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SCML2 contributes to tumor cell resistance to DNA damage
through regulating p53 and CHK1 stability
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SCML2 has been found to be highly expressed in various tumors. However, the extent to which SCML2 is involved in tumorigenesis
and cancer therapy is yet to be fully understood. In this study, we aimed to investigate the relationship between SCML2 and DNA
damage response (DDR). Firstly, DNA damage stabilizes SCML2 through CHK1-mediated phosphorylation at Ser570. Functionally,
this increased stability of SCML2 enhances resistance to DNA damage agents in p53-positive, p53-mutant, and p53-negative cells.
Notably, SCML2 promotes chemoresistance through distinct mechanisms in p53-positive and p53-negative cancer cells. SCML2
binds to the TRAF domain of USP7, and Ser441 is a critical residue for their interaction. In p53-positive cancer cells, SCML2 competes
with p53 for USP7 binding and destabilizes p53, which prevents DNA damage-induced p53 overactivation and increases
chemoresistance. In p53-mutant or p53-negative cancer cells, SCML2 promotes CHK1 and p21 stability by inhibiting their
ubiquitination, thereby enhancing the resistance to DNA damage agents. Interestingly, we found that SCML2A primarily stabilizes
CHK1, while SCML2B regulates the stability of p21. Therefore, we have identified SCML2 as a novel regulator of chemotherapy
resistance and uncovered a positive feedback loop between SCML2 and CHK1 after DNA damage, which serves to promote the
chemoresistance to DNA damage agents.
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INTRODUCTION
Human Sex comb on midleg like-2 (SCML2), a Polycomb protein
containing MBT repeats, has been identified as a component of
the noncanonical PRC1 complex in a previous study [1]. The
human SCML2 gene encodes two protein subtypes, SCML2A and
SCML2B, which have distinct functions. SCML2B can stabilize p21
and regulate the activation of CDK2/CYCE [2]. Meanwhile, SCML2A
binds to PRC1 via its SPM domain and interacts directly with RNA
via its RBR domain (RNA-binding region) [1, 3]. Functionally,
SCML2A represses PRC1 target genes by targeting chromatin
through RNA binding. SCML2 is also involved in facilitating the
interaction between PRC1.4 and USP7, through which USP7
regulates the stability of PRC1 components such as BMI1 and
RING1B (RNF2) [1]. In mouse, SCML2 only expresses in testes and is
essential for male germline [4, 5]. SCML2 participates in mouse
spermatogenesis through regulating the epigenetic programming
[4, 6–8]. Additionally, high expression of SCML2 has been found in
various types of tumors [9–14]. For example, SCML2 has been
recognized as a novel marker for gastroenteropancreatic cancers
and has been found to promote the progression of hepatocellular
carcinoma [10, 12, 13]. Nevertheless, the exact mechanisms linking
SCML2 to cancer pathogenesis remain unclear.
The tumor suppressor protein p53 is known to prevent

tumorigenesis by triggering cell growth arrest, apoptosis, and
senescence [15, 16]. Despite its short lifespan under normal

circumstances, p53 quickly becomes stabilized in response to
different types of stress to halt the growth and division of
damaged and potentially precancerous cells [17–20]. The expres-
sion, intracellular translocation, and activity of p53 are precisely
regulated by post-translational modifications such as phosphor-
ylation, acetylation, and ubiquitination [20–23]. The ubiquitination
process plays a vital role in the degradation of p53 by the
proteasome [17, 18]. Mouse double minute 2 homolog (MDM2), an
E3 ubiquitin ligase, plays a crucial role in maintaining low levels of
p53 as a negative regulator [24, 25]. The ubiquitination of p53 can
be reversed by deubiquitinating enzymes (DUBs), including USP7,
USP2a, and USP10 [18, 26]. USP7 (HAUSP) is particularly significant
as it can regulate the half-life of p53 by directly regulating p53 or
its ubiquitin E3 ligase, MDM2. In normal conditions, MDM2
ubiquitinates p53, leading to its low levels, and USP7 binds with
MDM2 to prevent it from undergoing autoubiquitination and
degradation. Consequently, USP7 decreases p53 levels by
stabilizing MDM2 in regular cells [27, 28]. However, after DNA
damage, the interaction between MDM2 and p53 is disrupted by
phosphorylation. Instead, USP7 directly binds to p53 and stabilizes
it by directly removing the ubiquitin molecules from p53
[17, 20, 29]. Given the intricate interplay between USP7, MDM2
and p53, using inhibitors to target USP7 can lead to an increase in
p53 levels by disrupting the stability of MDM2, which can
ultimately inhibit tumor growth [30, 31]. Other proteins have also
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been shown to regulate p53 levels by influencing the interactions
between USP7 and either MDM2 or p53. For example, RASSF1A
promotes the ubiquitination of MDM2, leading to the stabilization
of p53 by preventing the interactions between MDM2, DAXX, and
USP7 [32]. Meanwhile, TSPYL5 competes with p53 for USP7
binding by physically interacting with USP7, ultimately suppres-
sing p53 activity [33]. EBNA1, on the other hand, reduces
p53 stability by competing with p53 for binding with USP7 [34].
Due to the crucial role of p53 in maintaining the integrity of the
genome, there is a great deal of interest in identifying novel
proteins that regulate the activity of p53, MDM2, and USP7 under
various conditions. Identifying such proteins may hold the key to
developing more effective drugs for targeting the p53 pathway in
disease states such as cancer.
DNA damage agents are commonly employed in medical

interventions for treating cancer. However, the use of chemother-
apy or radiotherapy often leads to the emergence of cancer cells
that are resistant to these agents. Thus, understanding the ways in
which cancer cells develop resistance to DNA damage agents is
critical for developing effective cancer treatments. After exposure
to various stresses, such as DNA damage, the protein p53 is
stabilized and activated, leading to the transcription of several
target genes involved in different cellular pathways, including cell-
cycle arrest, apoptosis, DNA repair, and senescence [16]. Multiple
studies have shown that p53 plays a crucial role in determining
the sensitivity of cells to DNA damage agents by regulating the
cell cycle and DNA damage response (DDR) [35–37]. Moreover,
p21 (CDKN1A), a downstream gene of p53, is also involved in
determining cell fate following therapy [38–40]. After DNA
damage treatment, CHK1 is activated, which controls cell cycle
arrest, DNA replication fork stability, and DNA replication origin
firing [41]. High expression of CHK1 is commonly observed in
various cancer types [42]. Our study shows that SCML2 can
influence the resistance of cells to DNA damage agents by
modulating p53, p21, and CHK1.
The present study investigated the impact of SCML2 on cell

proliferation as well as cancer cell resistance to DNA damage
agents. Our findings indicated that SCML2 is upregulated
following DNA damage and exhibited distinct effects in p53-
positive versus p53-negative or p53-mutant cancer cells, ulti-
mately resulting in increased resistance of cancer cells to DNA
damage.

RESULTS
SCML2 depletion decreased cell survival after DNA damage
Initially, we investigated the impact of SCML2 depletion on cell
viability after DNA damage. SCML2 depletion in HCT116 cells
showed significant decrease of cell survival following treatment
with Camptothecin (CPT), Hydroxyurea (HU), Cisplatin or Doxor-
ubicin (Fig. 1A, Supplementary Fig. 1A). The same results were
obtained from the investigation performed on A549, Huh7 and
NCI-H1299 cells (Fig. 1A, Supplementary Fig. 1A). Notably, HCT116
and A549 cells are p53 wild-type cancer cells, Huh7 is p53 mutant
cancer cell and NCI-H1299 cells is p53 negative cancer cell. These
results suggested that SCML2 may contribute to the resistance of
cancer cells to DNA damage reagents treatment.
To illustrate the role of SCML2 in DNA damage response, we

examined whether SCML2 could be affected by DNA damage. The
protein level of SCML2 was significantly increased following DNA
damage (Fig. 1B), which could be observed by ionizing radiation
(IR), CPT, Cisplatin or Doxorubicin treatment. These treatments
efficiently led to DNA damage, as shown by the accumulation of
γH2AX in cells (Supplementary Fig. 1B). This effect was consis-
tently observed in multiple cancer cell lines (HCT116, A549, Huh7,
and NCI-H1299), suggesting that DNA damage-induced increase
of SCML2 is a general effect. DNA damage did not affect the
mRNA level of SCML2 in p53 wild-type (A549 and HCT116), p53

mutant (Huh7) or p53 negative cells (NCI-H1299) (Fig. 1C,
Supplementary Fig. 1C), implying that the stability of SCML2 was
upregulated after DNA damage. To confirm the hypothesis that
DNA damage stabilizes SCML2, we analyzed the half-life of SCML2
in untreated (UT), CPT, Cisplatin or Doxorubicin treated cells using
Cycloheximide (CHX) treatment. The results showed that the half-
life of both SCML2A and SCML2B increased after DNA damage
(Fig. 1D, Supplementary Fig. 1D). Thus, we uncovered that DNA
damage stabilizes SCML2, which may contribute to chemoresis-
tance in cancer cells.

