThermoFisher Scientific, Waltham, MA, USA). Lipo-
fectamin 3000 Transfection Reagent (Invitrogen; Thermo Fisher Scientific,
Waltham, MA, USA) was used for lentiviral constructs transfection (10 pg of
backbone p.LKO.1 plasmid, 5 ug of packaging psPAX2 plasmid, and 2.5 ug
of pMD2.G envelope plasmid) in 293 T cells according to the manufac-
turer’s instructions.

Stable knockdown of TIM and/or ZEB1 (Fig. S2A, B, D; Fig. 5F) in the
different CRC cell lines were generated via lentiviral transduction in the
presence of polybrene (8 ug/ml) (Sigma-Aldrich, St. Louis, MO, USA) and
selected with puromycin (Sigma-Aldrich, St. Louis, MO, USA). All experi-
ments were performed at least three times.

lonizing radiation treatment

The SW620 cells infected with various lentiviral constructs were irradiated
during the exponential phase of growth, at room temperature (RT), with an
X-ray dose of 1 or 5 Gy depending on the analyzed endpoint (e.g., a lower
dose of IR is recommended in IF experiments to allow better discrimination
of the foci), using an MGL 300/6-D X-ray apparatus (Gilardoni S.P.A,
Mandello del Lario (LC), Italy; 250 kV, 6 mA, Cu filter) operating at 0.53 Gy/
min dose rate (University Roma Tre X-rays facility). Cells were harvested
after irradiation according to the experimental plan.

RNA and protein extraction

Total RNA was extracted using RNeasy Mini Kit (Qiagen, Hilden, Germany),
treated with DNase-RNase free (Qiagen, Hilden, Germany), and quantified
by Nanodrop (Thermo Fisher Scientific).

The whole protein extracts were prepared using an appropriate volume
of RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NadCl, 1% NP-40, 1% Na-
deoxycholate, TmM EDTA, 0.1% SDS) supplemented with PhosSTOP
Phosphatase Inhibitor Cocktail Tablets (Roche) and complete Mini Protease
Inhibitor Cocktail Tablets (Roche). The whole protein extracts were
prepared using an appropriate volume of RIPA buffer (50 mM Tris-HCI
pH 7.4, 150 mM NaCl, 1% NP-40, 1% Na-deoxycholate, 1 mM EDTA, 0.1%
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SDS) supplemented with PhosSTOP Phosphatase Inhibitor Cocktail Tablets
(Roche, Basel, Switzerland) and complete Mini Protease Inhibitor Cocktail
Tablets (Roche).

Genome-wide expression profiling

The gene expression profiling was performed using the GeneChip® Human
Clarion S Array (Thermo Fisher Scientific) including more than 210,000
distinct probes representative of >20,000 well-annotated genes (hg19;
Genome Reference Consortium Human Build 37 (GRCh37)). RNA samples
were amplified, fragmented, and labeled for array hybridization according
to the manufacturer’s instructions. Samples were then hybridized ON,
washed, stained, and scanned using the GeneChip Hybridization Oven 640,
Fluidic Station 450, and Scanner 3000 7 G (Thermo Fisher Scientific) to
generate the raw data files (.CEL files). The quality control and the
normalization of CEL files were performed using the Transcriptome
Analysis Console (TAC) software v4.0 (Thermo Fisher Scientific) by
performing the “Gene level SST-RMA” summarization method with the
human genome version hg38. The analyses were performed in two
independent biological experiments, and gene expression data were Log2
transformed before analyses. Differentially expressed genes were defined
as those with a fold-change (FC) difference of at least 1.5 (i.e., TIM-KD vs
CTRL cells) and a false-discovery rate (FDR) less than 5% (adjusted p-value
based on Benjamini-Hochberg Step-Up FDR-controlling Procedure). Raw
and normalized gene expression data are available in the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/; GEO Data-
base accession #: GSE169576.

