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p53-mediated G1 arrest requires the induction of both p21 and Killin in human
colon cancer cells
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ABSTRACT

The main biological function of the tumor suppressor p53 is to control cell cycle arrest and
apoptosis. Among the p53 target genes, p21 has been identified as a key player in p53-mediated
G1 arrest, while Killin, via its high DNA binding affinity, has been implicated in S and G2/M arrest.
However, whether Killin is involved in G1 arrest remains unclear. This research aimed to explore

ARTICLE HISTORY
Received 10 May 2021
Revised 29 October 2021
Accepted 22 November 2021

KEYWORDS
the role of Killin in p53-mediated G1 arrest. Knockout of killin in human colorectal cells led to Killin; p53; p21; proteasome;
a dramatic decrease in p53-mediated G1 arrest upon DNA damage. Moreover, double knockout of G1 arrest

killin and p21 completely abolished G1 arrest, similar to that of p53 knockout cells. We further
showed that Killin could upregulate p21 protein expression independent of p53 via ubiquitination
pathways. Immunoprecipitation studies indicated that Killin may directly bind to proteasome
subunits, thereby disrupting proteasomal degradation of p21. Together, these results demonstrate
that Killin is involved in multiple cell cycle checkpoint controls, including p53-mediated G1 arrest.

Introduction

p53 is one of the major tumor suppressors and the
most frequently mutated gene in human cancer
[1-3]. Under cellular stress, such as DNA damage,
p53 is activated as a transcription factor that leads
to cell cycle arrest, allowing a cell to either repair
its DNA or undergo apoptosis [4]. p53 induces G1
arrest primarily through activation of its best-
characterized downstream gene, p21, which
encodes a cyclin-dependent kinase (CDK) inhibi-
tor [5]. G2/M arrest mediated by p53 activation
has been linked to the induction of GADD45 and
14-3-38 [6]. Among the known p53 target genes
involved in apoptosis are BCL2 family members
such as Noxa and PUMA [7].

p21 is one of the best-known downstream genes
of p53, induces G1 cell cycle arrest and inhibits cell
apoptosis [2,5,8]. p21 is a cyclin-dependent kinase
(CDK) inhibitor via its interaction with the
N-terminal CDK kinase motif and causes Gl
arrest [9]. Another important role of p21 is to
inhibit apoptosis; p21 binds to and inhibits pro-
caspase-3 and apoptosis signal-regulating kinase 1

(ASK1) in the cytoplasm, thereby blocking the
apoptotic pathway [10,11]. Although p21 is mainly
regulated at the transcriptional level by p53 upon
DNA damage, post-translational modifications
also play a critical role in the regulation of p21
through the ubiquitin-mediated proteasome
degradation system [12,13].

killin is another p53 target gene discovered by
differential display that encodes a 178 amino
acid nuclear protein [14]. killin is located on
human chromosome 10 at a locus extremely
close to the pTEN tumor suppressor gene [14].
Many diseases or cancers that are associated
with PTEN have also been linked to Killin [15-
17]. Genetic screening and biochemical analysis
have demonstrated that Killin binds to S phase
DNA in a nonoverlapping pattern to the PCNA
replication fork protein and inhibits DNA synth-
esis, which leads to S phase arrest [14,18]. In
contrast, in interphase cells, Killin is localized in
the nucleolus and has been implicated in the
inhibition of rRNA synthesis [18]. Germline
and somatic killin variants dysregulate G2/M
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cell cycle arrest [19]. Killin causes stalled repli-
cation forks, which in turn leads to upregulated
p53 expression, thus forming a positive feedback
loop for p53 activation [16,20,21]. In conclusion,
as a tumor suppressor, the main functions of
Killin are closely associated with p53-mediated
S and G2/M phase arrest, and the distribution of
Killin protein changes with cell cycle progression
[18]. Based on the correlation between Killin
and p53-mediated cell cycle arrest, we hypothe-
sized that Killin is also involved in p53-mediated
G1 arrest.