CHK1 stabilized SCML2 after DNA damage through
phosphorylation
Protein phosphorylation plays a critical role in DNA damage
response (DDR). We overexpressed SFB triple tag (S, Flag and SBP
tag) fused SCML2A (SFB-SCML2A) in HEK293T cells. SFB-SCML2A
was pull down by S-beads and immunoblotted with anti-Flag and
phospho-p-Ser/Thr antibodies. We discovered that SCML2A
underwent phosphorylation after CPT treatment, and this
modification was prevented by treatment with ATR (AZD6738)
or CHK1 inhibitors (AZD7762 or Prexasertib), but not with ATM
(KU55933) or DNA-PK (NU7026) inhibitors (Fig. 2A). These findings
suggested that the ATR-CHK1 pathway was responsible for CPT-
induced SCML2 phosphorylation. Interestingly, the phosphoryla-
tion could be detected by both phospho-p-Ser/Thr (p-Ser/Thr) and
phospho-SQ/TQ (p-SQ/TQ) antibodies following CPT treatment
(Fig. 2A, B). p-SQ/TQ antibody was usually used to detect ATM or
ATR substrates after DNA damage, as ATM and ATR share
substrate specificity, recognizing Ser-Gln (SQ) and Thr-Gln (TQ)
motifs [43, 44]. This phosphorylation could also be observed
following Cisplatin or Doxorubicin treatment (Supplementary
Fig. 2A). To identify the phosphorylation site, we searched the
published database for DNA damage-related SCML2 phosphoryla-
tion, and discovered that Ser570, which contains an SQ motif, had
been reported to undergo phosphorylation following IR [45]. To
confirm whether S570 was the site of DNA damage-induced
phosphorylation, the phosphorylation status of a S570A mutant
was investigated. The results showed that the DNA damage-
induced phosphorylation of SCML2 was significantly reduced in
the S570A mutant (Fig. 2C). We constructed a nonrelevant SCML2
S551A mutant as a negative control and found that SCML2 S551A
mutant did not affect DNA damage-induced phosphorylation of
SCML2 (Supplementary Fig. 2B). These results demonstrated that
SCML2 S570 was a major phosphorylation site following DNA
damage. To further confirm that Ser570 was a major SCML2
phosphorylation site and that CHK1 directly phosphorylates
SCML2 after DNA damage, we conducted an in vitro kinase assay
with CHK1 and found that the phosphorylation of the S570A
mutant was significantly weaker than the wild-type SCML2
(Fig. 2D). This suggested that SCML2 Ser570 could be phosphory-
lated by CHK1. Additionally, we confirmed that both SCML2A and
SCML2B could be phosphorylated by CHK1 (Supplementary
Fig. 2C). Further analysis showed that the DNA damage-induced
phosphorylation of SCML2 gradually diminished after release from
CPT treatment (Supplementary Fig. 2D), which was consistent with
the decrease of CHK1 S345 phosphorylation, a marker for
activated CHK1 [46]. These results confirmed that SCML2 was
phosphorylated by CHK1 following DNA damage.
We hypothesized that CHK1-mediated S570 phosphorylation

may be responsible for the observed increase in SCML2 stability.
To test this hypothesis, we treated cells with a CHK1 inhibitor and
found that it clearly affected the DNA damage-induced increase in
SCML2 protein level (Fig. 2E). Additionally, we created a S570E
mutant of SCML2 that mimicked the phosphorylation of S570 and
found that this mutant significantly increased the half-life of
SCML2 (Fig. 2F). We also used SCML2 S551E as a negative control
and found S551E mutant could not increase the stability of SCML2
(Supplementary Fig. 2E). These results strongly suggested that
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CHK1-mediated S570 phosphorylation was responsible for the
increase in SCML2 stability after DNA damage.
When treated with the proteasome inhibitor MG132,

SCML2 showed an accumulation of ubiquitination and the level

of ubiquitination was even stronger in SCML2 S570A (Supple-
mentary Fig. 2F). This suggested that the stability of SCML2 is
regulated through proteasome-mediated degradation, and that
S570 phosphorylation may protect SCML2 from degradation.

Fig. 1 SCML2 depletion led to decreased cell survival after DNA damage. A CCK8 assay showing cytotoxicity profiles of indicated cell lines
as shown. The cells of HCT116, A549 and Huh7 were transfected with the indicated siRNA for 48 h. Then, the cells were treated with
camptothecin (CPT, 0, 1, 10, 25, 50, 100, 250, 1000, 2000 nM) for 12 h (Left panel) or hydroxyurea (HU,0, 0.01, 0.025, 0.5, 1, 1.5, 2 mM) for 24 h
(Right panel). The cells were changed to fresh medium for an additional 72 h, followed by cell proliferation analysis. The average of three
experiments with standard deviations indicated as error bars is shown. **p < 0.01, ***p < 0.001, ****p < 0.0001. B A549, HCT116, Huh7 and NCI-
H1299 cells were treated with Ionizing radiation (IR,10 Gy) for 2 h, camptothecin (CPT, 2 μM) for 12 h, or left untreated (UT). The expression of
SCML2 proteins was analyzed by western blot. The results of SCML2A and SCML2B were converted into rate measurements and shown on the
bottom of each figure. C A549, HCT116, Huh7 and NCI-H1299 cells were treated with camptothecin (CPT, 2 μM) for 12 h or untreated (UT). The
quantification of SCML2 mRNA was determined by qRT-PCR analysis. D Left panel: HCT116 cells were treated with camptothecin (CPT, 2 μM)
for 12 h or left untreated (UT), followed by treatment with cycloheximide (CHX, 100 μg/mL) for the indicated times. Cell lysates were then
extracted for western blot analysis with the indicated antibodies. Right panel: The SCML2 protein levels were quantified and presented in a
plot representing protein half-life. ***p < 0.001.
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Through unbiased affinity purification, we discovered that DDB1, a
component of a ubiquitin E3 complex, is a potential interacting
protein of SCML2 (Supplementary Fig. 2G). Further co-
immunoprecipitation assays confirmed that both SCML2A and
SCML2B interacted with DDB1 (Fig. 2G). Interestingly, depletion of
DDB1 was found to decrease SCML2 ubiquitination and stabilize

endogenous SCML2 (Fig. 2H), suggesting that DDB1 played a role
in regulating SCML2 stability through ubiquitination. Intriguingly,
DNA damage or the S570E mutant led to decreased affinity
between SCML2 and DDB1 (Fig. 2I, Supplementary Fig. 2H),
but not S551E mutant which served as a negative control
(Supplementary Fig. 2I), implying that CHK1-mediated S570
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phosphorylation could abrogate DDB1-mediated SCML2 degrada-
tion (Fig. 2J). It was worth noting that depletion of USP7 did not
have an impact on SCML2 stability, as USP7 depletion did not
affect the half-life of SCML2 (Supplementary Fig. 2J).
Thus, we found SCML2 was stabilized after DNA damage

through CHK1-mediated S570 phosphorylation.

Ser 441 of SCML2 is the key residue for its association with the
TRAF domain of USP7
The level of SCML2 protein was observed to increase in response
to DNA damage, suggesting its potential involvement in DDR.
Additionally, previous research and our mass spectrum data
demonstrated that USP7 is a major binding protein of SCML2 [1]
(Supplementary Fig. 2G). USP7 plays a vital role in regulating the
stability of p53 after DNA damage [25]. Therefore, SCML2 may
participate in DDR via its association with USP7. To explore this
possibility, we analyzed the association between SCML2 and USP7.
We confirmed that both SCML2A and SCML2B exhibited almost

identical binding capacities with USP7 (Fig. 3A). USP7 is comprised
of several domains which interact with different proteins [47], and
our findings indicated that the TRAF domain (1-206aa) was
responsible for its binding with SCML2 (Fig. 3B). Since the P/AXXS
motif is known as a binding motif with the USP7 TRAF domain
[48], we analyzed the amino acid sequence of SCML2 and
identified five potential binding motifs (Fig. 3C). These motifs were
found to be located in various domains of SCML2 (Fig. 3D). Using
in vitro GST pull-down and immunoprecipitation assays, we
determined that 1-356aa of SCML2 lost its binding capacity with
USP7 TRAF domain, while the 25-480aa region retained this ability
(Fig. 3E, Supplementary Fig. 3A). This suggested that the binding
site was located in the 356-480aa region, which contains two
potential binding motifs. After mutating both Pro438 and Ser441
to Ala, SCML2 (25-480aa) lost its ability to bind with USP7 TRAF
(Fig. 3F). However, Pro466Ala and Ser469Ala mutant still showed
binding ability with USP7 (Fig. 3F), indicating that only PVNS (438-
441aa) was the motif responsible for USP7 binding. It is
noteworthy that the single mutant Ser441Ala (S441A) significantly
hindered its ability to bind with USP7 (Fig. 3F). Moreover, we
observed that both SCML2A (S441A) and SCML2B (S441A) lost
their ability to bind with USP7 when tested through Co-IP assay in
HEK293T cells (Fig. 3G). These findings indicated that Ser441 plays
a vital role in the interaction between SCML2 and USP7.
Through MST assay, we compared the binding capacity of

SCML2, MDM2, and p53 with USP7 TRAF and revealed that the
affinity of SCML2 with USP7 was similar to that of MDM2 and

significantly higher than that of p53 (Fig. 3H). In line with the
results obtained from the GST-pull down assay, SCML2 (S441A)
showed no binding with USP7 in the MST assay (Fig. 3H),
demonstrating that SCML2 is a USP7 binding protein and Ser441 is
critical for this interaction. The TRAF domain of USP7 plays a
crucial role in its binding with p53, and proteins that bind to TRAF
can displace p53 and compete with it for USP7 binding [33,
49, 50]. We proposed that SCML2 may also compete with p53 for
USP7 binding. To investigate this possibility, we added His-tagged
SCML2B or His-tagged SCML2B (S441A) to HEK293T cell lysate and
conducted a GST-TRAF pull-down assay (Fig. 3I). The results
revealed that as we increased the amount of His-SCML2B, the
binding between GST-USP7-TRAF and endogenous p53 gradually
reduced, while His-SCML2B (S441A) did not affect this interaction.
This suggested that SCML2 can indeed compete with p53 for
USP7 binding.

