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16INKaA various cancer types. Although senescence-associated p-galactosidase staining is considered the

best marker for detection of senescent tumor cells, it can only be performed in fresh-frozen tis-
sues. p16™NK4A 5 cyclin-dependent inhibitor, has been used as an alternative marker to detect
senescent tumor cells in formalin-fixed paraffin-embedded tissues. However, other reliable
markers to detect senescent tumor cells is still lacking. In the present study, using public single-
cell RNA-sequencing data, we found that p15™%*B, a cyclin-dependent kinase inhibitor, is a novel
marker for detection of senescent tumor cells. Moreover, p15™*“B expression was positively
correlated with that of p16™<** in colorectal cancer tissues. In in vitro studies, mRNA expression
of p15™¥*E was increased together with that of p16™<** in Hy0,- and therapy-induced cancer
senescence models. However, the mRNA level of p15™*B did not increase in the oncogene-
induced senescence model in primary colonic epithelial cells. In conclusion, p15™K4B i a po-
tential alternative marker for detection of senescent tumor cells together with conventional
markers in advanced stages of colorectal cancer.
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1. Introduction

Senescent tumor cells (STCs) are present in a variety of cancer types [1-6]. STCs play distinct roles in cancer progression from that
of non-STCs [2-5]. Growth arrest is an important feature of senescent cells [7,8], but secretion of multiple cytokines and/or che-
mokines related to cancer invasion and immune evasion are markedly increased in STCs [3,9]. Furthermore, STCs vigorously secrete
proteins that can break down the extracellular matrix, such as matrix metalloproteinases [2]. Therefore, the presence of STCs is
considered a poor prognostic factor in various cancer types [10-12]. However, identifying STCs within cancer tissue has many po-
tential limitations. Senescence-specific morphologic changes in vitro, such as increased cell size, vacuole number, and heterochromatin
foci [13], are difficult to observe in vivo [1]. Therefore, at present, senescence-associated p-galactosidase (SA-p-Gal) staining has been
considered the best marker for detection of STCs, including in vitro and in vivo systems [1-3,14]. However, SA-B-Gal staining cannot be
performed in formalin-fixed paraffin-embedded (FFPE) tissue, as f-galactosidase activity cannot be maintained in paraffin-embedded
samples [1]. Therefore, only fresh-frozen tissues can be used to perform SA-p-Gal staining [1,14]. To overcome this limitation,
p16™K4A has emerged as an alternative immunohistochemistry (IHC) marker to replace SA-p-Gal staining to detect STCs in FFPE tissues
[2,3]. p16™%4A 4 representative cyclin-dependent kinase (CDK) 4/6 inhibitor, is a powerful molecule that can easily induce cell cycle
arrest [15]. Therefore, p16INK4A has been widely used as a senescence marker for in vitro and in vivo models, including cancer tissues
[16-18]. In our previous studies, we observed that expression of p16INK4A strongly correlated with SA-B-Gal staining in papillary
thyroid cancer and colorectal cancer (CRC) [2,3]. These results suggest that p16INK4A can be used as a reliable senescence marker when
fresh tissues cannot be obtained for SA-p-Gal staining. However, p16"*A IHC analysis also has several limitations. Because p16™~<** is
a tumor suppressor gene, it is subject to mutation, and mutated forms of p16™K*” are frequently detected in cancer tissue[19-21]. Also,
HPV infection, the most common pathological driver of cervical cancer, can induce overexpression of the viral proteins E6 and E7 [22],
and p16™¥4A can be also overexpressed as part of a negative feedback loop [23], leading to false positivity of these samples. Therefore,
considering the lack of a definitive senescence marker in paraffin-embedded samples, cellular senescence is often verified using
multiple markers, such as p21W?! and p53 [24,25]. Although p21Wafl and p53 are good senescence markers for normal cells [25-27],
they are not adequate markers for STCs, as they are frequently mutated in multiple cancer types [28-31] and do not correlate with
SA-B-Gal staining [3]. Although histone H3 lysine 9 trimethylation (H3K9me3), heterochromatin-related epigenetic change of se-
nescent cells, is weakly correlated with SA--Gal staining [3,32], H3K9me3 is less specific than p16™%*A, In the present study, we used
public single-cell RNA-sequencing (scRNA-seq) data to identify that p15™<*8 another CDK inhibitor, is a novel marker for STCs in
CRC. Further, IHC analysis revealed that p15™**® expression was highly correlated with p16™N*** in FFPE CRGC tissues. Therefore,
p15™K4B can be considered as an alternative marker to replace p16™¥** for detection of STCs in CRC.