In this study, via a somatic gene knockout
strategy, we showed that p53-mediated G1 cell
cycle arrest upon DNA damage requires the
induction of both p21 and Killin in human
colorectal cells. Further analysis revealed that
full induction of p21 requires Killin, which
functions as a proteasome inhibitor that pre-
vents p21 from ubiquitin-dependent proteolytic
degradation. Together, these results suggest that
Killin is involved in p53-mediated G1 arrest
and provide a potential molecular basis for
Killin in G1 arrest.

Results
Killin induces G1 arrest in HCT116 cells

To elucidate the physiological functions of Killin, we
adopted CRISPR/Cas9 technology to selectively
knock out killin in the HCT116 cell line containing
the wild-type p53 gene, activating p53 in response to
genotoxic stress, such as doxorubicin treatment [5].
Compared with the parental control cells, the killin
knockout cells showed neither the complete killin
gene in the genome (Figure la, Figure S1B) nor
expression at the mRNA and protein levels after
DOX treatment (Figure 1b,c, Figure S2B). Under
normal conditions, the killin knockout cells showed
little difference in cell growth (Figure 1d), morphol-
ogy and cell cycle profile (Figure le,f) compared to
their parental control cells.

However, upon DNA damage, the levels of p53
protein and apoptosis as indicated by PARP clea-
vage were increased in the killin knockout cells
compared to the parental HCT116 (p53 WT) cells,
as shown by Western blot analysis (Figure Ic,
Figure 2a, Figure S2A, D, E, H), which was

CELL CYCLE (&) 141

consistent with a previous report [20]. Viable cell
number markedly dropped for the killin knockout
cells, while parental HCT116 (p53 WT) cells instead
showed growth inhibition under DNA damage con-
dition (Figure 1d). The proportion of G1 arrest was
also reduced in the killin knockout cells, as shown
by FACS analysis (Figure le,f). These phenotypes
resemble those of p21 knockout cells [22], which
show enhanced cell apoptosis and decreased Gl
arrest compared to HCT116 (p53 WT) cells under
DNA damage conditions. Interestingly, disruption
of Killin expression reduced the protein level of p53-
induced p21 (Figure lc, Figure 2a, Figure S2C, G),
which suggested a connection between Killin
and p21.

Complete G1 arrest by p53 requires both p21 and
Killin

To determine the relationship between Killin
and p21 in p53-mediated G1 arrest, we knocked
out p21, p53 and p2l/killin in HCT116 (p53
WT) cells using the CRISPR/Cas9 system.
After DOX treatment for 24h, both killin and
p21 knockout cells showed a reduced propor-
tion in Gl phase arrest, as demonstrated by
FACS analysis (Figure 2b,c), and accelerated
cell apoptosis to a similar extent, as shown by
PARP cleavage and FACS analysis (Figure 2a, b,
¢, Figure S2F, H). Cells with double knockout
of killin/p21 cells showed little G1 arrest, simi-
lar to p53 knockout cells, and an additive effect
on apoptosis compared with p21 or killin
knockout cells (Figure 2a, b,c, Figure S2F, H).
In addition, we performed cell cycle analysis by
FACS with 0.34 pM DOX treatment for 48h
and 72h. The proportion of G1 phase arrest
was almost nonexistent, and apoptotic cells
were also increased in the p2I KO, killin KO
and p21/killin KO cells (Figure S3). Although
p21 has a predominant role in p53-mediated G1
arrest, our results showed that killin knockout
can also decrease G1 arrest, similar to the dis-
ruption of p2l. There is little G1 arrest in
double knockout of killin/p21 cells after DNA
damage, similar to p53 knockout cells; in other
words, p53-mediated G1 phase arrest was com-
pleted by p21 and Killin.
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Figure 1. killin KO disrupts p53 induced G1 arrest under DNA damage.