SCML2 prevents p53 overactivation after DNA damage
After DNA damage, the interaction between MDM2 and p53
weakens, resulting in increased p53 stability and activation [17].
Conversely, the association between USP7 and p53 is strength-
ened following DNA damage [18, 20, 25] (Supplementary Fig. 4A).
Therefore, we postulated that SCML2 may compete with p53 for
USP7 binding in the presence of DNA damage, thus directly
regulating p53 stability. To assess the impact of SCML2A
overexpression on p53 stability after DNA damage, we induced
the overexpression of SCML2A with varying concentrations of
doxycycline (dox) in HCT116 SCML2A Tet-on cells. The results
indicated that the levels of both p53 and MDM2 decreased
gradually following CPT or Doxorubicin treatment, suggesting that
SCML2 may have a negative effect on p53 stability post-DNA
damage (Fig. 4A, Supplementary Fig. 4B). Additionally, we
examined the mRNA levels of p53 and its downstream genes
after CPT treatment, and found that the p53 mRNA level remained
relatively constant (Fig. 4B). However, overexpression of SCML2A
led to a downregulation of p53 downstream genes (Fig. 4B).
Meanwhile, SCML2B had a similar function to SCML2A in
regulating p53 stability and activation after CPT treatment
(Supplementary Fig. 4C, D), although SCML2A exhibited a stronger
effect on p53 stability than SCML2B (Supplementary Fig. 4E). We
conducted a CHX treatment assay to determine the half-life of p53
following DNA damage and observed that SCML2 overexpression
significantly reduced the stability of p53 (Fig. 4C). Furthermore,
our findings indicate that SCML2A, but not the SCML2 S441A
mutant, can regulate p53 stability and activation following DNA

Fig. 2 CHK1 stabilized SCML2 after DNA damage through phosphorylation. A, B HEK293T cells transfected with SFB-SCML2A plasmid. After
24 h, cells were pretreated with KU55933 (ATM inhibitor, 10 μM), AZD6738 (ATR inhibitor, 1 μM), Prexasertib (CHK1 inhibitor, 250 nM), AZD7762
(CHK1 inhibitor, 60 nM), NU7026 (DNA-PK inhibitor, 10 μM) or untreated (UT) for 1 h, then the cells were untreated (left) or treated with
camptothecin (CPT) (2 μM) for an additional 12 h, the expressed SFB-SCML2A was immunoprecipitated with S-beads and immunoblotted with
p-Ser/Thr (A) or p-SQ/TQ (B) antibody. C HEK293T cells were transfected with SFB-SCML2A (WT) or SFB-SCML2A (S570A). After 24 h, the cells
were treated with camptothecin (CPT, 2 μM) for 12 h, Ionizing radiation (IR, 10 Gy) for 2 h or left untreated (UT). Phosphorylation was examined
by IP-western analysis using p-SQ/TQ (Upper panel) or p-Ser/Thr antibody (Lower panel). D In vitro kinase assay of CHK1. SFB-CHK1 protein
was pulled down through S-beads from HEK293T cells. These beads were incubated with purified His-SCML2B-WT or His-SCML2B-S570A
proteins as indicated. The phosphorylation of SCML2B was then determined by western blot analysis. E HCT116, A549 and Huh7 cells were
treated with camptothecin (CPT, 2 μM) alone or both camptothecin (CPT, 2 μM) and Prexasertib (CHK1 inhibitor, 250 nM) for 12 h. The protein
level of SCML2 was then determined by western blot. F Left panel: HEK293T cells were transfected with SFB-SCML2A (WT) or SFB-SCML2A
(S570E) plasmid. After 24 h, the cells with SFB-SCML2A (WT) were treated with camptothecin (CPT, 2 μM) or left untreated (UT) for 12 h,
followed by treatment with cycloheximide (CHX, 100 μg/mL) for indicated times. Proteins were extracted and subjected to western blot. Right
panel: The protein levels of SCML2A were quantified and a plot representing protein half-life was presented. G Determining interactions
between SFB-SCML2 and endogenous DDB1 in HEK293T cells by using IP-western. H Regulation of SCML2 ubiquitination levels in vivo by
DDB1. HEK293T cells were transfected with the indicated siRNAs and HA-Ub. The ubiquitination of SCML2 was immunoprecipitated with anti-
SCML2 antibody and immunoblotted with anti-HA and anti-SCML2 antibodies. I Interaction of SCML2A with DDB1 in cells. HEK293T cells were
transfected with SFB-SCML2A (WT) or SFB-SCML2A (S570E). After 24 h, cells transfected with SFB-SCML2A (WT) were treated with
camptothecin (CPT, 2 μM) for 12 h. Cell lysates were immunoprecipitated by S-beads and analyzed by using western blot. J Schematic model
of SCML2 protein level regulated by DDB1 under unstressed or DNA damage stress conditions. SCML2 binds to DDB1 and is degraded by
DDB1-mediated ubiquitination under unstressed condition. However, SCML2 is phosphorylated by CHK1 after DNA damage which prevents
the association between DDB1 and SCML2, thus leading to increased SCML2 protein level.
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damage (Fig. 4D). This implied that SCML2 may regulate
p53 stability and activity through compete with p53 for USP7
binding after DNA damage. To further investigate the impact of
SCML2 on p53 after DNA damage, we compared the effects of
SCML2 overexpression with treatment with USP7 inhibitor (FT671).
The results revealed that SCML2 overexpression had a similar
effect to FT671 treatment on the transcription of p53 downstream
genes following DNA damage. The combined use of SCML2

overexpression and FT671 treatment resulted in enhanced down-
regulation of these genes (Fig. 4E). Moreover, we observed that
the protein level of p53 was noticeably higher and its ubiquitina-
tion modification was weaker in HCT116 cells depleted of SCML2
compared to wild-type HCT116 cells (Fig. 4F). This suggested that
SCML2A may influence p53 stability and activation following DNA
damage by impacting USP7-mediated deubiquitylation. These
findings indicated that SCML2 competed with p53 for USP7
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binding, resulting in the downregulation of p53 stability after DNA
damage. We also noted the same effect of SCML2A over-
expression on p53 in A549 cells (Fig. 4G). In summary, our results
demonstrated that SCML2 had a negative impact on p53 stability
and activation following DNA damage.

SCML2 regulates chemoresistance in p53 positive cells
To investigate whether SCML2 regulates cell survival following
DNA damage via its binding to USP7, we conducted a CCK8 assay
to examine the effect of CPT or HU treatment on cell proliferation.
Our results showed that overexpression of either SCML2A or
SCML2B significantly increased the resistance of hTERT-RPE1 cells
to CPT treatment (as well as HU treatment) compared to control
cells (Fig. 5A). The overexpression of SCML2A in RPE1 cells had a
significant impact on p53 protein level and its transcriptional
activity after DNA damage, in contrast to SCML2A S441A mutant
(Supplementary Fig. 5A, B). This suggested that SCML2 may
regulate chemoresistance through regulating p53 stability.
To further investigate the influence of SCML2 on the DDR in

tumor cells, we generated SCML2 knock-out cells in A549 and
HCT116 cell lines, both of which are p53 positive. We also
introduced Tet-On inducible SCML2 expression into these knock-
out cells (Supplementary Fig. 5C). Our results showed that A549
SCML2 knock-out cells exhibited a significant decrease in cell
survival after CPT or HU treatment. Conversely, overexpression of
SCML2A or SCML2B in A549 SCML2 knock-out cells restored their
resistance to CPT or HU treatment (Fig. 5B). We observed similar
results with the HCT116 cell line (Fig. 5C). Furthermore, we
analyzed the effect of SCML2 and SCML2 (S441A) overexpression
on cell survival following DNA damage. Our results showed that
the SCML2A (S441A) and SCML2B (S441A) mutants were unable to
fully rescue the defect in cell survival after DNA damage in HCT116
SCML2 knock-out cells (Fig. 5D, E). The same results were observed
when HCT16 cells was treated with Cisplatin or Doxorubicin to
induce DNA damage (Supplementary Fig. 5D). This suggested that
the ability of SCML2 to bind with USP7 contributed to cell
resistance to DNA damage (Fig. 5F). Therefore, we identified
SCML2 as a novel regulator of chemoresistance in p53 positive
cells, by destabilizing p53 and inhibiting its overactivation in
response to DNA damage.
As p53 is involved in regulating apoptosis and senescence after

DNA damage, we investigated the cellular response to DNA
damage under various conditions to determine the fate of the
cells. We used Annexin-V apoptosis assay to determine the level of
DNA damage-induced cell death. Our results indicated that SCML2
depletion increased cell apoptosis and overexpression of SCML2A
or SCML2B (but not SCML2A (S441A) or SCML2B (S441A))
prevented cell apoptosis in HCT116 cells after DNA damage
(Supplementary Fig. 5E, F). We used SA-β-gal staining to
determine the level of senescence. The results indicated SCML2
depletion or knock-out obviously increased cell senescence after
DNA damage (Supplementary Fig. 5G). Overexpression of SCML2A
but not SCML2A (S441A) decreased cell senescence in HCT116

SCML2 knock-out cells after DNA damage (Supplementary Fig. 5H).
These findings demonstrated that SCML2 regulated DNA damage-
induced apoptosis and senescence after DNA damage by
competing with p53 for USP7 binding.

SCML2B promotes p21 stability through USP7 binding
Interestingly, we found that SCML2 also promoted cell resistance
to DNA damage in Huh7 and H1299 cells, which are p53-mutant
or p53-negative cancer cells (Fig. 1A). Therefore, we sought to
investigate how SCML2 regulates the chemoresistance of p53
mutant cancer cells. Previous studies have reported that SCML2B
can stabilize p21 [2], and elevated levels of p21 protein have been
associated with chemoresistance in p53 negative cells [38, 39].
Based on this, we hypothesized that the role of SCML2 in
conferring chemoresistance in p53 negative cancer cells may be
through the regulation of p21 stability.
We first examined the role of SCML2 in p21 stability. Our

analysis showed that depletion of SCML2 led to a decrease in p21
protein levels in HCT116 p53-/- cells (Fig. 6A), indicating that
SCML2 regulates p21 through a p53-independent mechanism. As
expected, the half-life of p21 was greatly decreased in SCML2
depleted HCT116 p53-/- cells (Fig. 6B) and SCML2 depletion
resulted in elevated ubiquitination of p21 (Fig. 6C), indicating that
SCML2 may prevent p21 from ubiquitination mediated degrada-
tion. The same effect was also observed in p53 positive cancer
cells (HCT116 and A549) (Supplementary Fig. 6A). These findings
suggested that SCML2 played a role in promoting p21 stability
and preventing its degradation through ubiquitination, which did
not depend on p53.
To elucidate the role of SCML2 in promoting p21 stability, we

investigated the association between SCML2 and p21. Consistent
with previous report, we found that SCML2B showed significantly
stronger association with p21 than SCML2A when we used GST-
p21 to pull down endogenous SCML2 (Fig. 6D). When HEK293T-
cells with overexpressing SFB tagged SCML2A or SCML2B was
used to conduct GST-pull down assay, we confirmed that SCML2B
showed stronger association with p21 than SCML2A (Fig. 6E).
Additionally, we found that the N-terminal region of p21 (1-89aa)
was responsible for the association between SCML2B and p21
(Fig. 6F). As we observed an increase in SCML2 protein levels after
DNA damage, we investigated whether increased SCML2B
promoted p21 stability after DNA damage. Treatment with CPT
resulted in a significant increase in p21 protein levels in both
HCT116 p53-/- and H1299 cells (Fig. 6G). Importantly, SCML2
depletion resulted in a decrease of p21 protein level after CPT
treatment (Fig. 6G), indicating that SCML2 played a role in
promoting p21 stability after DNA damage.
As SCML2 was a USP7 interacting protein, it is possible that