2. Materials and methods
2.1. Patient CRC samples

After informed consent, CRC samples were obtained from patients at Ajou University Hospital following surgical resection. The
study was approved by the Institutional Review Board of Ajou University Hospital (AJOUIRB-OBS-2016-218) and was conducted in
accordance with the Declaration of Helsinki. Fresh tumor tissue was sampled by an experienced pathologist (J.-H. K.) immediately
after resection and separated into two portions. One portion was used to generate frozen tissue using liquid nitrogen snap-freezing, and
the second portion was processed for FFPE. To reduce potential bias caused by genetic background, only CRC patients without mi-
crosatellite instability were selected. Patients who received neoadjuvant chemotherapy or radiation therapy were also excluded.

2.2. IHC analysis

CRC tissue section review was performed independently by an experienced pathologist (J.-H. K.). A section of cut edge from fresh-
frozen tissue was used for SA-p-Gal staining. The other section of cut edge from FFPE tissue was used for IHC analysis. IHC analysis was
performed using a Benchmark XT automated processor (Ventana Medical Systems Inc, Tucson, AZ) on 4-um-thick tissue sections of
FFPE blocks. The following primary antibodies were used: pl 61NK4A, predilution (805-4713, Roche, Tucson, AZ); plSINK4B, 1:700
(SAB4500078, Sigma-Aldrich, Burlington, MA); p21"4!, 1:300 (2990-1, Epitomics, Burlingame, CA); p27%!, 1:100 (NB110-66664,
Novus Biologicals, Littleton, CO); p53, predilution (805-4713, Roche, Tucson, AZ); and p14ARF, 1:200 (74560, Cell Signaling Tech-
nology, Danvers, MA).

2.3. Lentivirus preparation

FV600E

Lentiviral particles were prepared by co-transfecting a lentiviral expression vector containing BRA mutation with lentiviral

packaging plasmids (pGagpol, pVSV-G) to HEK-293TN cells. The supernatant was harvested after 48 h.
2.4. Cell culture and induction of senescence
The CRC cell line SW480 was purchased (CCL-228, ATCC, Manassas, VA). SW480 was maintained in complete RPMI media

(LMO011-60, Welgene, Gyeongsan, Korea) with 10% fetal bovine serum (FBS) (16000044, Gibco, Billings, MT) and 1% antibiotic-
antimycotic solution (15240062, Gibco, Billings, MT). To establish the H,O, and doxorubicin-induced senescence model, 1.5 x 10°
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Fig. 1. Conventional senescence markers for detection of STCs in CRC. (A) A surgically removed fresh CRC tissue was cut into two segments. One segment was frozen and used for SA-p-Gal staining,
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analysis. Arrows indicate SA-B-Gal positive cells. (B) THC analysis with the conventional senescence markers p21Waf!, p27%P1 and p53, is shown. (C) Serial sections of CRC tissue were stained with
p16™K4A and H3K9me3. Arrows indicate immune-like cells which are positive for p21"*or p53.
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SW480 cells were seeded into 60 mm culture-treated dishes (353002, Falcon, New York, NY). One day after seeding, cells were treated
with 60 pM H,0 (H1009, Sigma-Aldrich, Burlington, MA) or 50 nM doxorubicin (Adriamycin-RDF Injection, Ildong Pharmaceutical,
Seoul, Korea) and incubated for 48 h. Subsequently, media was replaced with fresh media, and cells were stained or analyzed after
stabilization (48 h). To check heterochromatin foci in senescence models, 1:10,000 diluted DAPI solution (ab228549, Abcam, Cam-
bridge, UK) was stained and cells were observed under fluorescence microscopy (AXIO Imager.M1, Zeiss, Oberkochen, Germany).
Human dermal fibroblasts were isolated from the foreskin. Fibroblasts at passage 3-7 were maintained in Dulbecco’s modified Eagles
Medium (LM011-02, Welgene, Gyeongsan, Korea) supplemented with 10% FBS. Primary human colon epithelial cells (2950, ScienCell
Research Laboratories, Carlsbad, CA) were maintained in the colonic epithelial cell medium (2951, ScienCell Research Laboratories,
Carlsbad, CA). To induce an oncogene-induced senescence (OIS) model, primary colon epithelial cells and human dermal fibroblasts
were infected with lentiviruses harboring BRAF'%%F for 5 days.