(a) PCR amplification of killin gene with primer killin-check-F and killin-check-R to identify killin knocked out in HCT116. Size of the
resulting PCR products was ~750bp (killin WT) or ~350bp (killin KO). (b) qPCR analysis identified that the efficiency of killin KO under
DNA damage in HCT116. Mean + SD of 3 replicates is shown. (c) killin KO accelerated p53-induced PARP cleavage and reduced p53-
induced p21 expression. HCT116 parental cells, killin KO cells were treated or mock-treated with DOX (0.34 uM) for 24h. The
induction of p53, p21, cleavage PARP and Killin were confirmed by Western blot analysis with ACTIN as a control for equal sample
loading. (d) killin KO broke p53-mediated growth arrest under DNA damage in HCT116. (e, f) Cell cycle analysis showed killin KO
disruption of p53-mediated G1 arrest following DOX (0.34 pM) treatment, the different phases of the cell cycle are presented (e) and
the quantitative measurement of cell cycle phase (f). The killin gene was knocked out (KO) by CRISPR/Cas9 in HCT116 cells.

Killin upregulates p21 expression independent
of p53

p21, as one of the major target genes of p53,
mainly induces G1 arrest and inhibits apopto-
sis. Surprisingly, we found that p21 expression
was suppressed in the killin knockout cells
under the stimulation of DNA damage
(Figure 1c, 2a, Figure S2C, G); these results
suggested Killin may directly regulate expres-
sion of p21. To further elucidate the relation-
ship between Killin and p21, we overexpressed
GFP-Killin via the TET-OFF system in DLD-1
cells. Removal of tetracycline induced either
GFP or GFP-Killin at different time points

(Oh, 24h, 48h, 72h), and the p21 and p53 levels
were upregulated with the expression of GFP-
Killin as expected (Figure 3a, Figure S4A, B, C).
However, there was no significant increase in
cleaved PARP (Figure 3a, Figure S4D), which
once again showed that the main function of
Killin was not to induce cell apoptosis. p2l
expression is usually controlled at the transcrip-
tional level in a p53-dependent way [23], and
we knocked out p53 in DLD-1 cells to induce
GFP-Killin expression. Notably, the results
showed that the ability of GFP-Killin to upre-
gulate p21 expression was not affected
(Figure 3b, Figure S4E, F, G), which confirms
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Figure 2. Killin and p21 completed the p53-mediated G1 arrest.
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(a) killin and p21 double KO synergistically promote p53-induced PARP cleavage. HCT116 parental cells, p53 KO, p21 KO, killin KO and
killin /p21 KO cells were treated or mock-treated with DOX (0.34 uM) for 24h. The induction of p53, p21, cleavage PARP and Killin
were confirmed by Western blots analysis with ACTIN as a control for equal sample loading. (b, ) Cell cycle analysis reveals killin and
p21 double KO blocking p53-mediated G1 arrest after DOX (0.34 uM) treatment, the different phases of the cell cycle are showed (b)
and the quantitative measurement of cell cycle phase (c). The killin, p21, p53, and killin/p21 were knocked out (KO) by CRISPR/Cas9 in

HCT116 cells.

that Killin upregulated p21 expression indepen-
dent of p53.

Killin stabilizes p21 through the proteasome
pathway

To identify critical mechanisms involved in the
Killin upregulation of p21 expression, we profiled
the transcriptome of DLD-1 cells under the induc-
tion of GFP and GFP-Killin expression for 48h.
Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis of genes related to
both p21 and killin showed that these genes were
predominantly distributed in pathways related to
the proteasome, protein processing in the endo-
plasmic reticulum, and amyotrophic lateral

sclerosis (Figure 4a). Among the genes involved
in the proteasome pathway were multiple protea-
some subunit proteins (Supplementary Table 3).
These results suggested that Killin might upregu-
late p21 expression via proteasome pathways.
Therefore, to determine whether Killin par-
ticipates in the proteasome pathway, we tested
the protein stability wusing actinomycin
D (ActD) to inhibit RNA synthesis and cyclo-
heximide (CHX) to block the translational
elongation, and the assay results indicated
that the half-life of p21 was significantly pro-
longed in the GFP-Killin-expressing cells com-
pared to the GFP-expressing cells (Figure 4b, c,
d, e). Furthermore, we treated DLD-1 cells with
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Figure 3. Killin upregulates p21 independent of p53.