SCML2B linked USP7 with p21 to reduce the ubiquitination of p21.
To investigate this possibility, we constructed a Tet-On inducible
system to overexpress either wild-type SCML2B or SCML2B
(S441A) in H1299 cells. First, we found that overexpression of
SCML2B WT, but not the S441A mutant, resulted in an elevation of

Fig. 3 Ser 441 of SCML2 is the key residue for its interaction with USP7. A The interaction of SFB-SCML2A, SFB-SCML2B with endogenous
USP7 was detected by Co-IP in HEK293T cells. B Left panel: A schematic representation of USP7 truncations. Right panel: The interaction of
SFB-SCML2A with HA-USP7 truncations was detected by co-immunoprecipitation (Co-IP) in HEK293T cells. Results indicated that the 1-206
amino acid region (TRAF domain) was responsible for mediating this binding. C Diagram of predicted SCML2 motifs that may bind to USP7.
D A schematic representation of SCML2 truncations and their binding ability with USP7, as derived from (E), was depicted. E GST-pull down
assay performed with purified GST-fused full length or truncation constructs of the SCML2B protein and purified His fused USP7-TRAF protein.
F GST-pull down assay performed with purified GST fused site-directed mutation of the SCML2B protein and purified His fused USP7-TRAF
protein. Arrow indicates the positions of His-USP7 TRAF. G Co-IP of SCML2 mutation S441A with endogenous USP7 in HEK293T cells. H MST
analysis of binding of GST-GFP-USP7-TRAF to His-SCML2B-S441A (Green), His-SCML2B (Red), His-p53 (Blue) and His-MDM2 (Yellow). The
binding constant, KD, was calculated from the fitted curve for respective ligand protein. All data represent the mean of four independent
measurements and error bars represent the standard deviation. I GST-pull down experiment verified that SCML2B and p53 compete for direct
binding with USP7-TRAF. Purified GST-USP7-TRAF protein was incubated with different amounts (0, 1.25, 2.5, 5, 10, 20, 40 μg) of purified His-
SCML2B or SCML2B mutation S441A protein in HEK293T cell lysate, and the captured proteins were detected by western blot.
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p21 protein levels in both untreated cells and cells treated with
CPT (Fig. 6H). Second, we observed that the gradual decrease in
p21 levels after release from CPT treatment was delayed in cells
overexpressing SCML2B WT (Fig. 6H). These findings indicated that

SCML2B may indeed link USP7 to p21 to promote p21 stability.
Next, we examined whether the role of SCML2B on p21 stability
participated in the regulation of chemoresistance. The cell survival
after CPT or HU treatment was analyzed using H1299 SCML2B WT
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Tet-on cells and H1299 SCML2B (S441A) Tet-on cells. Interestingly,
we found that cells overexpressing SCML2B WT exhibited a
greater degree of chemoresistance compared to cells over-
expressing the S441A mutant (Fig. 6I). Moreover, p21 depletion
abolished the chemoresistance induced by SCML2B overexpres-
sion (Fig. 6J). These findings suggested that the role of SCML2B on
p21 stability contributed to chemoresistance in p53-negative
cancer cells.
It has been reported that MDM2 could promote p21 degrada-

tion by facilitating binding of p21 with the proteasomal
C8 subunit [51]. To exclude the possibility that MDM2 was
involved in the regulation of p21 stability by SCML2B, MDM2 was
depleted in H1299 SCML2B Tet-on cells. The p21 protein level was
examined with or without dox-induced SCML2B overexpression.
The results indicated that the effect of MDM2 depletion on the
p21 protein level was obviously weaker than the elevation of p21
by SCML2B overexpression in both normal cells and CPT-treated
cells (Supplementary Fig. 6B). Meanwhile, MDM2 depletion did not
affect SCML2B overexpression-induced p21 stabilization. Thus,
these results suggested that MDM2 may be not involved in the
regulation of p21 stability by SCML2B.

SCML2 stabilized CHK1 through binding to its CM domain
Given that p21 stability was primarily modulated by SCML2B, we
hypothesized that SCML2A may mediate chemoresistance in
p53-negative cells via distinct mechanisms. It has been reported
that DNA damage leads to the exposure of a degron-like region
at the C-terminus of CHK1, which is then targeted for
ubiquitination and degradation by the Fbx6-containing Skp1-
Cul1-F-box (SCF) E3 ligase [52]. Consistent with previous findings,
the level of CHK1 protein significantly decreased in HCT116
p53-/- cells after release from CPT treatment (Fig. 7A). Interest-
ingly, we found that the protein level of CHK1 was greatly
reduced in SCML2-depleted HCT116 p53-/- cells following CPT
treatment (Fig. 7A), despite no significant changes in mRNA
levels (Fig. 7B). Similar results were observed in p53-mutant Huh7
cells after CPT treatment (Fig. 7C). These findings suggest that
SCML2 may play a critical role in maintaining CHK1 stability after
DNA damage. To confirm these findings, we conducted the same
experiment in p53-positive HCT116 cells (Supplementary Fig. 7A)
and A549 cells (Supplementary Fig. 7B). In both cases, depletion
of SCML2 resulted in decreased CHK1 protein levels following
DNA damage, indicating that SCML2 regulates CHK1 protein
stability in both p53-positive, p53-mutant, and p53-negative
cancer cells. Given that CHK1 plays a crucial role in promoting
resistance to DNA damage in cancer cells [42], our findings
suggested that SCML2 may enhance chemoresistance by
maintaining CHK1 stability.

Interestingly, our results showed that while overexpression of
SCML2A (Fig. 7D and Supplementary Fig. 7C) led to a significant
elevation in CHK1 protein level after DNA damage in H1299 cells,
overexpression of SCML2B had no effect on CHK1 protein level
(Fig. 6H, Supplementary Fig. 7D). These findings suggested that
CHK1 stability was mainly regulated by SCML2A. To determine if
SCML2A promoted chemoresistance in p53 negative cells through
regulating CHK1 stability, we examined the chemoresistance of
H1299 cells after overexpression of SCML2A. Our results showed
that SCML2A overexpression significantly promoted the chemore-
sistance after treatment with CPT or HU in H1299 cells (Fig. 7E).
Furthermore, we found that this chemoresistance was affected by
treatment with a CHK1 inhibitor (Prexasertib), suggesting that
SCML2A promoted cell survival after DNA damage in p53 negative
cancer cells through stabilizing CHK1. It is also interesting to know
whether the regulation of CHK1 by SCML2 contributed to SCML2-
induced chemoresistance in p53 positive cells. To test this
possibility, we conducted the same experiments in HCT116 cells.
We found that the chemoresistance induced by SCML2A over-
expression was also affected by treatment with a CHK1 inhibitor
(Prexasertib) in HCT116 cells (Supplementary Fig. 7E). Remarkably,
SCML2 S441A mutant overexpression could also promote
chemoresistance in HCT116 cells, which was almost totally
abolished by CHK1 inhibitor treatment (Supplementary Fig. 7F),
indicating that CHK1 activity was essential for SCML2A S441A
induced chemoresistance in p53 wild-type cancer cells. These
finding suggested the regulation of CHK1 stability by SCML2 could
also contribute to the chemoresistance in both p53 wild-type or
p53 negative cancer cells.
Next, we analyzed the underlying mechanism of SCML2 on

CHK1 stability. As CHK1 could be degraded by proteasome [52],
we investigated SCML2’s role in CHK1 ubiquitination. We observed
a significant increase in CHK1 ubiquitination in the absence of
SCML2 (Fig. 7F). Additionally, following HU treatment, CHK1
ubiquitination was greatly enhanced in SCML2 KO cells compared
to HCT116 WT cells (Fig. 7G), implying that SCML2 may prevent
CHK1 ubiquitination. Our findings were further substantiated by
MG132 treatment, which led to a greater accumulation of
ubiquitinated CHK1 in SCML2 KO HCT116 cells than in WT
HCT116 cells (Supplementary Fig. 7G). From these results, we
concluded that SCML2 played a crucial role in promoting
CHK1 stability by inhibiting proteasome-mediated CHK1 degrada-
tion. To uncover the mechanism by which SCML2 regulates
CHK1 stability, we investigated the interaction between the two
proteins. Our results revealed that both SCML2A and SCML2B
exhibited binding to the C-terminus of CHK1 (368-476aa, CM
domain), rather than the kinase domain (Fig. 7H, Supplementary
Fig. 7H). After DNA damage, CHK1 is activated by ATR to establish

Fig. 4 SCML2 prevents p53 overactivation after DNA damage. A, B HCT116-SCML2A-FLAG Tet-On cell lines pretreated with camptothecin
(CPT, 2 μM) for 1 h were treated with doxycycline (Dox) according to the indicated conditions. After 12 h, proteins (A) and mRNA (B) were
extracted and subjected to western blot or qRT-PCR. The average of three experiments with standard deviations indicated as error bars is
shown. **p < 0.01; ***p < 0.001; ****p < 0.0001. C Following the same pretreatment as described in (A, B), the cells were subsequently treated
with cycloheximide (CHX, 100 μg/mL) and harvested at the indicated times. The levels of p53 protein were analyzed by western blot (Left
panel) and a plot representing protein half-life was presented (Right panel: short, short exposure; Long, long exposure). The average of three
experiments with standard deviations indicated as error bars is shown. ****p < 0.0001. D HCT116-SCML2A-FLAG and HCT116-SCML2A-S441A-
FLAG Tet-On cell lines pretreated with camptothecin (CPT, 2 μM) for 1 h were treated with or without doxycycline (Dox) for 12 h, then proteins
(Left panel) and mRNA (Right panel) were extracted and subjected to western blot or qRT-PCR. The average of three experiments with
standard deviations indicated as error bars is shown. *p < 0.05, **p < 0.01, ***p < 0.001; ****p < 0.0001. E The HCT116-SCML2A-FLAG Tet-On cell
lines pretreated with camptothecin (CPT, 2 μM) for 1 h were then treated as follows: untreated (UT); doxycycline (dox, 0.5 μg/mL) for 24 h (Dox);
FT671(USP7 inhibitor, 1 μM) for 24 h (FT671); FT671 (1 μM) in combination with doxycycline (Dox, 0.5 μg/mL) for 24 h (Dox+FT671). mRNAs
were then extracted and detected to qRT-PCR. The average of three experiments with standard deviations indicated as error bars is shown.
**p < 0.01, ***p < 0.001, ****p < 0.0001. F HCT116 cells were transfected with specific siRNA for 72 h. After this, the cells were treated with
camptothecin (CPT, 2 μM) for 12 h and then collected. Proteins were extracted and subjected to western blot. G The overexpression of
SCML2A induced by doxycycline (Dox) leads to different profiles of p53-related genes after DNA damage in A549-SCML2A-FLAG Tet-On cell
lines. Proteins and mRNA were extracted and subjected to western blot or qRT-PCR. The average of three experiments with standard
deviations indicated as error bars is shown. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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the DNA replication checkpoint and induce G2 arrest [53]. ATR-
mediated phosphorylation of CHK1 causes its “closed” conforma-
tion to open, blocking the interaction between the kinase domain
and C-terminal domain. This ultimately leads to destabilization of