2.5. SA-p-Gal staining

Slides from the frozen tissue were fixed with 10% paraformaldehyde (30525-89-4, Sigma-Aldrich, Burlington, MA) for 1 min and
incubated with SA-B-Gal solution [1 mg/mL X-gal (X4281C, Goldbio, Saint Louis, MO), 40 uM citric acid monohydrate (1287, Duksan,
Seoul, Korea, pH 5.8); 5 pM potassium ferrocyanide (P3289, Sigma-Aldrich, Burlington, MA); 5 pM potassium ferricyanide (702587,
Sigma-Aldrich, Burlington, MA); 150 uM sodium chloride (81, Duksan, Seoul, Korea); 2 uM MgCl, (M8266, Sigma-Aldrich, Burlington,
MA)] for 12 h in 37 °C incubator. Cultured cells were fixed with 4% paraformaldehyde and incubated with SA-B-Gal solution. After
washing cells with phosphate buffered saline, SA-p-Gal-positive cells were analyzed under light microscopy.

2.6. Real-time polymerase chain reaction (RT-PCR)

First-strand cDNA was synthesized using the SuperScript IV First-Strand Synthesis System (18091200, Invitrogen, Carlsbad, CA)
from 1 pg total cellular RNA. Real-time PCR was conducted with SYBR Green PCR Master Mix (#1708880, Bio-Rad, Hercules, CA)
under the following conditions: initial activation at 95 °C for 5 min, 50 cycles of 95 °C for 15 s, and 60 °C for 1 min. Primers used for
real-time PCR were as follows: p16™%*A: 5"_CAT CAT GAC CTG GAT CGG C-3’ and 5’-GGG TCG GGT AGA GGA GGT G-3’; p15K48; 5°
-GAC CGG GAA TAA CCT TCC AT- 3’ and 5’- CAC CAG GTC CAG TCA AGG AT-3’; p-Actin: 5° -CCC TGG CAC CCA GCA C- 3’ and 5’
-GCC GAT CCA CAC GGA GTA C- 3’; BRAF: 5° -AGA AAG CAC TGA TGA TGA GAG G- 3’ and 5’ -GGA AAT ATC AGT GTC CCA ACC A-
3.

2.7. scRNA-seq analysis of a public dataset

A public CRC scRNA-seq dataset (GSE166555) was used for analysis [33]. Analysis was performed using the R (v 4.0.3) “Seurat”
package (v 4.0.1) [34]. Among the twelve patients in this dataset, six patients (#7, #8, #17, #20, #21, and #25) with
microsatellite-stable status and conventional inferred progression, and for whom both normal and tumor tissue samples were avail-
able, were included in analyses [33]. To gather cell singlets, cells expressing the number of featured gene >200 and <10,000 were
selected. Cells containing more than 50% mitochondrial DNA were previously excluded. To decide the appropriate number of di-
mensions for principal component analysis (PCA), Jackstraw scores were calculated using ‘ScoreJackStraw’ function of the “Seurat”
package, and 20 dimensions were appropriate for further analysis (p < 0.001). Cells with read counts of EPCAM > 1 and CDX2 > 1 were
annotated as cancer cells, and cancer cells with CDKN2A read count >0 were annotated as CDKN2A-positive STCs. To exclude the
interpatient variance and batch effect, a detailed analysis was performed on patient #8, which markedly expressed CDKN2A [33]. To
re-cluster the cells from patient #8, jackstraw scores were calculated, and three dimensions were appropriate for subsequent PCA (p <
0.001). To discover markers for CDKN2A-positive cancer cells, ‘FindMarkers’ function from Seurat package using Wilcoxon rank sum
test was used [34]. Gene set enrichment analysis (GSEA) was performed using the “fgsea” package in R (v 4.0.3) [35]. Permutations
were performed 1,000 times, and p values were calculated using statistics from GSEA [36]. The weighted Kolmogorov-Smirnov sta-
tistics were calculated as the running sum of a ranked gene list [36]. Benjamin Hochberg (BH)-adjusted p values were also calculated,
and values < 0.01 were considered statistically significant.