Reverse transcription and quantitative real-time PCR (qRT-
PCR)

Reverse transcription was performed using a High-Capacity cDNA Reverse
Transcription Kit (ThermoFisher Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions. gRT-PCR was performed using the
QuantStudio 12K Flex Real-Time PCR System (ThermoFisher Scientific,
Waltham, MA, USA). TagMan-based real-time PCR reactions were
performed using TagMan Universal PCR Master Mix and TagMan probes
(ThermoFisher Scientific, Waltham, MA, USA) according to the manufac-
turer’s instructions, with the following program: i) 95 °C for 10 minutes; ii)
95 °C for 15 seconds and 60 °C for 1 minute, repeated for 40 cycles. A list
of genes with the relative primers code is reported in Table S7. Each
cDNA sample was tested in triplicate (technical replicates) and the 18S
ribosomal RNA was used as housekeeping. The delta-delta Ct method was
used to calculate log2 normalized ratios of gene expression. Statistical
analyses were performed using triplicate experiments (biological
replicates).

miRNAs detection by quantitative real time-PCR (qRT-PCR)

Hsa-miR-200c-3p, hsa-miR-141-3p, and U6 snRNA (see details in Table S7)
were reverse transcribed using a TagMan MicroRNA Reverse Transcription
Kit (ThermoFisher Scientific, Waltham, MA, USA) starting from 10 ng of total
RNA. 2.5 uL of RT product were pre-amplified (14 cycles of PCR) with
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TagMan PreAmp Master Mix (2X) and Custom PreAmp Primers Pool
(ThermoFisher Scientific), according to the manufacturer’s instructions.
qRT-PCRs were conducted on 1 uL of diluted pre-amplification reaction
according to the manufacturer’s instructions. qRT-PCR was carried out on a
QuantStudio 12k Flex thermocycler (ThermoFisher Scientific) using the
manufacturer’'s recommended cycling conditions.
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Western blotting

Cell pellets were incubated for 30 minutes on ice. Lysates were cleared by
centrifugation at 17000 x g for 30 minutes at 4 °C. Protein concentration
was determined by the Pierce BCA Protein Assay kit (ThermoFisher
Scientific) according to the manufacturer’s instructions. Thirty micrograms
of whole protein lysate were loaded onto Mini-protean TGX gels (Bio-Rad,
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Fig. 5 TIM-ZEB1 axis regulates EMT in CRC. A Expression profile (microarray) of EMT-TFs, epithelial-, mesenchymal-, and epithelial cell-cell
junction markers in SW620 cells infected with a lentiviral vector containing shRNA (TIM-KD; oligo#1; see methods) or an empty lentiviral
vector as negative control (CTRL), at 15-days and 60-days after cell selection with Puromycin. y-Axes, the expression level of EMT-TFs (log, FC).
Statistical significance is reported as FDR adjusted p-value (or g-value). The analyses were performed in two independent biological
experiments, and gene expression data were Log2 transformed before analyses. B Invasion assay of CTRL, TIM-KD, ZEB1-KD, or ZEB1/TIM-KDs
cells. y-Axes, number of invaded cells; x-axes, relative experimental condition. Eight or ten random fields in two independent experiments
were selected for statistical analysis. Statistical analysis was performed by Mann-Whitney test. C Venn diagram representing the overlap of
significantly regulated genes (FC>|1.5]|; g-value < 0.05) in TIM-KD vs. CTRL cells (light grey circle) or TIM-KD vs. ZEB1/TIM-KDs (dark grey
circle). D Heat-map of DEGs in TIM-KD vs. CTRL cells whose expression profile is reverted upon ZEB1-KD. The colors are as per the legend. Each
column represents mean expression data from biological replicates (N = 2). E EMT-score value (y-axes) of CTRL, TIM-KD, or ZEB1/TIM-KD cells
(x-axes). F Scatter plot analysis of differentially expressed genes (DEGs) in ZEB1/TIM-KD vs. CTRL cells (y-axes), and in TIM-KD vs. CTRL (x-axes).
Relevant EMT-related genes are highlighted in the picture (Violet circle). G Immunoblot analysis for the indicated protein performed CTRL,
TIM-KD, and ZEB1/TIM-KD cells. 3-actin was used as a loading control. H Immunofluorescence analysis of Fibronectin 1 (Red) in CTRL, TIM-KD,
and ZEB1/TIM-KD cells. Nuclei were stained with DAPI (blue). The scale bar is also shown. I Expression profile analysis of miR-200c-3p and miR-
141-3p by qRT-PCR. Data were normalized using U6 snRNA (see also Table S7). Y-axes, fold chance expression difference. x-Axes, different
experimental conditions are shown as per the label. Data are represented as means + SEM of biological replicates (N=5) run in triplicate
(technical). p-Value: *p <0.05; **p <0.01 (Student’s t-test). L Expression profile (microarray) of genes involved in stemness in TIM-KD vs. CTRL
cells. y-Axes, the expression level of selected genes (log,o FC). Statistical significance is explained by an FDR-adjusted p-value (or g-value).
M Expression profile (microarray) of Notch target genes in TIM-KD vs. CTRL cells. y-Axes, the expression level of selected genes (log;o FC).