CHK1 due to E3 ubiquitin enzymes being able to access the
C-terminal region [52, 54]. Since SCML2 binds to the C-terminus
(368-476aa) of CHK1, we hypothesized that SCML2 may potentially
inhibit the access of E3 to the C-terminus of CHK1, especially after

Q. Peng et al.

1858

Cell Death & Differentiation (2023) 30:1849 – 1867



DNA damage. To confirm this, we first investigated the impact of
SCML2 on the ubiquitination of the C-terminus (265-476aa) by
inducing SCML2A overexpression with doxycycline. We discovered
that SCML2A can effectively prevent the ubiquitination of 265-
476aa, and this effect was positively correlated with the
expression level of SCML2A (Fig. 7I). Therefore, we identified a
novel function of SCML2 in regulating the stability of CHK1 by
inhibiting its ubiquitination. Given that both CDT2-Cul4A-DDB1
and SKP1-Cul-Fbx6 have been shown to recognize and ubiquiti-
nate the C-terminus of CHK1 [52, 54], we speculated that SCML2
binding to the same region may hinder the ubiquitination process
of these E3 enzymes (Fig. 7J). Therefore, the interaction between
CHK1 and SCML2 could establish a positive feedback loop, where
CHK1 phosphorylates and stabilizes SCML2 following DNA
damage, while the upregulated SCML2, in turn, inhibits the DNA
damage-induced ubiquitination of CHK1.
Given the strong correlation between USP7 and SCML2, we

investigated whether USP7 also played a role in SCML2-mediated
CHK1 stabilization. Firstly, we examined the interaction between
CHK1 and USP7 under normal conditions or following treatment
with HU (Supplementary Fig. 7I). Consistent with previous report,
CHK1 was associated with USP7 [55]. However, while depletion of
SCML2 decreased this association under normal conditions, the
association between USP7 and CHK1 increased following HU
treatment, indicating that this association was independent of
SCML2 (Supplementary Fig. 7I). Additionally, overexpression of
SCML2A in H1299 cells significantly increased the protein level of
CHK1, which was not affected by the USP7 inhibitor FT671
(Supplementary Fig. 7C). These results suggested that SCML2-
mediated CHK1 stability following DNA damage was independent
of USP7, which differed from the role of SCML2 in the stabilization
of p21.
Interestingly, overexpression of SCML2B resulted in a significant

increase in p21 protein levels compared to SCML2A overexpres-
sion (Supplementary Fig. 7C, D). In contrast, SCML2A over-
expression (Fig. 7D) but not SCML2B overexpression (Fig. 6H)
significantly increased CHK1 protein levels following DNA damage
in H1299 cells. These findings suggested that SCML2A played a
more prominent role in regulating CHK1 stability, while SCML2B
mainly regulates p21 stability.

SCML2 is upregulated in p53-mutant or p53-negative
chemoresistant cancer cells
To investigate whether SCML2 is indeed upregulated to increase
the resistance of tumor cells to DNA damage, we utilized CPT
treatment to select for a chemoresistant subpopulation from p53-
negative H1299 and p53-mutant Huh7 cells. After exposure to
0.5 µM CPT, surviving cells were able to form colonies. We pooled
these colonies and repeated the treatment one more time
(Fig. 8A). Cells derived from this selection were named H1299-P2
and Huh7-P2 cells, respectively, and these cells exhibited higher
levels of SCML2 protein compared to their parental cells (H1299-

P0 and Huh7-P0). Notably, the CHK1 and p21 protein levels were
also kept at a higher level after CPT treatment in Huh7-P2 (Fig. 8B)
and H1299-P2 cells (Fig. 8C), in contrast to their respective
parental cells. In addition, we found that knockdown of
SCML2 significantly decreased the protein levels of CHK1 and
p21 and affected CHK1 activation in these chemoresistant cells
(Fig. 8D, E). These results suggested that the elevated levels of
SCML2 may contribute to the increased stability of CHK1 and p21
in H1299-P2 and Huh7-P2 cells. Remarkably, both H1299-P2 and
Huh7-P2 cells exhibited obvious resistance to HU or CPT treatment
compared to H1299-P0 and Huh7-P0 cells. Knockdown of SCML2
or treatment with CHK1 inhibitor in H1299-P2 and Huh7-P2 cells
reduced their resistance to HU or CPT treatment (Fig. 8F). These
results suggested that the increased protein levels of SCML2 may
render the resistance of H1299-P2 and Huh7-P2 to HU or CPT
treatment through elevating CHK1 and p21 stability. As both CHK1
and p21 are involved in maintaining G2 arrest after DNA damage
[38, 56], it is possible that SCML2 may facilitate the maintenance of
G2/M checkpoint and circumvent apoptosis via mitotic cata-
strophe. In consistent with this hypothesis, we observed that low
concentration of MK1775 (50 nM), an inhibitor of WEE1 kinase
which plays important roles in maintaining G2/M checkpoint,
abolished the resistance to DNA damage induced by SCML2
overexpression in H1299 cells (Fig. 8G). Thus, we concluded that
elevated SCML2 protein level following DNA damage facilitated
cell survival in p53-negative or p53-mutant cancer cells by
enhancing the stability of CHK1 and p21, and maintaining the
G2/M checkpoint.
We found that SCML2 promoted the chemoresistance of Huh7

cells, which contains p53 mutant (Y220C). As we have found that
SCML2 could stabilize p53 after DNA damage, it is interesting to
know whether SCML2 could regulate p53 mutant stability in
Huh7 cells. Firstly, we found that p53 mutant in Huh7 cells was
aberrantly stable, which was not affected by DNA damage
treatment or MDM2 inhibitor treatment (Nutlin-3a) (Supplemen-
tary Fig. 8A). Secondly, SCML2 overexpression or SCML2
depletion did not affect the protein level of p53 mutant in
Huh7 cells following DNA damage (Supplementary Fig. 8B).
Thus, SCML2 could not regulate the stability of p53 mutant in
Huh7 cells.
Moreover, the data derived from TCGA database indicated that

SCML2 was significantly overexpressed in tumor samples when
compared to normal tissues, including colon adenocarcinoma
(COAD), liver hepatocellular carcinoma (LIHC), and lung adeno-
carcinoma (LUAD) (Supplementary Fig. 8C). Remarkably, Kaplan-
Meier survival analysis conducted with the GEPIA web server
(http://gepia.cancer-pku.cn) on TCGA data revealed that patients
with elevated levels of SCML2 expression had a poor overall
survival rate than those with low SCML2 expression levels in
COAD, LIHC and LUAD (Supplementary Fig. 8D). These findings
suggested a significant correlation between SCML2 and tumor-
igenesis as well as cancer therapy.

Fig. 5 SCML2 prevents DNA damage induced cell death in p53 positive cells. A–E CCK8 assay was used to show the cytotoxicity profiles of
indicated cell lines. The cells pretreated with 1 μg/mL doxycycline (Dox) for 24 h were treated with camptothecin (CPT, 0, 1, 10, 25, 50, 100, 250,
1000, 2000 nM) for 12 h (Left panel) or hydroxyurea (HU, 0, 0.01, 0.025, 0.5, 1, 1.5, 2 mM) for 24 h (Right panel), then the cells were changed to
fresh medium for an additional 72 h, followed by cell proliferation analysis. The average of three experiments, with standard deviations
indicated as error bars, was shown. ** p < 0.01; ***p < 0.001; **** p < 0.0001. A Comparing the effect of doxycycline (Dox) induced expression of
SCML2A, SCML2A(S441A), SCML2B, SCML2B(S441A) with wild-type (WT) RPE1 cells. B Four cell lines were used: A549 WT cells, A549 SCML2-/-
cells, Tet-On inducible SCML2A expression in A549 SCML2-/- cells, and Tet-On inducible SCML2B expression in A549 SCML2-/- cells. C Four cell
lines were used: HCT116 WT cells, HCT116 SCML2-/- cells, Tet-On inducible SCML2A expression in HCT116 SCML2-/- cells, and Tet-On inducible
SCML2B expression in HCT116 SCML2-/- cells. D, E The following cells lines were analyzed: HCT116 WT cells, HCT116 SCML2-/- cells, Tet-On
inducible SCML2A/B expression in HCT116 SCML2-/- cells, and Tet-On inducible SCML2A/B (S441A) expression in HCT116 SCML2-/- cells.
F Working model of cell fate determined by SCML2 upon DNA damage. In WT cells, DNA damage leads to increased level of SCML2. These
cells with abundant SCML2 expression respond to DNA damage in a positive way by binding to USP7 and compromising p53 activity, which in
turn promotes cell survival (Right). SCML2 deletion abolished its ability to jeopardize p53 activity when DNA damage occurred, leading to the
tendency of cell cycle arrest and apoptosis (Left).
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DISCUSSION
Both cancer radiation therapy and chemotherapy aim to eradicate
cancer cells by causing direct or indirect DNA damage. However,
protein alterations involved in DDR can enable cancer cells to
adapt and build resistance to chemotherapy. Tumor suppressor

gene p53, along with its downstream factor p21, plays a crucial
role in determining the fate of cancer cells when exposed to
radiation or agents that cause DNA damage. Moreover, hyper-
activation of CHK1 in cancer cells can also contribute to
chemotherapy resistance. In this study, we have identified SCML2
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as a substrate of CHK1 after DNA damage and have further
explored the mechanism that links SCML2 stabilization with
chemoresistance.