2.8. Statistical analysis

The statistical differences of the mean values between two groups were evaluated using a Student’s t-test. The median values
between two groups were compared using a Mann-Whitney U test. The statistical differences of the proportions between two groups
were assessed using Chi-square test or Fisher’s exact test.
3. Results
3.1. Conventional senescence markers for detection of STCs in CRC

To evaluate the specificity of p16™<** as an appropriate marker for STCs, a fresh CRC mass was cut into two pieces immediately

following surgical resection, and the separate pieces were processed into frozen tissue or a paraffin block (Fig. 1A). When a section
from a paraffin block was stained with p16™K*A| the p16™X*A-positive area in FFPE tissue overlapped with that of SA-p-Gal staining
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from the frozen tissue (Fig. 1A). These results indicated that 1316INK4A was a reliable marker for STCs. However, serial staining of

p16MNK4A po1Wafl ho7KiPl "and p53 revealed that THC results of p21Wafl, p27XiP1 and p53 were substantially differed from that of
p16™K4A (Fig. 1B); p21Waf! and p53 mostly stained peritumoral round-shaped immune-like cells rather than cancer epithelial cells, and
p27Kipl did not stain any cell in CRC tissues (Fig. 1B). Moreover, expression pattern of another transcript variant of CDKN2A gene,
p14*%F was totally different from that of p16™%** which implies a major translated form of CDKN2A gene is p16™** in CRC (Fig. 1C).
Although H3K9me3 IHC results exhibited a weak positive correlation with that of p16™¥*A, nonspecific false-positive cancer cells were
frequently detected (Fig. 1D).

3.2. p15™%4B is an alternative marker for detection of STCs in CRC in vivo

scRNA-seq analysis using the public dataset GSE166555 was performed to identify alternative markers for STCs [33]. From six
patients, 13,701 cells were analyzed, and cells from patient #8, who prominently expressed CDKN2A were used for further analysis to
minimize the inter-patient variance and batch effect (Fig. SIA and S1B). Subsequently, 274 cancer cells from patient #8 were
re-clustered to confirm whether CDKN2A-positive cells had a unique gene expression pattern and clustered together (Fig. S1B and 2A).
Interestingly, most CDKN2A-positive cancer cells were clustered together in cluster 1, suggesting CDKN2A-positive cells have similar
gene expression patterns (Fig. 2A). In addition, cells from cluster 1 did not express the proliferation marker MKI67, suggesting that the
cell cycle was arrested (Fig. 2A and B). To confirm that the cells from cluster 1 showed a senescence phenotype, GSEA was performed in
multiple gene sets, which revealed that cells from cluster 1 highly expressed senescence-related genes (Table 1 and Fig. 2C). Moreover,
p15™NK4B (CDKN2B) was one of the top markers among the leading edges of the GSEA along with p16™¥4A (CDKN2A) in the oxidative
stress-induced senescence gene set (ES = 0.408, NES = 3.52, adjusted p value = 0.0042) (Fig. 2C). The dot plot showed that cluster 1
highly expressed CDKN2A and CDKN2B (Fig. 2D). To confirm whether the gene expression features of cluster 1 were derived from
CDKN2A-positive cells, the cells were exclusively extracted and compared to CDKN2A-negative cells (Fig. S2A). Similar with the gene
expression of the cluster 1, CDKN2A-positive cells were negative for MKI67 (Fig. S2A). In addition, CDKN2B was one of the top markers
representing CDKN2A-positive cells (Fig. S2B). The dot plot also revealed that cells expressing CDKN2A specifically expressed
CDKN2B, another type of tumor suppressor (Fig. S2C). GSEA also confirmed that senescence-related genes were significantly upre-
gulated in CDKN2A-positive cells (ES = 0.354, NES = 3.04, adjusted p value = 0.0061), and CDKN2B was the top gene among the
leading edges (Fig. S2D). To check protein expression of p15™<*B in STCs, IHC analysis of p15™<*B was performed with a conventional
marker, p16INK4A, using serial sections. The plSINK4B expression patterns were highly correlated with the p16INK4A expression patterns
(Fig. 2E). Contrastingly, p15™%*B THC results were also negative in p16™**-negative CRC patients (Fig. 2F). Subsequently, p15™<*B
expression patterns of 21 total cases [p16™ *A-negative patients (n = 7) vs. p16™<**-positive patients (n = 14)] were analyzed and
revealed that the expression patterns of p15™%*® were same with that of p16™*** (Table 2 and Fig. 2G). These results demonstrated
that p15™&“B together with p16™"<*A, can be used as a reliable STC marker.
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Table 1
Senescence-related pathways in the cluster 1 based on GSEA.
Pathway p value Adj. p-val ES NES
GOBP_CELLULAR_SENESCENCE (Geneset number: GO0090398) 0.0014" 0.0081° 0.32 2.90
REACTOME_CELLULAR_SENESCENCE (Geneset source: Pubmed18711403) [37] 0.0013" 0.0050° 0.38 4.35
REACTOME_OXIDATIVE_STRESS_INDUCED 0.0014" 0.0050" 0.41 3.45
_SENESCENCE (Geneset source: NA)
FRIDMAN_SENESCENCE_UP (Geneset source: Pubmed18711403) [37] 0.0014" 0.0050° 0.33 2.98
REACTOME_SENESCENCE_ASSOCIATED 0.0015 a 0.0050" 0.35 2.77
_SECRETORY_PHENOTYPE _SASP (Geneset source: NA)
REACTOME_ONCOGENE_INDUCED_SENESCENCE (Geneset source: NA) 0.0015" 0.0050" 0.42 2.71