Statistical significance is explained by FDR adjusted p-value (or g-value).

Hercules, CA, USA) and then transferred on a polyvinylidene fluoride
(PVDF) membrane (Bio-Rad) using Trans-blot Turbo (Bio-Rad). Membranes
were blocked for 1 h at RT with either 3% BSA/0.1% Tween-20/TBS/(w/v/v)
or with 5% non-fat dry milk/0.1% Tween-20/TBS (w/v/v), and then
incubated overnight (ON) at 4°C with primary antibodies. The list of
antibodies is reported in Table S8. Membranes were then incubated for 1 h
at RT with goat anti-mouse IgG or goat anti-rabbit IgG secondary
antibodies (Promega, Madison, WI, USA). Proteins were visualized using
Clarity™ or Clarity Max™ Western ECL substrates (Promega, Madison, WI,
USA). Images were acquired using the ChemiDoc™ Imaging system (Bio-
Rad). Protein levels were quantified using the Image Lab software (version
2.1.0.35.deb, Bio-Rad). Experiments were repeated at least three times.

Immunofluorescence staining

As many as 9000 cells were seeded on p-Slide 8 Well (IBIDI) and incubated
in appropriate medium. When cells reached the desired confluency, they
were washed 2 times with PBS pH7.4 with Ca®>*/Mg?" and then fixed using
4% paraformaldehyde at RT for 10 min. After 3 washes in PBS, cells are
permeabilized for 5min at RT with 0.5% triton/PBS. The cells were
incubated with Blocking Buffer (2% BSA +0.05% Triton+5% Donkey
Serum in PBS) for 1h at RT, and primary antibodies, listed in Table S8,
diluted in Blocking Buffer, were added and incubated overnight at 4 °C.
After washing, Alexa Fluor 555-conjugated secondary antibodies (see
Table S8) were added for 1 h at RT. Nuclei were counterstained with DAPI
(1 ng/ml working solution; Sigma-Aldrich, San Luis, MO). Pictures were
taken using a confocal laser microscope Leica SP5 X Laser Scanning
Confocal Microscope (Leica Microsystems GmbH, Wetzlar, Germany). For
DNA repair analysis, cells were grown on glass coverslips, irradiated, and
fixed with 4% paraformaldehyde by maintaining cells for 10 min on ice.
After permeabilization with PBS/0.2% Triton X-100 (v/v), cells were blocked
in 3% BSA/PBS (w/v). y-H2AX and 53BP1 localizations were detected by co-
staining slides ON at 4 °C with 5 mg/mL anti-y-H2AX and 10 mg/mL anti-
53BP1 primary antibodies (see Table S8). Slides were then incubated for 1 h
at 37 °C with 10 mg/mL of Alexa Fluor 488- and Alexa Fluor 610-secondary
antibodies (Immunological Sciences, Rome, Italy). DNA was counterstained
with 0.2mg/mL DAPI (Sigma-Aldrich) and slides were mounted with
Vectashield anti-fade solution (Vector Laboratories, Burlingame, CA, USA)
[35, 36, 50]. The Axio Imager M1 fluorescent microscope (Zeiss,
Oberkochen, Germany) equipped with a charged coupled device camera
was used to analyze samples. Quantitative analysis was carried out by
counting foci in at least 50 cells per experiment. All the immunofluores-
cence experiments were repeated two times.