Interplay between SCML2 and CHK1 during DNA damage
response
Through our research, we have established that SCML2 undergoes
stabilization via CHK1-mediated phosphorylation in cancer cells
following DNA damage. Our findings revealed a previously
unknown interaction between SCML2 and CHK1 following DNA
damage. CHK1 became activated to regulate DNA replication
checkpoints, induce G2 cell cycle arrest, and maintain DNA
replication fork stability post-DNA damage. We found that SCML2
was a novel substrate of CHK1 following DNA damage, with CHK1
phosphorylating SCML2 at Ser570 to inhibit the association
between SCML2 and DDB1. This inhibition subsequently led to
an increase in SCML2 stability. Additionally, we discovered that
SCML2 could help maintain CHK1 stability via its association with
the CM domain (368-476aa) of CHK1. Remarkably, our research
highlighted the significant impact of SCML2 on CHK1 stability
following DNA damage. ATR phosphorylates CHK1 after DNA
damage, which exposes its C terminus for E3 enzyme recognition
and subsequent ubiquitination, thereby rendering CHK1 unstable
[52, 57]. In this study, we have discovered that SCML2 may prevent
this degradation process by inhibiting E3 enzyme recognition of
the exposed C terminus of CHK1 after DNA damage. In doing so,
SCML2 ultimately facilitated the stabilization of both itself and
CHK1. Thus, our findings demonstrated a unique interplay
between CHK1 and SCML2 in response to DNA damage.
Notably, Ser570 locates in a SQ motif, which usually recognized by

ATM or ATR after DNA damage. Our data has demonstrated that the
phosphorylation of SCML2 following DNA damage was reduced in
the presence of an ATR inhibitor. While it is possible that ATR directly
phosphorylated SCML2, the results of our in vitro phosphorylation
assay suggested that CHK1 was capable of directly phosphorylating
SCML2, particularly at the Ser570 residue. Moreover, the S570A
mutant significantly impacted CHK1-mediated phosphorylation. As
CHK1 is mainly activated by ATR following DNA damage, we inferred
that the ATR-CHK1 pathway played an important role in DNA
damage-induced SCML2 phosphorylation, with CHK1 serving as a
direct kinase of SCML2 at the Ser570 residue.

Role of SCML2 in the regulation of chemotherapy resistance
Our findings suggested that SCML2 contributed to the resistance
of cancer cells to chemotherapy through two distinct mechanisms
(Fig. 8H). First, in p53-positive cells, DNA damage triggers the
stabilization and activation of p53, which in turn induces the

expression of genes involved in cell cycle arrest, DNA damage
repair, apoptosis, and other processes critical for tumor suppres-
sion. However, as alterations in the relationship between USP7
and the MDM2-p53 pathway occur following DNA damage
[17, 25], SCML2 acted to suppress the stability and activation of
p53 by competing with it for binding to USP7. This blockade of
p53 activation and stability by SCML2 ultimately led to resistance
to DNA-damaging agents. Furthermore, in p53-negative or p53-
mutant cancer cells, the absence of p53 activity resulted in
defective G1 checkpoint after DNA damage [58–60]. Conse-
quently, these cancer cells are heavily reliant on the CHK1-
dependent S and G2/M checkpoints to survive [61, 62]. When
SCML2 levels were elevated, CHK1 was notably stabilized,
particularly after DNA damage, which triggers the activation of
the CHK1-WEE1 pathway to maintain the G2/M checkpoint. By
doing so, SCML2 facilitated the promotion and maintenance of G2
cell cycle arrest after DNA damage through CHK1. This extended
cell arrest period following DNA damage may allow more time for
DNA repair and increase cell survival, leading to chemoresistance
in p53-negative cancer cells. In addition, SCML2 played a critical
role in promoting the stability of CHK1 in both p53-positive and
p53-negative cells, suggesting that the interplay between SCML2
and CHK1 is a general pathway. Additionally, SCML2B facilitated
the stability of p21 protein through its association with USP7. It
has been reported that elevated levels of p21 protein in p53-
negative cancer cells promote their escape from DNA damage-
induced senescence and enable them to acquire an aggressive
and resistant cancer phenotype in response to chemotherapy
[38, 39], This indicated that SCML2B-mediated p21 stabilization
also contributed to chemoresistance in p53-negative cancer cells.
Thus, SCML2 played a crucial role in regulating the sensitivity or
resistance of cancer cells to chemotherapy through distinct
mechanisms at play in p53-positive and p53-negative cells.

SCML2A prefers to stabilize CHK1 and SCMLB prefers to
stabilize p21
In this study, we have identified distinct mechanisms through
which SCML2 regulateed the stability of p53, p21, and CHK1. For
p53, both SCML2A and SCML2B competed with p53 for binding to
USP7 to control its stability. Interestingly, we found that the effects
of SCML2A and SCML2B on CHK1 and p21 were quite different.
Consistent with previous reports [2], SCML2B demonstrated a
strong interaction with p21, leading to a significant increase in p21
protein levels upon overexpression in H1299 cells, whereas
SCML2A overexpression did not have the same effect. Conversely,
while both SCML2A and SCML2B showed interaction with CHK1,
SCML2A overexpression demonstrated stronger effects on

Fig. 6 SCML2 stabilizes p21 through USP7 mediated deubiquitination. A HCT116 p53-/- cells were transfected with siCtrl or siSCML2. After
72 h, the cells were treated with proteasome inhibitor (MG132, 10 μM) or untreated for 6 h. Proteins were extracted and subjected to western
blot. B HCT116 p53-/- cells were transfected with siCtrl or siSCML2. After 72 h, the cells were treated with cycloheximide (CHX, 100 μg/mL) and
harvested at the indicated times. The expression of p21 was determined by western blot (Left panel) and a plot representing protein half-life
was presented (Right panel). ***p < 0.001. C Regulation of p21 ubiquitination levels by SCML2. HEK293T cells pre-transfected with siCtrl or
siSCML2 for 60 h were co-transfected with SFB-p21 and HA-Ub. After 24 h, proteins were extracted and subjected to IP-western blot analysis
with the indicated antibodies. D GST-pull down assay of GST-tagged p21 with endogenous SCML2 in HEK293T cells. E The interaction of
overexpressing SFB-SCML2A or SFB-SCML2B with purified GST-p21 proteins was detected by GST-pull down in HEK293T cells. F Left panel:
Schematic representation of p21 truncation constructs. Right panel: In vitro GST-pull down assay using purified GST-fused full length (FL) or
truncation constructs of p21 protein and purified His-SCML2B protein. G HCT116-p53-/- and NCI-H1299 cells were transfected with siCtrl or
siSCML2. After 72 h, the cells were treated with 2 μM camptothecin (CPT) or untreated for 6 h. Proteins were extracted and subjected to
western blot. H H1299-SCML2B-FLAG and H1299-SCML2B (S441A)-FLAG Tet-On cells pretreated with doxycycline (Dox+ ) or untreated (Dox-)
for 24 h were further treated with 2 μM camptothecin (CPT) for 12 h. These cells were released into fresh medium and harvested at the
indicated times. Proteins were extracted and subjected to western blot. I Cell viability was determined using CCK8 assay in H1299-SCML2B WT
and S441A mutant Tet-On cells. Doxycycline (Dox) induced SCML2B but not SCML2B (S441A) overexpression resulted in reduced sensitivity of
H1299 cells to treatment with camptothecin (CPT) (Left) or hydroxyurea (HU) (Right). The average of three experiments, with standard
deviations indicated as error bars, was shown. ***p < 0.001. J The cell viability of Tet-On cells was determined by CCK8 assay. SCML2B
overexpression led to reduced sensitivity of cells to treatment with camptothecin (CPT) (Left) or hydroxyurea (HU) (Right). This effect was
compromised when p21 was depleted (sip21). The average of three experiments, with standard deviations indicated as error bars, was shown.
***p < 0.001.
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CHK1 stability than SCML2B, which is consistent with the
observation that SCML2B exhibited weaker interaction with
CHK1 C-terminus than SCML2A (Fig. 7H).
The mechanisms by which SCML2 functioned on p53, p21,

and CHK1 were distinct. In the case of p53, SCML2 primarily
competed with p53 for USP7 binding after DNA damage. For
p21, SCML2B bound to the N-terminus of p21, potentially
facilitating the deubiquitinating activity of USP7 on p21.
Regarding CHK1, USP7 has been shown to regulate
CHK1 stability directly [55] or through ZEB1-mediated interac-
tion [63]. However, USP7 inhibition did not impact the increase
of CHK1 induced by SCML2A overexpression, suggesting that

USP7 may not contribute to the SCML2A-mediated stabilization
of CHK1. Our findings suggested that SCML2 may directly
impede the recognition of CHK1 by E3 enzymes FBX6 and DDB1.
Notably, as SCML2 has also been found to stabilize BMI1 and
RING1B [1], we conducted further experiments to elucidate the
specific role of SCML2 on histone modification. Interestingly, we
observed that overexpression of SCML2 for a short duration of
24 h did not lead to a significant increase in the protein level of
BMI1 (Fig. 6H), indicating that our findings were independent of
its effect on histone modification. Thus, our study identified
novel functions of SCML2 on p53 and CHK1, which were crucial
for chemoresistance.
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Strategies to deal with SCML2 high expression cancer and
SCML2 mediated chemoresistance
Our study sheds light on the previously unknown roles of SCML2
in tumor development and unveils its mechanism of action in
chemoresistance. Therefore, it is crucial to develop diverse
strategies to tackle SCML2-related cancer. In p53-positive tumors,
Nutlin 3a, a small molecule inhibitor of MDM2 [64], can be
employed to sensitize cancer cells towards chemotherapy by
disrupting the SCML2-mediated interplay between USP7 and the
MDM2-p53 pathway. Conversely, in p53-negative or p53-mutant
cells, where SCML2 facilitates cell cycle arrest through the
stabilization of p21 and CHK1 after DNA damage, both CHK1
inhibitors and WEE1 inhibitors could prove effective in over-
coming SCML2-mediated chemoresistance.