@ p values were obtained from 1000 times permutation.
b p values were obtained from Benjamin Hochberg adjustment of p values. Adj. p val, adjusted p value; ES, enrichment score; NA, not applicable;
NES, normalized enrichment score.

Table 2
Patient characteristics according to their p16™<** expression in IHC analysis.
Total (n = 21) plGINK4A-negative n=7) plGINK4A-positive (n=14) p value
Age, median 66.00 70.00 61.00 0.062"
Male, n (%) 12 (57.14) 5(71.43) 7 (50.00) 0.64"
T staging, n (%) 0.13"
1 0 (0) 0 (0) 0(0)
2 1 (4.76) 0 (0) 1(7.149)
3 19 (90.48) 6 (85.71) 13 (92.86)
4 1(4.76) 1(14.29) 0(0)
N staging, n (%) 0.85"
0 8(38.10) 3 (42.86) 5(35.71)
1 6 (28.57) 1(14.29) 5(35.71)
2 7 (33.33) 3 (42.86) 4 (28.57)
M staging, n (%) 1.00°
0 21 (100) 7 (100) 14 (100)
1 0 (0) 0 (0) 0 (0)
Localization, n (%) 0.15"
Ascending 0(0) 0(0) 0(0)
Transverse 1(4.76) 1(14.29) 0 (0)
Descending/sigmoid/rectum 20 (95.24) 6 (85.71) 14 (100)
Microsatellite stable, n (%) 21 (100) 7 (100) 14 (100) 1.00°

@ p values were obtained from Mann-Whitney U test.
Y p values were obtained from Chi-square test.

3.3. STC p1 5INK4B expression in vitro

In the present study, SW480, a CRC cell line, was used to establish a cancer cell senescence model. The most reliable senescence
marker, SA-p-Gal staining, exhibited increased positivity both in HyO5-induced and doxorubicin-induced STC models (Fig. 3A). DAPI
staining also showed that senescence-associated heterochromatin foci (SAHF), a senescence marker, are more frequently detected in
senescent cancer cells compared to control cells in both models (Fig. 3B). Interestingly, in both models, mRNA expression of p15™<*B
increased concomitantly with that of p16™**A (Fig. 3C). Another cellular senescence model, the OIS model, was introduced by
overexpressing mutated BRAF (BRAF"®%’E) in primary colonic epithelial cells (Fig. S3A). In this model, mRNA expression level of
p16™K4A increased after cellular senescence induction (Fig. S3B). However, p15™%*B expression did not show any difference
(Fig. S3B). These results suggest that p15INK4B is a reliable marker for STCs, but a questionable one for precancerous colonic epithelial
cells, such as OIS.