(a) Western blots analysis of DLD-1 that the induction of GFP-Killin led to increase in p53 as well as its major target gene products,
such as p21 compared with GFP at different time points (0h,24h,48h,72h). The cleavage PARP was not significantly increased after
overexpression of GFP-Killin. (b) Knockout of p53 did not affect the induction of p21 by overexpression of GFP-Killin. The p53 KO and
parental DLD-1 were induced GFP-Killin expression at different time points (0h,24h,48h,72h) before Western blots analysis. Though
CRISPR/Cas9 knocked out (KO) p53 in DLD-1 cells with the ability of GFP-Killin inducing expression. GFP-Killin and GFP are induced to

express by withdrawing tetracycline.

GFP or GFP-Killin using MG132, a proteasome
inhibitor, which blocks the proteasome pathway
and upregulates p21 expression [24]. The
results showed that the expression of p21 was
greatly upregulated in the GFP-expressing cells
after treatment of MG132, while the GFP-Killin
-expressing cells only showed slight upregula-
tion of p21 expression (figure 4f, g). Under
normal conditions, p21 is degraded by the ubi-
quitin proteasome system, and blocking the
proteasome degradation pathway increases p21
expression [25]. However, overexpression of
Killin obviously diminished the upregulation
of p21 expression by MG132, which could be
because Killin completely inactivated the func-
tion of the proteasome pathways. These results
support Killin upregulation of p21 expression
through inhibition of proteasome pathways.

Killin upregulates p21 protein expression by
inhibiting its ubiquitination

The ubiquitination of proteins plays a key role in
protein degradation via the proteasome pathway.
To determine whether Killin has effects on the
ubiquitination of protein, we detected ubiquitina-
tion of whole protein and p21 by Western blots.
Although the overexpression of GFP-Killin
improved the ubiquitination of the whole pro-
tein (Figure 5a), polyubiquitination of p21 was
significantly reduced in the DLD-1 cells with
GFP-Killin (Figure 5b). Then, after treating
DLD-1 cells with GFP or GFP-Killin using
MG132, we found that polyubiquitination of
p2l in the DLD-1 cells with GFP-Killin was
also significantly lower than that in the GFP-
expressing cells (Figure 5c,d). Killin inhibited
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Figure 4. Killin via proteasome pathway upregulates p21.

(a) Pathway enrichment analysis of genes associated with p21 and Killin in DLD-1 cells with GFP-Killin expression. The x-axis shows
the enrichment factor, the y-axis corresponds to the pathway, and the color of the dot represents the p-value, and the size of the dot
indicates the number of genes mapped to the reference pathways. (b, d) GFP-Killin overexpression in DLD-1 cells increased the
stability of p21. After the induction of GFP-Killin for 24h, 5 ug/mL actinomycin D (ActD) was added to suppress transcription (b) or
100 pg/mL cycloheximide (CHX) was added to block translation (d), and aliquots were isolated at the indicated times. Total proteins
were extracted, and the level of p21 protein was detected by Western blots. (c, e) The expression of p21 protein relative to ACTIN
was quantified (n = 3). (f) Disruption of proteasome pathway did not markedly upregulate the expression of p21 in DLD-1 cell with
GFP-Killin expression. After the induction of GFP-Killin for 24h, 5 uM MG132 was added to inhibit proteasomal activity, and aliquots
were isolated and analyzed at the indicated times by Western blot. (g) The expression of p21 protein relative to ACTIN was
quantified (n = 3) in DLD-1 cell after MG132 treatment.
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Figure 5. Killin reduces the degradation of p21 though suppression its ubiquitination.