Limitations of study
Our study has certain limitations that need to be considered.
Firstly, SCML2 exists as two isoforms, SCML2A and SCML2B, and
their ratios can vary among different cancer cells. However, the
mechanisms governing SCML2 splicing are still unclear. Secondly,
SCML2 forms a tight association with USP7, and it will be
intriguing to investigate if the SCML2/USP7 complex has
additional functions. Thirdly, although we examined SCML2’s role
in different cell lines, our experiments mostly used pooled cells.
Further analysis of the molecular dynamics of p53, p21, or CHK1 at
the single-cell level using a live-cell reporter system would
significantly contribute to elucidating SCML2’s precise functions
in tumorigenesis and chemoresistance. Finally, as our study was
mostly focused on cancer cell lines, it will be crucial to determine
whether SCML2 also contributes to chemoresistance of tumors
obtained from treated cancer patients.
Finally, our study established the novel role of SCML2 on

tumorigenesis and chemoresistance. We also elucidated the
mechanism underlying these functions and revealed the new link
between SCML2 and p53, p21 and CHK1. These finding may shed
new lights on the treatment of tumors with high expression
of SCML2.

MATERIALS AND METHODS
Cell culture
Cell lines used in this study were listed in Table S4. All cell lines were
maintained in DMEM (Gibco) supplemented with 10% Fetal Bovine Serum
(FBS, vol/vol, Gibco) and 1% penicillin-streptomycin (100 U/mL Gibco) and
cultured at 37 °C with 5% CO2.

Generation of knock-out cell lines
All knock-out cell lines (HCT116, A549) used in this study were generated
using CRISPR-Cas9 gene editing approach. Briefly, cells were transfected
with plasmids that express guide RNAs (gRNAs) against target genes. After
24 h, the cells were selected with puromycin for 36 h and seeded on 96-
well plates at low densities (0.5 cells/well), grown for two weeks. Single
colonies were picked, and individual clones were validated by sequencing
and immunoblot. The guide RNA (gRNA) sequences were listed in Table S2.

Cell line generation
Stable cell lines (RPE1, HCT116, A549, NCI-H1299) were generated using a
doxycycline (dox)-inducible Tet-On system (pCW vector). All pCW-related
plasmids were constructed by cloning SFB triple tags (S, Flag and SBP
tagss) and the target gene into the pCW-cas9 vector. The primers used for
the construction of these plasmids can be found in Table S1. Plasmid DNA
and lentivirus package plasmids (psPAX2 and pMD2.G) were transfected
with polyethylenimine (PEI) into HEK293T cells. After 48 h, the supernatant
containing viruses was collected and filtered prior to infection of the
indicated cells with polybrene (8 μg/mL) to increase the infection
efficiency. After 48 h, puromycin (2 μg/mL) or blasticidin (10 μg/mL) was
added to the medium to select for resistant cells. After 10 days, cells were
seeded on 96-well plates at low densities (0.5 cells/well) and grown for two
weeks. Single cell colonies were picked and expanded. Doxycycline-
induced recombinant protein expression levels (0.5-1 μg /mL doxycycline,
12-24 h) were analyzed by western blot using an anti-FLAG antibody. The
list of generated cell lines was showed in Table S4.

siRNA transfection and transient transfection
For siRNA targeting assay, cells were transfected with siRNA at a final
concentration of 20 nM for the indicated time using Lipofectamine
RNAiMAX Reagent (Invitrogen) following the manufacturer’s protocol
when the cells reached approximate 30–40% confluency. 24 h after
transfection, cells were still cultured in fresh medium without penicillin-
streptomycin. In general, the interference efficiency was best at 72–96 h
after siRNA transfection. The siRNA sequences were indicated in Table S2.
HEK293T cells were transfected using the polyethylenimine (PEI) with

DNA/transfection reagent at a 1:3 ratio when the cells reached 70-80%
confluency. HCT116 cells were transfected with Lipofectamine 2000 or
Lipofectamine 3000 (Thermo Fisher) following the manufacturer’s protocol.

Quantative real-time PCR
Total RNA was extracted with TRIzol reagent (15596018; Invitrogen). RNA
was reverse transcribed to cDNA by using the PrimeScript RT reagent kit
(RR037A; Takara). The synthesized cDNA was used for quantative real-time
PCR or RT-PCR assay. Primer sequences were listed in Table S3. Real-time
PCR was performed using SYBR Premix Ex Taq (RR420A; TaKaRa) on a
CFX96 instrument (Bio-Rad). Sequences of primer pairs used for RT-qPCR in
this study, see Table S3.

Fig. 7 SCML2 regulates the stability of CHK1. A HCT116 p53-/- cells were transfected with siCtrl or siSCML2 for 72 h. The cells were then
cultured in full medium in the absence (UT) or presence of camptothecin (CPT, 2 μM) for 12 h. The cells were then replaced with fresh medium
and harvested at the indicated times. Proteins were extracted and subjected to western blot with indicated antibodies. B Cells were treated as
Fig. 7A, and mRNAs were extracted and subjected to qRT-PCR. C Huh7 cells was analyzed as Fig. 7A. D H1299-SCML2A-FLAG Tet-On cells were
pre-treated with 1 μg/mL doxycycline (Dox+ ) or without doxycycline (Dox-) for 24 h. The cells were then treated with camptothecin (CPT,
2 μM) or untreated (UT). After 12 h, the cells were replaced in fresh medium and harvested at the indicated times. Proteins were extracted and
subjected to western blot. E CCK8 assay showing cytotoxicity profiles of Tet-On cells as shown. The sensitivity of H1299 cells (H1299-SCML2A)
or doxycycline-induced SCML2A overexpressing H1299 cells (H1299-SCML2A+Dox) exposed to camptothecin (CPT) (Left) or HU (Right) was
analyzed. Treatment with the CHK1 inhibitor (Prexasertib, 50 nM) reduced the resistance to camptothecin (CPT) or hydroxyurea (HU) treatment
induced by SCML2A overexpression. The average of three experiments, with standard deviations indicated as error bars, was shown.
***p < 0.001. F The ubiquitination level of CHK1 was analyzed in HCT116 wild-type (WT) or HCT116 SCML2-/- cells. Indicated cells were
transfected with SFB-CHK1 or co-transfected with SFB-CHK1 and HA-Ub for 24 h. Proteins were extracted and immunoprecipitated by S-beads
and subsequently analyzed by western blot. G The ubiquitination level of CHK1 was analyzed in HCT116 wild-type (WT) or HCT116 SCML2-/-
cells after DNA damage. As in (F), the transfected cells were treated with or without hydroxyurea (HU, 400 μM) for 24 h. Proteins were
extracted and subjected to IP-western blot analysis. H Upper panel: A schematic representation of CHK1 truncation constructs. Lower panel:
IP-western analysis of HEK293T cells co-transfected with Myc-Chk1 truncations, SFB-SCML2A or SFB-SCML2B for 24 h with indicated
antibodies. I The analysis was conducted to measure the ubiquitination level of CHK1 (265-476aa) in HCT116-SCML2A-FLAG Tet-On cells under
unstressed conditions or after DNA damage. The cells co-transfected with Myc-CHK1 (265-476aa) and HA-Ub for 24 h were treated with
doxycycline (Dox) as shown. After 12 h, the cells were treated with hydroxyurea (HU, 400 μM) for 24 h or untreated. Proteins were extracted
and subjected to IP-western analysis. J Proposed model of CHK1 stability regulated by SCML2. E3 ubiquitin ligases such as DDB1, recognize
the C-terminus of CHK1 and induce its ubiquitination for degradation. In WT cells, SCML2 prevents the association between E3 ubiquitin
ligases and CHK1, thereby promoting the stability of CHK1. In SCML2-/- cells, E3 ubiquitin ligases facilitates the ubiquitination of CHK1, leading
to CHK1 degradation.
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Western blot and Immunoprecipitation
The cells were harvested, washed in PBS, and then lysed in NETN420 buffer
(20mM Tris-HCl pH 8.0, 420mM NaCl, 0.5% NP-40, 50 mM NaF, 1.5 mM
KH2PO4, 1 mM EDTA and protease inhibitors) with phosphatase inhibitors
on ice for 20min. The supernatant was then collected by centrifugation
(15min, 12,000 g, 4 °C). Protein concentrations were measured using the
BCA protein assay kit (23225; Thermo), and proteins were denatured in 3 x
SDS loading buffer with 1 mM DTT (boiled in 95 °C for 10min). For
immunoprecipitation (IP), cell lysates were incubated with 25 μL S agarose
beads for IP (3-4 h, 4 °C). For endogenous immunoprecipitation, cell lysates

was extracted and then immunoprecipitated with 1 μg of anti-SCML2
antibody or anti-α-IgG rabbit antibody (negative control) (3-4 h, 4 °C), prior
to incubation overnight with 30 μL protein G agarose beads. The beads
were washed four times in wash buffer (20mM Tris-HCl pH 8.0, 150mM
NaCl, 0.5% NP-40, 50mM NaF, 1 mM EDTA and protease inhibitors), and
then boiled in 3 x SDS loading buffer with 1mM DTT (95 °C for 10min).
Input samples (50 μL) were collected before adding antibodies and boiled
in 3 x SDS loading buffer with 1mM DTT (95 °C for 10min) as well. Total
protein in equal amount was then electroblotted onto PVDF membranes
(IPVH00010, Merck Millipore). The membranes were blocked in TBST buffer
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with 5% non-fat dried milk (RT, 1 h), and washed with TBST, followed by
incubation (overnight, 4 °C or RT, 1 h) with primary antibodies and
appropriate HRP conjugated secondary antibodies (RT, 1 h) for subsequent
detection. The primary antibodies used are listed in key resources table
(Table S4). The goat anti-mouse and anti-rabbit secondary antibodies were
purchased from Jackson ImmunoReaseach (1414346). Finally, the blots
were visualized by using Clarity Western ECL substrate. Antibodies used in
this study were listed in Table S4. All the uncropped original western blots
used in the manuscript were listed in Original Western blot images file.