Wound healing assay

The cells were seeded in a 6-well plate at a density of 10° cells/well and
when the cells reached confluency, a linear scratch wound was created in
the middle of the confluent monolayer using a sterile P-200 pipette tip.
The culture medium was then removed and replaced with a fresh medium.
The edges of the initial scratch are indicated with a yellow line in the figure
and the wound closure values refer to this initial position. The scratched
area was captured at 0-, 24-, 48-, and 72 h after scratching using an Eclipse
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TE300 Microscope (Nikon, Melville, NY, USA) with a 10X phase objective.
The cell-free area (percentage of control at 0 h) was then measured by Fiji
software (ImageJ; https://imagej.nih.gov/ij/). All experiments were per-
formed at least three times in triplicates.

Cell invasion assay

Transwell assay: 1x 10° cells were resuspended in serum-free cell culture
media and seeded onto Matrigel-coated Transwell filters (8-um pore size)
(Costar, Corning Inc,, Corning, NY, USA) coated with 200 pl of Corning®
Matrigel” matrix (final concentration of 250 ug/mL) according to the
manufacturer protocol. The outer chamber was filled with 750yl of
medium containing 20% FBS and incubated at 37 °C for 24 h or 48 h. Non-
invading cells on the upper surface of the insert were removed with a
cotton swab, while those on the lower surface (invasive cells) were fixed
with 4% paraformaldehyde and stained with DAPI (1 ng/ml working
solution; Sigma-Aldrich). The number of invading cells from 8 fields, each
of two separate experiments, was counted under the Eclipse TE300
Microscope using a 10x objective and fields pictures analyzed by using the
Cell Count tool of the Fiji software (ImageJ).

Tumor spheres formation assay

Cells in serum-free RPMI were passed through a 50um strainer and a total
of 500 cells were admixed to Matrigel (growth factor reduced; Corning, NY,
USA, Lot 4132005) in a 1:1 ratio and left to solidify for 1h at 37°C in a
humidified incubator with 5% CO,. Spheroids were grown in a DMEM-F12
(Sigma Aldrich) supplemented with 2mM Glu, 100 U/ml, 5 pg/ml insulin,
0.5 pg/ml hydrocortisone, 2% B27 (Invitrogen; Thermo Fisher Scientific), 20
ng/ml EGF and human b-FGF, and 4pg/ml heparin. After Matrigel
solidification, 1 ml of pre-warmed (37°C) spheroid media was slowly
added in the center of the well to avoid Matrigel disruption. After 15 days,
spheres were counted and images were acquired at 4x magnification
using the Eclipse TE300 Microscope (Nikon, Melville, NY, USA). Images were
analyzed using the Fiji software (ImageJ; https://imagej.nih.gov/ij/) to
measure the sphere diameter by setting the cut-off at 50 um.

ELDA assay

TIM-KD and control cells were seeded into 96-well U-bottomed culture
plates, previously coated (48h) with poly-HEMA (1.2 mg/well, Sigma
Aldrich), at a density of 10, 5, or 1 cell per well and cultured for 7 days.
Spheroids were grown in a DMEM-F12 (Sigma Aldrich) supplemented with
2mM Glu, 100 U/ml, 5pg/ml insulin, 0.5 pg/ml hydrocortisone, 2% B27
(Invitrogen; Thermo Fisher Scientific), 20 ng/ml EGF and human b-FGF, and
4 pg/ml heparin. Scoring was performed 7 days after seeding and the
images were analyzed using Fiji software (ImageJ; https://imagej.nih.gov/ij/
) to measure sphere diameter by setting the cut-off at 50 um. The sphere-
forming cell frequency was calculated by ELDA software (https://bioinf.
wehi.edu.au/software/elda/) [51]. The data are reported as the estimated
sphere-forming frequency confidence intervals, as well as the estimated
percentage of self-renewing cells. Statistical analysis of differences
between groups was performed using the chi-squared test.
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A xenograft mouse model for in vivo studies