4. Discussion

From the perspective of cancer treatment, STC detection is important because (i) STCs secrete multiple cancer-promoting molecules
and targeting STCs or their secreted molecules could inhibit cancer progression [1-3]; and (ii) STCs remain after primary treatment
and are highly related to long-term cancer relapse [38,39]. Therefore, STC detection is very important for patient prognosis, although
the importance of STCs in cancer progression has long been overlooked. Because conventional CDK inhibitors such as p16™ 44,
p21¥afl and p27X%P! can induce cell cycle arrest in normal cells, they have been widely used as cellular senescence markers [24,27,40].
However, CDK inhibitors also function as tumor suppressors, such that cancers must overcome the tumor-suppressing effects of CDK
inhibitors for successful cancer progression [41-43]. Therefore, deletions and mutations are frequently detected in the loci of CDK
inhibitors in cancer tissues, precluding the ability to detect STCs within these tissues [43]. Therefore, to our current knowledge,
SA-B-Gal staining, which detects lysosomal p-galactosidase in senescent cells, is the most reliable marker for STC detection [44].
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Fig. 3. STC p15™%*B expression in vitro. (A) SA-p-Gal staining in two cancer cell senescence models, HyO-induced (60 pM) and doxorubicin
(Dox)-induced (50 nM) senescence models (n = 4, each). The p values are obtained using Mann-Whitney U test. (B) DAPI staining revealed het-
erochromatin foci, in both H,O,-induced (60 pM) and doxorubicin (Dox)-induced (50 nM) senescence models. The proportion of SAHF-positive cells
out of total cells was shown in the bar graph and p values were obtained from chi-square test. (C) mRNA expression of CDKN2A and CDKN2B in
H,0,-induced (60 pM) and doxorubicin (Dox)-induced (50 nM) senescence models (n = 3, each). The p values were obtained using Student’s t-test.