Purification of SCML2-associated proteins
Purification of SFB triple-tagged protein (S, FLAG and SBP tags) was
described previously [65]. To search for binding proteins of SCML2, we
harvested 1 L cultures of 293 T cells stably expressing SFB–SCML2A, and
washed the cell pellets with PBS. Cells were lysed with 30mL ice-cold
NETN300 buffer (0.5% NP-40, 50mM Tris-HCl, pH 8.0, 2 mM EDTA and
300mM NaCl). The soluble fraction was incubated with 0.5mL streptavidin-
conjugated agarose beads (Millipore, 16-126). The beads were washed with
NETN100 buffer (0.5% NP-40, 50mM Tris-HCl, pH 8.0, 2 mM EDTA and
100mMNaCl) three times. Associated proteins were eluted with 2mM biotin
(Sigma, B4501) in PBS, and subsequently incubated with 50 μL S-protein
Agarose beads (Millipore, 69704). The bound proteins were eluted with SDS
sample buffer and analyzed by 10% SDS–PAGE and mass spectrometry. Cells
expressing empty vector were used as purification controls.

Cell proliferation assays
Cells at 1000 cells/well/100 μL were seeded in a black wall/clear bottom 96-
well plate for 24 h before treatment with indicated reagents for varying
time periods as required by the experiment. CCK8 (10 μL/well) was added
to the medium, incubated at 37 °C with 5% CO2 for 2-3 h. The absorbance
was measured at 450 nm using a plate reader.

Annexin-V apoptosis assay
To detect apoptosis induced by DNA damage in HCT116 Tet-On cell lines,
cells were induced by 0.5 μg/mL doxycycline (dox) after being seeded in
6 cm dishes for 12 h, the cells were treated with camptothecin (CPT, 2 μM)
for 12 h, Doxorubicin (10 μM), Hydroxyurea (HU, 400 μM) or Cisplatin
(20 μM) for 24 h. Cells were then cultured in fresh medium for 12 h with
0.5 μg/mL doxycycline (dox) at 37 °C with 5% CO2. Then, 5-10 ×104 cells
were resuspended in 195 μL annexin-V binding buffer and stained with
5 μL FITC-annexin-V and 10 μL PI, according to the manufacturer’s protocol
(Beyotime). Finally, flow cytometer was used to analyze stained cells and
FITC-PI double positive cells were used to calculate the extent of apoptosis.

SA-β galactosidase assay for senescence
HCT116 and HCT116 Tet-On cells pretreated with 0.5 μg/mL doxycycline
for 12 h were treated with camptothecin (CPT, 2 μM) for 12 h, Doxorubicin
(10 μM), Hydroxyurea (HU, 400 μM) or Cisplatin (20 μM) for 24 h, and then
the cells were cultured for an additional 12 h in fresh medium with 0.5 μg/
mL doxycycline (dox). The SA-β galactosidase assay was performed
according to the manufacturer’s protocol (Beyotime).

Protein purification
All constructs were generated using a standard PCR-based cloning
strategy. The GFP-USP7-N fragment was cloned into pGEX-4T-1, while
SCML2B-S441A, SCML2B, p53 and MDM2 were cloned into pET-28a.

Primers for all the plasmids construction were listed in Table S1. All of the
recombinant proteins including GST-GFP-USP7-N, His-SCML2B-S441A, His-
SCML2B, His-p53 and His-MDM2 were overexpressed in Escherichia coli
strain BL21 cells in medium at 220 rpm in 16 °C overnight. The bacteria
were collected by centrifugation at 6000 rpm for 10min and suspended
with His-Tag protein lysis buffer (50mM Tris-HCl pH 8.0, 0.05% Triton X-
100, 250mM NaCl) or GST-Tag protein lysis buffer (0.5% NP-40, 20mM Tris-
HCl pH 8.0, 100mM NaCl, 1 mM EDTA pH 8.0) using magnetic stirring. The
bacteria were then crushed by high pressure Homogenizer (ATS AH-1500)
for 30min at 4 °C. The supernatant was harvested by centrifugation at
15000 rpm for 30min, which was added with His-Tag beads or GST-Tag
beads and incubated for more than 4 h at 4 °C. Enriched proteins were
washed 4 times with His-Tag protein washing buffer (50 mM Tris-HCl pH
8.0, 0.05% Triton X-100, 250mM NaCl, 20 mM Imidazole) or GST-Tag
protein washing buffer (0.5% NP-40, 20 mM Tris-HCl pH 8.0, 100mM NaCl,
1 mM EDTA) by centrifugation at 8000 rpm for 1 min per time. These beads
were eluted by His-Tag protein elution buffer (50mM Tris-HCl pH 8.0,
0.05% Triton X-100, 250mM NaCl, 200 mM Imidazole) or GST-Tag protein
elution buffer (100mM Tris-HCl pH 8.0, 1.25% (w/v) Glutathione reduced
(Macklin) respectively. Eluents were put into dialysis bags in dialysate
(200mM NaCl, 2.5 mM KCl, 2 mM Na2HPO4·12 H2O, 1.5 mM KH2PO4)
overnight or ultrafiltration device (Millipore) at 4500 rpm for 30min at 4 °C
in order to concentrate proteins.

In vitro protein binding assay by microscale thermophoresis
(MST) studies
The ligand proteins including His-SCML2B-S441A, His-SCML2B, His-p53 and
His-MDM2 was dissolved in MST buffer (50mM Tris-HCl pH 7.8, 150mM
NaCl, 10 mM MgCl2) supplemented with 0.05 % Tween 20, and a panel of
dilution with 1:1 ratio was prepared using the same buffer, producing
ligand concentrations ranging from 610 pM to 20 μM. For the measure-
ment, each diluted ligand was mixed with one volume of target protein
GST-GFP-USP7-N, which led to a final concentration of GST-GFP-USP7-N of
300 nM and final ligand concentrations ranging from 305 pM to 10 μM.
After 10min incubation, the samples were loaded into Monolith NT.115
Capillaries (NanoTemper Technologies). MST was measured using a
Monolith NT.115 instrument (NanoTemper Technologies) at an ambient
temperature of 25 °C. Instrument parameters were adjusted to 50% LED
power and medium MST power. Datas of four independently pipetted
measurements were analyzed (MO.Affinity Analysis software version 2.3,
NanoTemper Technologies) using the signal from an MST on time of 1.5 s.

In vitro binding assay
To produce GST or His fusion proteins, all of the recombinant genes were
overexpressed in E. Coli BL21 cells. For the in vitro assay, 2 μg purified
recombinant proteins were incubated with 30 μL GST or His-Sepharose
beads overnight at 4 °C. For the GST-pull down assay, cells were lysed with
NETN420 buffer on ice for 30min. The supernatant was harvested by
centrifugation and incubated with 2 μg GST fusion proteins as well as 30 μL
GST-Sepharose beads overnight at 4 °C. The beads were washed 4 times
with NENT100 buffer and boiled in 3 x SDS loading buffer with 1mM DTT
(95 °C, 10min). Finally, the samples were analyzed by western blot.

In vitro kinase assay
For in vitro kinase assay, SFB-Vector or SFB-CHK1 was transfected with PEI
into HEK293 cells. After 24 h, the cells were collected and lysed in NETN420
buffer with phosphatase inhibitors on ice for 20min, followed by

Fig. 8 SCML2 is upregulated in p53 negative chemoresistant cancer cells. A Experimental strategy for construction of cells used below
(Upper panel): P0: untreated cells. P1: P0 cells pretreated with 0.5 μM camptothecin (CPT) for 24 h were cultured for 10 days after changing to
fresh medium. P2: P1 cells pretreated with 0.5 μM camptothecin (CPT) for 24 h were cultured for 10 days after changing fresh medium. Lower
panel: The expression of SCML2 in the NCI-H1299- P0/P2 (Left) and Huh7-P0/P2 (Right) cell lines. Huh7 (B) and H1299 (C) cells were treated
with camptothecin (CPT, 2 μM) for 12 h and then allowed to recover for the indicated times. Proteins were extracted and subjected to western
blot. Huh7-P2 (D) and H1299-P2 (E) cells were transfected with siCtrl or siSCML2 for 48 h, then treated with camptothecin (CPT, 2 μM) for 12 h.
The cells were released into fresh medium and harvested at the indicated times. Proteins were extracted and subjected to western blot.
F CCK8 assay showing cytotoxicity profiles of cells. Depletion of SCML2 (siSCML2) or CHK1 inhibitor (Prexasertib) treatment increased the
sensitivity of H1299-P2 and Huh7-P2 cells to camptothecin (CPT) or hydroxyurea (HU). The average of three experiments, with standard
deviations indicated as error bars, was shown. ***p < 0.001, **** p < 0.0001. G CCK8 assay showing cytotoxicity profiles of indicated cells. The
sensitivity of H1299-SCML2A and H1299-SCML2B Tet-On cells to camptothecin (CPT) or hydroxyurea (HU) treatment was analyzed.
Doxycycline (Dox)-induced expression of SCML2A or SCML2B reduced the sensitivity, which was compromised by Wee1 inhibitor (MK1775,
50 nM) treatment. The average of three experiments, with standard deviations indicated as error bars, was shown. ****p < 0.0001. H Proposed
model for the roles of SCML2 on regulating the chemoresistance in p53 WT or p53 mutant tumor cells after DNA damage.
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centrifugation at 4 °C and 15,000 g for 10min to collect supernatant.
Subsequently, the cell lysates were incubated with 25 μL S agarose beads
in 4 °C for 3 h. After washing with NTEN100, the beads containing 0.1 μg of
CHK1 were incubated with 1.2 μg purified His-SCML2B or His-SCML2B
(S570A), 1 mM DTT, 0.5 mM ATP-γ-S in 20 μL phosphate kinase buffer
(25mM Tris-HCl at pH7.5, 25mM KCl, 5 mM MgCl2) for 1 h at 30 °C. The
kinase reaction was stopped by adding 0.5 M EDTA. Finally, the mixture
was incubated with 50 μM p-Nitrobenzyl mesylate (PNBM) at room
temperature for 2 h. The samples were subjected to western blot analysis.

Quantification and statistical analysis
All experiments were performed at least three independent biological
replicates in the manuscript. Data was shown as mean ± SD. The
significance level was calculated by Student’s t-test (two-tailed, equal
variance) in GraphPad Prism and P values are shown with *p < 0.05,
**p < 0.01, ***p < 0.001, **** p < 0.0001.

DATA AVAILABILITY
All the uncropped original western blots used in the manuscript were listed in
Original Western blot images file in Supplementary materials.
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