(a, b, ¢, d) GFP-Killin inhibited the ubiquitination level of p21. Cell lysates from with (-TET) and without (+TET) GFP-Killin expressing
for 48h were subjected to immunoprecipitation with anti-p21 antibody or immunoglobulin G control. The cell lysates (a) or
immunoprecipitants (b) were detected using the indicated antibodies by Western blots. (c) After inducing GFP-Killin expression
for 24h, 5 pM MG132 was added to inhibit proteasomal activity for 24h. The extracted of total proteins were subjected to
immunoprecipitation with anti-p21 antibody or immunoglobulin G control. The cell lysates (c) or immunoprecipitants (d) were
detected with the indicated antibodies by Western blots. (e) Pathway enrichment analysis of protein interaction with Killin. The
colored small squares in the figure represent the proteins of interaction with Killin, linking each protein to the processes to which it
is related. The color of the small squares in the figure represents the p value of the pathways. (f) GFP-Killin interacted with p21 and
PSMC2. Cell lysates from with (-TET) and without (+TET) GFP-Killin expressing for 48h were subjected to immunoprecipitation with
anti-GFP beads. The cell lysates (left) or immunoprecipitants (right) were detected using the indicated antibodies by Western blots.

the polyubiquitination of p21, which decreased
the degradation of p21 by the proteasome. To
turther elucidate how Killin inhibits the polyu-
biquitination of p21, we detected Killin coimmu-
noprecipitated proteins by Western blots, and
the results showed that Killin could bind to
p21 (figure 5f). The direct binding of proteins
inhibits ubiquitination and proteasomal degrada-
tion [26], and our results suggest that Killin

might also directly bind to p21 to disrupt its
ubiquitination and proteasomal degradation.

Killin directly binds proteasome subunits and
inhibits proteasomal activity

To further shed light on the molecular mechanism of
Killin in the proteasome pathway, we performed
immunoprecipitation coupled to mass spectrometry



(IP-MS). Potential Killin-interacting proteins were
co-pulled down with anti-GFP antibody-conjugated
beads and subsequently applied to MS analysis.
Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis of the proteins coim-
munoprecipitated with Killin showed that these
genes were predominantly distributed in pathways
related to the proteasome, Parkinson’s disease, and
prion disease, etc (Figure 5e). Among the genes
involved in the proteasome, multiple proteasome
subunit proteins were identified (Figure 5e,
Supplementary Table 4). Input and Killin coprecipi-
tated proteins were detected by immunoblotting.
Although GFP-Killin had no effect on the expression
of the proteasome 26S subunit protein PSMC2, the
results of the co-IP assay with anti-GFP showed that
Killin forms a complex with PSMC2 (figure 5f).
Killin combined with proteasome 26S subunits, sug-
gesting that Killin may inhibit proteasomal activity
by directly binding proteasome subunits.