However, SA-p-Gal staining requires fresh-frozen tissues. The major obstacle of cancer cell senescence research using fresh-frozen
tissue is that a section cannot be simultaneously performed for SA-B-Gal staining and IHC analysis. Therefore, to reveal the physio-
logical role of STCs using fresh-frozen tissue, SA-p-Gal staining and IHC analysis using serial sections should be performed. However,
obtaining intact serial sections from fresh-frozen tissue is technically demanding. Moreover, even if it were to be performed, the overall
morphology of frozen tissues can easily be distorted during a sectioning and staining process, and they might not be suitable for
subsequent analysis. Therefore, novel markers of STCs which can be used in FFPE tissue is important, but unfortunately, for FFPE
blocks, no definite markers for STC markers are currently available. Alternatively, multiple markers, including CDK inhibitors and
other senescence markers such as H3K9me3, are stained simultaneously or serially to detect STCs in FFPE tissues [1,32]. Also, because
the mutation patterns of CDK inhibitors vary according to cancer type [44], the preferred combination of these markers is cancer type
dependent. In our previous study, we revealed that p16™**A staining is the most reliable marker to detect STCs in the CRC FFPE tissue,
which was positively correlated with SA-B-Gal staining [3]. In contrast, in this study, p21Wafl and p53, two additional renowned
senescence markers, were not correlated with SA-p-Gal staining and p16™<*A IHC analysis. A probable explanation is that not only the
frequent epigenetic changes in the promoter region of p21Wafl and p53 [45-47] but also frequent mutations of the genes themselves
contributed to this phenotype [29-31]. Moreover, although crosstalk exists between the p53-p21W4! and p16™**A_Rb pathways [48,
49], each pathway may act independently, according to the type of insult and upstream signals [48]. It is widely accepted that the
p53-p21Vafl pathway is induced in relatively early stages of DNA damage [50]. Therefore, induction of p53 and p21"3 is more likely
to be DNA damage-dependent than senescence-dependent [50]. In contrast, p16™ ** is an essential molecule that continuously
maintains cellular senescence [51,52]. This implies that p16INK4A is a more powerful inducer of cell cycle arrest than either p21Wafl or
p53 [51,52]. This is consistent with a previous report showing that although p16™*** induction can be prevented by p53 inactivation,
once p16™X4A is expressed, p53 downregulation could not reverse cell cycle arrest [49]. Therefore, p16™<* is a relatively more
reliable marker than p53 and p21V2! to detect STCs in CRC. However, use of p16™X*2 as the sole marker to detect STCs in CRC is
problematic as p16™<** mutations and gene silencing are commonly detected in CRC patients [53,54]. Therefore, to our knowledge,
THC analysis of p16™¥*A, together with H3K9me3 and Ki-67, is considered optimal for detection of STCs in CRC FFPE tissue.
Another major obstacle to identify a novel marker of STCs is uneven distribution of STCs in cancer tissues [2,3]. Because most of
STCs are in the margin of the cancer tissue [2], the targeted region to collect STCs are easily contaminated by other stromal cells when
bulk RNA-sequencing or microdissection-assisted RNA-sequencing are performed. To overcome this limitation, in this study,
scRNA-seq analysis which can minimize the contamination issue was performed using public dataset. Consequently, we found that
15™NK4B a4 type of CDK inhibitors, can be another marker to detect STCs in CRC. The physiologic role of p15™%*® is similar to that of
p16™K4A a5 it complexes with CDK4/6 and hinders its interaction with cyclin D, resulting finally in cell cycle arrest [55]. In fact,
p15™&4B has often been used as a senescence marker in previous studies [56,57]. Especially, Mirzakhani and colleagues recently
reported that p15™¥*B expression was related with androgen-induced cellular senescence in prostate cancer cells [58]. However, as
our current knowledge, this is the first study which proposed p15™¥*B as a STC marker comparing its expression with other con-
ventional senescence markers in CRC.
In this study, we established an OIS model by overexpressing BRAFV%°’F an important mutation in colorectal cancer in primary
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colon epithelial cells [59]. BRAFV%%E_gverexpression increased p16™<** mRNA expression in colonic epithelial cells. However,
p15™¥B mRNA expression did not show any difference. The results are contradictory with another result using fibroblasts which
showed increased p15™K*B expression in same experimental condition with primary colon epithelial cells (Fig. S4A and S4B). It is
consistent with the previous study performed by Kuilman and colleagues that p1 5™NK4B was induced by BRAF V600 overexpression in
human dermal fibroblasts [60]. The result might be caused by the difference in cellular origin (mesenchymal origin fibroblasts vs.
epithelial origin colonic epithelial cells), although the exact mechanism should be elucidated. Kuilman and colleagues also showed that
p15™K4B expression can be suppressed by IL-6 depletion [60]. The expression level of IL-6 of colon epithelial cells is much lower than
stromal cells including fibroblasts in the normal tissue [61]. Therefore, plSINK4B might not have been induced due to the low level of
the basal IL-6 in colonic epithelial cells of normal tissues. In addition, another explanation for this phenotype is that
senescence-inducing signaling pathways of normal epithelial cells might be different from that of cancer cells in advanced stages [62].
Conclusively, p15™¥4B i5 a reliable marker for STCs, but a questionable one for OIS of precancerous colonic epithelial cells.

p15™%4B 3150 has several limitations as a marker for STCs. First, p15™<*B itself is often deleted or mutated in multiple cancer tissues
[63-65]. Therefore, IHC analysis can produce a false positive when CDKN2B is mutated. Secondly, although more in vivo evidence is
needed, p15™%*E might not detect some kinds of senescent epithelial cells such as OIS of precancerous cells as discussed above. Third,
the locus for CDKN2B is proximal to CDKNZ2A, a gene coding p16™<*4, suggesting that CDKN2A is subject to similar regulation
processes [66]. Therefore, it is possible that regulation of genetic mutation or deletion of CDKN2B occurs together with that of
CDKN2A [63]. However, although definite evidence in CRC is still lacking, CDKN2A and CDKN2B mutations or deletions are not
always happen together [66-69]. Moreover, epigenetic regulation such as promoter methylation of p14*%F, p15™¥4B and p16™¥42 can
be controlled separately [69], which implies that p15™%*® is still a potential marker of STCs despite of several limitations. Therefore,
p15™K4B is an excellent alternative option when false-positive p16™<** FFPE IHC results are highly suspected.

5. Conclusions

In conclusion, integrative analysis of scRNA-seq data, in vivo IHC analysis, and in vitro experiments revealed that p15™B is an
appropriate marker for STCs in CRC. Therefore, p15™<*B is one of a few markers that can reliably detect STCs in FFPE CRC samples.
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