Approximately, 3x10° SW620 CTRL and KD-TIM cell lines were sub-
cutaneously transplanted into two ventral sites of 5 female athymic nude
mice (6-8-weeks-old; Charles River, Calco, Lecco, Italy; N = 10 tumor lesions
which were considered sufficient for statistical analysis according to the
standard operating procedure of Plaisant animal facility (Rome, Italy)).
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No randomization was used. No blinding was done. All procedures were
performed in accordance with the Guidelines for Animal Care and Use of
the National Institutes of Health (Ethical committee for animal experi-
mentation Prot. N 088/2016-PR for Plaisant Animal Facility, Roma, Italy).
Athymic nude mice were maintained at the Plaisant animal facility (Rome,
Italy), and tumor volumes were monitored twice a week by caliper
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Fig. 6 Loss of TIM expression induces accumulation of DSBs. A Immunoblot for DNA damage markers in CTRL and TIM-KD cells before (—)
and after y-ionizing radiation treatment (30'—24 h) with a dose of 5 Gy. B-actin was used as a protein loading control. B Immunofluorescence
analysis of YH2AX (green) and 53BP1 (red) foci in TIM-KD and CTRL cells (15-days condition). Cells were analyzed before (pre-IR) and after
irradiation (24 h; 1 Gy). DNA was counterstained with DAPI (blue), and images were merged to determine the yH2AX/53BP foci (i.e., white
arrows indicate representative foci) (scale bar, 10 pm). C Immunofluorescence analysis of yH2AX (green) and 53BP1 (red) foci in TIM-KD and
CTRL cells (60-days condition). Cells were analyzed before (pre-IR) and after irradiation (24 h; 1 Gy), compared with unirradiated controls. DNA
was counterstained with DAPI (blue) and images were merged to determine the yH2AX/53BP foci (i.e, white arrows indicate representative
foci) (scale bar, 10 pm). D Quantitative analysis of the y-H2AX/53BP1 foci in the same experimental setting as in (B, C). Data shown are means +
SE of more than 50 nuclei analyzed in two independent experiments. p-Value (p) was calculated using the Mann-Whitney U-test.
E Immunofluorescence analysis of the yH2AX (green) and the 53BP1 (red) foci in CTRL, TIM-KD, ZEB1-KD, and ZEB1/TIM-KD cells before (pre-IR)
and after y-ionizing radiation treatment (30'—24 h; 1 Gy). DNA was counterstained with DAPI (blue) and images were merged to determine the
YH2AX/53BP foci (scale bar, 10 pm). F-H Quantitative analysis of the y-H2AX/53BP1 foci in the same experimental setting as in (E). Data shown
are means+SD of more than 50 nuclei analyzed in two independent experiments. Statistical significance was calculated using the

Mann-Whitney U-test. **p < 0.01; ***p < 0.01.
<

measurement. On day 24, the animals were subjected to gaseous
anesthesia (2-3% isoflurane and 1It/min O,) and sacrificed by cervical
dislocation. Tumor masses were evaluated and excised for further analysis.
Immunoblots and immunohistochemistry analysis were performed to
evaluate the TIMELESS downregulation in TIM-KD cells and to assess the
well-known EMT markers.

Histological and immunohistochemistry data

IHC analysis was performed on mouse xenografted tissues fixed in 10%
formalin after surgical resection and embedded in paraffin. Serial 4-um
sections were mounted on poly-L-lysine-coated slides and automatically
processed in the Ventana BenchMark XT instrument (Roche Tissue
Diagnostics, Arizona, USA). The primary monoclonal antibodies used were
the anti-Vimentin (Roche) and anti-CDH1 (Roche) provided with the
instrument and dispended to each slide at a prefixed dilution in a 100 pl
final volume. Each experiment was performed in duplicate. Primary
antibodies were omitted in negative controls. The histopathologic H&E
analysis was performed on three sections (2 pm each). Image acquisition
and analysis were performed on the Olympus CX41 Microscope (Olympus
Corporation, Japan).