Discussion

The interpretation of the network of p53 transcrip-
tionally regulated target genes is vital to compre-
hensively understand the complexity of p53-
dependent tumor suppression [1]. p53 is known
as the “guardian of the genome” and one of its
main functions is regulating the cell cycle [2].
Through a nonbiased and systematic screening
conducted using saturation fluorescent differential
display technology, we identified the p53 target
gene Killin, which is involved in p53-mediated S-
and G2/M-phase arrest [14,18,19]. In this study,
we showed that Killin induces G1 arrest and inhi-
bits cell apoptosis. Overexpression of Killin did
not immediately lead to cell apoptosis and mainly
caused cell growth arrest (Figure 3a). The main
function of Killin may be induction of cell cycle
arrest, which allows time for the activation of the
DNA repair pathway in response to DNA damage.
All cell cycle processes including G1, G2/M, and
S phase arrest are related to Killin, which suggests
Killin may be a generalist involved in p53-
mediated cell cycle arrest upon DNA damage.
p21 is perhaps one of the most characteristic
downstream target genes of p53, which mainly
induces G1 arrest and inhibits apoptosis [9]. p21
knockout cells did not completely abolish G1
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arrest, as p53 knockout cells did upon DNA
damage [5]; in other words, there are other genes
participating in p53-mediated G1 arrest. As target
genes of p53, both Killin and p21 can induce G1
arrest. We showed that double knockout of killin/
p21 completely blocked p53-mediated G1 arrest
and that Killin may be another gene involved in
p53-mediated G1 arrest. In response to DNA
damage, p53-induced Killin and p21 act as growth
and death inhibitors, allowing enough time for
DNA repair to maintain genomic stability [2].
Killin can also maintain chromosomal stability by
preserving H3K9 methyltransferase activity and
H3K9 trimethylation [27]. Maintaining genomic
stability may be one of the important physiological
functions of Killin. Upon DNA damage, knock-
down of killin leads to an increase in genomic
instability [20]. Our results also showed that upre-
gulation of p53 expression was more obvious in
the killin knockout cells compared to the parental
HCT116 (p53 WT) cells under DNA damage con-
ditions (Figure 1c,2a, Figure S2A, E). This is con-
sistent with knockout of killin increased genomic
instability, which in term leads to p53 upregula-
tion. Killin upregulates p53 through replication
fork arrest and direct binding to the p53’ promoter
in normal condition [17,21].

During analysis of the mechanism of Killin-
induced G1 phase arrest, we confirmed the upre-
gulation of p21 expression by Killin. One of the
major functions of Killin is as a component of
a positive feedback loop to upregulate p53 expres-
sion [21], and the expression of p21 is tightly
regulated by p53 at the transcriptional level [5].
Unexpectedly, our results showed that upregula-
tion of p21 expression by Killin is not affected by
p53 knockout. We profiled the transcriptome of
the DLD-1 cells expressing GFP and GFP-Killin,
and the proteasome pathway was enriched.
Overexpression of Killin significantly extended
the half-life of p21, similar to proteasomal inhibi-
tors. Inhibition of the proteasome by MG132 can
not obviously upregulate p21 expression in the
DLD-1 cells with GFP-Killin expression, which
may be due to disruption of the proteasome path-
way by Killin.

The ubiquitination of proteins is the first step in
the proteasomal degradation pathway, which plays
a vital role in regulating protein half-life [25]. The
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direct binding of proteins can inhibit ubiquitina-
tion and proteasomal degradation [26]. We
showed that Killin forms a complex with p21
that may inhibit the ubiquitination of p2l1. In
addition, cytoplasmic Killin may affect E3 ubiqui-
tin ligase activity [28], which can also decrease the
ubiquitination of p21. Ubiquitination of p21 was
inhibited in the DLD-1 cells with GFP-Killin over-
expression, which resulted in increased stability of
p21. Furthermore, Killin may directly bind protea-
some subunits and impact proteasomal degrada-
tion. Killin stabilizes p21 by inhibiting
ubiquitination and proteasome activity. However,
the specific mechanism needs to be further studied
in the future. Killin with different cell localizations

has different functions; cytoplasmic Killin directly
affects the proteasomal pathway-mediated upregu-
lation of p21 expression, while nuclear Killin
directly binds DNA/RNA and inhibits DNA/RNA
synthesis [18]. Proteins and RNA are extensively
synthesized during G1 phase, and Killin can also
bind DNA/RNA and inhibit RNA synthesis, which
restrains cell growth and leads to G1 arrest. Thus,
Killin is involved in p53-mediated G1 arrest via
both upregulation of p21 expression and inhibi-
tion of RNA synthesis. Analysis of the crystal
structure of the Killin protein is important to
understand the pattern of Killin binding to pro-
teins and RNA/DNA, but the expression of Killin
protein is hindered by its toxicity [14,29]. We may
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Figure 6. Schematic diagram depicting the pathway.
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DNA damage activates p53, which induces its targets Killin and p21 expression to lead to p53-mediated G1 arrest. Though inhibition
of p21 ubiquitination, Killin upregulates p21 expression. Killin can also induce G1, G2/M, S arrest via directly binding and inhibiting
DNA/RNA synthesis.