Zebrafish xenograft (ZTX) model of human cancer metastasis
Cell culture and labeling.  Before injection in zebrafish (Danio rerio), SW480
and SW620 cell lines were labeled with red cell tracker CM-Dil (cat. n.
C7000, Thermo Fisher Scientific, Waltham, Massachusetts, USA) according
to the manufacturer’s instructions. Then the cells were trypsinized, washed,
and resuspended in PBS to obtain a cell suspension for zebrafish
xenotransplantation.

Zebrafish husbandry and xenotransplantation. Animal experiments were
performed in accordance with the European Council Directive 2010/63/EU
and approved by Biogem s.c.ar.l. internal Ethics Committee (OPBA). Tg(fli1:
EGFP) zebrafish line, with green fluorescent vessels, was raised, main-
tained, and paired under standard conditions. Zebrafish eggs were
obtained from natural spawnings and maintained in an incubator at 28°
C for 48 hours in E3 medium (5mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2,
033mM MgSO4). Two days post-fertilization (dpf) embryos were
dechorionated and anesthetized with 0.04% of tricaine (Sigma Aldrich,
St. Louis, Missouri, USA) before cell microinjection. Approximately 100
cells/embryo of SW480 cell line and 300 cells/embryo of SW620 cell line,
were injected in the perivitelline space of each embryo (using a pneumatic
PicoPump PV830 injector (World Precision Instruments, Sarasota, FL, USA)
equipped with an injection borosilicate glass needle (Sutter Instruments,
Novato, CA, USA). At least 50 embryos per group were injected according
to standard operating procedure. Following transplantation (0 hours post-
injection), larvae with correct engraftment in the yolk sac were selected
under Leica M205 FA fluorescence stereomicroscope (Leica, Microsystems,
Wetzlar, Germany) for further analysis and kept in an incubator at 34 °C for
72 h. A total of N=17 (TIM) and N =18 (CTRL) embryos were considered
for the SW620 cells engraftment experiment, while N =32 (TIM) and N =
28 (CTRL) embryos were considered for the SW480 experiment. No
randomization was used. No blinding was done. Imaging. Zebrafish larvae
were anesthetized (as previously described) and evaluated at 24 and 72 h
post-injection by fluorescence stereomicroscope. Different filters were
selected for fluorescence imaging and captured with a Leica DFC450 C
camera. Images of embryos at different stages of each experimental group
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were analyzed with Image) software (National Institutes of Health,
Bethesda, MD, USA). The analyses were performed in two independent
biological experiments.

External datasets analyses

Cancer patients database. Survival curves of Timeless expression in human
cancer transcriptome were done using the ‘Human Protein Atlas’ database
(HPA) which contains expression data of protein-coding genes from multiple
tumor types (TCGA data; N=21 tumors) (https://www.proteinatlas.org/
ENSG00000111602-TIMELESS/pathology). Tumor samples were stratified into
low-TIM and high-TIM expression on the basis of HPA “best-expression cut-
off”. The TIM best expression cut-off was selected on the basis of survival
analysis. In detail, the best expression cut-off refers to the TIM—fragments per
kilobase of transcript per million mapped reads; RNA seg-data or normalized
log-signal (microarray data) value that yields maximal difference with regard
to survival between the two groups at the lowest log-rank P-value. Gene
expression analysis of timeless in cohorts of CRC patients was performed by
using the following publicly available data sets: GSE39582 series (included 566
Colon cancer patients; Gene Expression Omnibus (GEO) database; https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi) and the TCGA-CRC series (594
Colorectal cancers patients; TCGA, PanCancer Atlas; [52]). The survival curves
were obtained by stratifying the patients according to the best Timeless
expression cut-off. The consensus molecular subtyping (CMS) of colorectal
cancer was downloaded from the Colorectal Cancer Subtyping Consortium
(CRCSQ) (https://www.synapse.org/#Synapse:syn2623706) website. The Can-
cer Proteome Atlas (TCPA) of colorectal cancer was downloaded from https://
tcpaportal.org/tcpal/.