confirm the binding domain by truncation or
point mutations of the Killin protein following
bioinformatics analysis in the future, which will
shed light on the definite role of Killin in protea-
somal degradation.

Taken together, these results strongly support
an important role of Killin in p53-mediated G1
arrest. Mechanistically Killin can cause G1 arrest
either via upregulation of p21 expression, or by
directly binding to DNA/and RNA during differ-
ent cycle phases, thereby inhibiting their synthesis.
We have provided a schematic diagram to illus-
trate the multifunctional roles of Killin in p53-
mediated cell cycle arrest and apoptosis
(Figure 6). The most important and rather surpris-
ing revelation of this study has been that complete
G1 arrest of colorectal cancer cells with WT p53
requires both killin and p21, with Killin being able
to inhibit p21 degradation via proteasome path-
way. Absence of either of these p53 target genes
would sensitize the cancer cells to p53-dependent
apoptosis upon DNA damage.

Materials and methods

Cell culture, cell transfection, and drug
treatments

HCT116 cells were propagated in Dulbecco’s
Modified Eagles Medium (DMEM) (Hyclone)
with 10% fetal bovine serum (HyClone) and 1%
penicillin/streptomycin (Hyclone). Inducible Killin
cell lines were cultured as described [14], in brief,
the cells were washed three times with PBS and
then cultured in Tetracycline — free medium. All
plasmids were transfected into HCT116 and DLD-
1 cell lines using FUGENE 6 (Promega, USA).
MG-132 (S2619), Doxorubicin (S1208), and
Tetracycline (S2574) were purchased from
Selleck. Cells were treated with an indicated che-
mical compound at 80% confluence for the indi-
cated time.

Antibodies and Western blots

Antibodies used for this study were as follows: p53
(sc-126) (Santa Cruz Bio), ACTIN (TA-09)
(ZSbio), p21 (#2947), PARP (#9532), and Ub
(#3936) (CST). The polyclonal Killin antibody
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was produced with the C terminus of Killin
(amino acids 124-178) fused to GST (pGEX4T-1)
as an antigen by Covance [14]. Cellular protein
extraction was carried out by using the standard
protocol as described [14]. Cellular proteins were
separated using 10-12% SDS-PAGE gels, then
transferred to PVDF membranes (Millipore). The
membranes were blocked with 5% BSA (sigma)
and hybridized to an appropriate primary anti-
body and HRP-conjugated secondary antibody in
5% BSA. Western lightning ECL reagent
(Millipore) was used for signal detection.

Somatic gene knock out

Gene knockout was carried out essentially by
CRISPR/Cas9 as described [30]. In short, the
sgRNA primers were designed through website:
https://zlab.bio/guide-design-resources. All
sgRNA primer sequences are in Supplementary
Table 1 in this study. The annealed sgRNA tem-
plate was cloned into Bbsl (NEB) sites of PX459
(addgene) and confirmed by DNA sequencing.
After plasmid transfected into HCT116 p53WT
or DLD-1, puromycin (Selleck, S9631) or hygro-
mycin (Selleck, $2908) was used for selecting to
obtain clones by limiting dilution. Gene knockout
was verified by Western blots in pool and single
clone cells.