Cell lines Database. Cancer Cell Line Encyclopedia dataset was obtained
from the Depmap portal (https://depmap.org/ [20, 53]) (18Q2 release).
From the original file, we extracted only the timeless level (RNA and
protein) in colon cancer cell lines, resulting in a total of 63 cell lines (see
Table S1). The protein abundance data in 50 colorectal cancer cell lines
were derived from the work by Roumeliotis et al. [54].

EMT score calculation

The EMT score was computed using the two-sample Kolmogorov-Smirnov
test on a specific gene expression signature, as previously reported [23].
This method compares cumulative distribution functions of epithelial and
mesenchymal signatures. The EMT score ranges from —1.0 (fully epithelial)
to +1.0 (fully mesenchymal) and the computation of the EMT score was
requested through http://www.csi.nus.edu.sg/bioinfo/index.php (available
online). The ranked EMT score levels in CRC samples from TCGA CRC and
GSE39582 cohorts are shown in Fig. S4C, D.

GSEA and MSigDB analysis

We performed the GSEA (https://www.gsea-msigdb.org/gsea/index.jsp)
comparing TIM-Low vs TIM-high CRC patients in the TCGA dataset. The
GSEA was performed using the Signal2Noise metric, 1000 random gene
sets permutation and median gene expression values for class comparison.
The molecular signature database (MSigDB v7.0; UC San Diego, CA, USA,
and Broad Institute, Boston, MA, USA [55]) was interrogated to compute
overlapping analysis of TIM- and TIM-ZEB1 regulated genes, in microarray
screening and in independent datasets analysis, with the Hallmark gene
sets (N=50) which represent “specific well-defined biological states or
processes and display coherent expression” [55].
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Fig. 7 TIM-ZEB1 axis is prognostic in CRC. A Violin plots of ZEB1 expression level in CRC samples (TCGA CRC and GSE39582 cohorts)
stratified into low- and high-TIM expressing CRC. The p-value is calculated by Mann-Whitney U-test. B Kaplan—Meier survival plots of patients
stratified on the basis of TIM and ZEB1 tumor expression as per the legend. Two independent CRC cohorts of patients were considered (TCGA
CRC, N =597; GSE39582, N = 562). p-Values were calculated by log-rank test. C Univariate and multivariate survival risk analysis of CRC patients
stratified based on TIM and ZEB1 tumor expression. Hazard-Ratios (HR) are shown with a relative 95% Cl. Multivariate analysis was corrected
for age, stage, and sex. p-Values were calculated by Wald test. D Violin plots of TIM expression in CRC samples, from TCGA CRC and GSE39582
datasets, stratified according to the consensus molecular subtype (CMS1-4). The p-Value is calculated by Mann-Whitney U-test.
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Statistical analyses

Hierarchical clustering and heatmap analyses were performed using
Cluster 3.0 for Mac OS X (C Clustering Library 1.56; http://bonsai.hgc.jp/
~mdehoon/software/cluster/software.htm) and Java Tree View (Version
1.1.6r4; http://jtreeview.sourceforge.net). The uncentered correlation and
centroid linkage clustering method was used. Bubble plot analysis was
performed using the JMP 15 software (SAS Institute Inc., Cary, NC, USA),
while all other plots (Histograms, Forest plot, volcano plots, scatter plot,
Box-plot, violin-plot, and Kaplan-Meir) were generated using GraphPad
Prism 7 (GraphPad Software Inc, San Diego, CA, USA). All statistical
analyses were performed using GraphPad Prism 7 (GraphPad Software Inc.)
and JMP 15 (SAS Institute Inc.). Association between experiment condition
(TIM-KD vs. CTRL) and a number of metastases in zebrafish xenografts was
evaluated through longitudinal Poisson log-linear model, taking into
account the within-individual correlation among repeated measures at a
different time (24 and 72 hpi) and location (head and tail). The type of
statistical test used in the various analyses is indicated in the relative figure
legend. All tests were two-sided. A p-value less than 0.05 was considered
for statistical significance.

DATA AVAILABILITY

All datasets on which the conclusions of the paper rely are available to readers. The
raw data for the Gene expression data generated in this study can be accessed
through the NCBI Gene Expression Omnibus (GEO accession number GSE169576).
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