Quantitative real-time PCR

Total RNA was extracted from treatment and con-
trol cells using TRIZOL (Invitrogen). cDNA was
synthesized from 1 pg of total RNA as a template
by Revert Aid First Strand ¢cDNA Synthesis Kit
(Thermo Fisher Scientific), according to the man-
ufacturer’s protocol. Each reaction contained total
RNA sample (1ug), RNase free water, Oligo (dT)
18 primer. Then, samples were denatured at 65 X
for 5 minutes and then chill on ice. Next, 10 mM
dNTPs mix, RiboLock RNase Inhibitor, reaction
buffer and RevertAid M-MuLV RT were added to
the reaction and samples were incubated at 42 X
for 60 min. Finally, the reaction was terminated by
heating at 70°C for 5 min.

Quantitative PCR was performed using
Universal SYBR® Green Super mix (Bio-Rad),
according to the manufacturer's protocol. The
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qPCR reactions were performed in CFX-960 Real-
time PCR System (Bio-Rad) and using Universal
SYBR® Green Super mix (Bio-Rad) according to
the manufacturer’s instructions. The thermal cycle
conditions included heating to 95°C for 5 min,
followed by 40 cycles at 95°C for 15 s, 55°C for
30 s, and 72°C for 30 s. The procedure ended by
a melt-curve ramping from 55 to 95°C to check the
PCR specificity at 0.1°C/s. Using the comparative
Ct (2722Y method [31], relative expression levels
of Killin mRNA were calculated for each sample
after normalization against GAPDH. Primers used
for qPCR are listed in Supplementary Table 2.

FACS analysis

FACS analysis was essentially as described [14]. After
DOX treatment, all cells were harvested and washed
with ice-cold PBS at the same time, then fixed within
70% ethanol overnight at —20°C, and stained with
the DNA binding dye Propidium Iodide (PI) (50 ug/
mL) and RNase (50 pg/mL) (Sigma) for 30 min at
37°C, cell suspension was immediately analyzed the
cycling characteristics of cell populations with flow
cytometry (FACS) (BD FACScalibur).

Co-immunoprecipitation (Co-IP)

Cells were collected, washed with cold PBS, and
resuspended in RIPA (50mM Tris-HCI, pH 7.4,
150 mM NaCl, 0.25% deoxycholic acid, 1% NP-
40, 1 mM EDTA) with Protease Inhibitor Cocktail
(Bimake, B14001) and Phosphatase Inhibitor
Cocktail (Bimake, B15001). For Co-IP of Killin,
crude cell lysates were diluted to 1 mg/mL, 1 mg
of protein per sample was incubated with 60ul of
anti-GFP beads (Kangti-life) at 4°C overnight. For
Co-IP of p21, cell lysates were incubated with 2ug
of anti-p21 antibody or IgG control at room tem-
perature for 4 h followed by incubation with pro-
tein A-agarose beads at 4°C overnight. Beads were
then washed five times. All samples were stored at
—-80°C freezer for Western blotting or mass spec-
trometry (MS) analysis.

RNA extraction, sequencing, and Data analysis

In brief, total RNA was extracted from DLD-1
with GFP and GFP-Killin expression using

TRIZOL (Invitrogen) following the manufacturer’s
recommendations. Purification of mRNA using
poly-T oligo-attached magnetic beads was frag-
mented with divalent cations. After constructing
cDNA libraries, NGS sequencing was performed
on Illumine Hiseq platform. Sequencing reads
were aligned to human reference genome
GRCh38 (ftp://ftp.ensembl.org), performed quality
control on the Raw fastq file to get clean data and
quantified by Salmon v0.81. To explore the func-
tion of genes, cluster profiler package was used for
Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis.

Statistical analysis

All experiments were performed in triplicate. All
data were shown as mean values + SD (shown as
error bars). Statistical analysis and comparisons
were analyzed by two-tailed Student’s t-tests. The
significance of the result is based on the calculated
p-value, where the p-value less than 0.05 is con-
sidered  statistically significant and  where
*p < 0.05, *p < 0.01 or**p < 0.001.
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