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Activation of the pro-apoptotic genes by the p53 family is a critical step in induction of apoptosis. However, the molecular signaling
underlying their suppression remains largely unknown. Here, we report a general role of QSER1 in preventing apoptosis. QSER1 is
widely up-regulated in multiple cancers, and its up-regulation correlates with poor clinic outcomes. QSER1 knockdown significantly
promotes apoptosis in both p53 wild type and mutant cancer cells. Interestingly, we show that QSER1 and p53 occupy distinct cis-
regulatory regions in a common subset of the pro-apoptotic genes, and function antagonistically to maintain their proper
expression. Furthermore, we identify a key regulatory DNA element named QSER1 binding site in PUMA (QBP). Deletion of QBP de-
represses PUMA and induces apoptosis. Mechanistically, QSER1 functions together with SIN3A to suppress PUMA in a p53-
dependent and -independent manner, suggesting that QSER1 inhibition might be a potential therapeutic strategy to induce
apoptosis in cancers.
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INTRODUCTION
Apoptosis is a critical intracellular mechanism to maintain
developmental balance and tissue homeostasis in multicellular
organisms [1]. The impaired ability to undergo apoptosis leads to
carcinogenesis, and promotes cancer progression and metastasis
[2]. As a tumor suppressor, one of the major functions of p53 is
induction of apoptosis through its transactivation activity towards
the genes in the apoptotic pathways [3]. p53 is activated and
stabilized in response to genotoxic insults, in turn, binds and
activates the p53 response element (p53-RE) containing promo-
ters of its downstream genes, such as PUMA/BBC3 and BAX in the
pro-apoptotic BCL-2 family [4].
Provoking apoptosis through p53 activation represents a

promising strategy in cancer therapy [5]. However, TP53, the gene
encoding p53, is among the most frequently mutated genes in
various human cancers. More than half of human tumors carry
mutations in TP53. Almost 80% of the cancer-derived p53 mutants
lose the ability to bind DNA [6]. Most of the p53 downstream pro-
apoptotic genes are usually maintained at very low levels, and
hardly induced in p53 heavily damaged cancers. For example,
PUMA (encoded by the BBC3 gene) is a potent apoptosis mediator
and accounts for the majority of the apoptotic activity of p53 [7]. It
binds the anti-apoptotic BCL-2 family proteins to trigger
mitochondrial outer membrane permeabilization (MOMP) and

apoptosis [8]. PUMA is barely detected in many types of human
cancers [9]. Deficiency in PUMA activation increases cancer risk
and suppresses antitumor effects of chemotherapeutic agents, as
a consequence of apoptosis failure [10]. It is therefore critical to
understand general mechanisms underlying how the p53 target
transcriptional program can be suppressed in both p53 wild type
(WT) and p53 deficient cancers.
The QSER1 gene is located on band p13 of human chromosome

11, which is among the most frequently altered chromosomes in
cancers [11–13]. Genome-wide association studies (GWAS) identi-
fied a SNP near QSER1 associated with older onset age of
Parkinson’s disease [14]. Exome sequencing revealed that QSER1
could be a potential marker of type 2 diabetes [15]. In addition, it
has been reported that the plasma QSER1 peptide levels are
highly elevated in ovarian cancer patients [16]. Furthermore, a
recent study has shown that QSER1 cooperates with TET1 to
maintain low methylation status at the DNA methylation valleys
[17]. We recently reported that QSER1 physically interacts with the
Kruppel-like transcription factor ZFP281, a key regulator in
embryonic stem cells, and locates at the bivalent regions
[18–21]. However, the expression and function of QSER1 in
cancers remain largely unknown.
Here we find that QSER1 is generally up-regulated in multiple

cancers, and its up-regulation is strongly associated with poor
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clinic outcomes of different cancers. QSER1 knockdown signifi-
cantly inhibits cell growth, colony formation, and up-regulates the
p53 target pro-apoptotic genes, leading to apoptosis in both p53
WT and deficient cancer cells. Genome-wide occupancy analyses
demonstrate that QSER1 occupies many of the p53 target genes,
and suppresses their expression. Further studies reveal that QSER1
functions together with SIN3A in a p53-dependent and -indepen-
dent manner to suppress PUMA. In summary, our studies indicate
that QSER1 is a generic anti-apoptosis factor functioning in
suppressing the pro-apoptotic genes, irrespective of p53 status.

RESULTS
Elevated QSER1 expression is associated with poor clinical
outcomes in cancers
Recent large-scale studies highlighted the association of QSER1 with
multiple diseases including cancers [14–16]. To explore the
potential roles of QSER1 in cancer, we first analyzed QSER1
expression in human cancers using the Cancer Genome Atlas
(TCGA) dataset [22]. 10 out of 18 examined cancers showed up-
regulated QSER1 expression, compared with normal tissues
(P < 0.001) in the database (Fig. 1A). Consistently, the immunohis-
tochemistry (IHC) staining in pancreatic and bowel cancer patient
samples confirmed the increased QSER1 expression in cancer
tissues (Figs. 1B, S1A). The protein levels of QSER1 were also
analyzed in a tissue microarray (TMA) cohort by IHC analysis, which
included 49 pancreatic cancer samples with normal adjacent tissues
as controls. The optimal cut-off value of QSER1 expression was
determined by the receiver operating characteristic (ROC) analysis
(Fig. S1B). The results indicated that QSER1 was overexpressed in
83.67% of the pancreatic cancer samples (Fig. 1C, D).
We next investigated the association of QSER1 expression levels

with cancer prognosis. Kaplan–Meier (KM) plots analysis revealed
that high levels of QSER1 were associated with poor clinical
outcomes in various types of cancers, including pheochromocy-
toma and paraganglioma, pancreatic cancer, liver hepatocellular
carcinoma, stomach adenocarcinoma and sarcoma (Fig. 1E). We
examined the mutation status of QSER1 in the pan-cancer
mutation database, and found that mutations of QSER1 in cancers
include amplification, missense, truncating, gene fusion (Fig. 1F).
QSER1 copy-number was positively correlated with the RNA levels
of QSER1 (Fig. 1F), suggesting that QSER1 amplification might lead
to its overexpression in cancers. Taken together, our data
demonstrate that QSER1 is highly up-regulated in multiple
cancers, and that its up-regulation is associated with poor
prognosis.

QSER1 knockdown induces apoptosis in cancer cells
Given the poor clinical outcome in QSER1 highly expressed
cancers, we examined the levels of QSER1 in response to the anti-
cancer chemotherapy drug 5-FU in HCT116 cells. The apoptosis
indicator cleaved-caspase 3 can be effectively induced in cells
treated with the anti-cancer agent. Interestingly, QSER1 was
significantly down-regulated when the cells underwent apoptosis
after 5-FU treatment (Fig. 2A). To exclude the possibility that
QSER1 is downregulated as a consequence of apoptosis, we used
the pan-caspase inhibitor Z-VAD-FMK to treat the cells, and found
that addition of Z-VAD-FMK inhibited the 5-FU induced apoptosis,
as cleaved-caspase3 was undetectable in the cells co-treated with
Z-VAD-FMK and 5-FU. Despite inhibiting apoptosis, Z-VAD-FMK
treatment was not able to restore the levels of QSER1 in the 5-FU
exposed cells (Fig. S2A).
To further investigate whether QSER1 could promote cancer

progression, we depleted QSER1 in various cancer cell lines.
Quantitative reverse transcription PCR (RT-qPCR) analyses demon-
strated that QSER1 was effectively depleted in colon cancer cell
HCT116, lung cancer cell A549, and stomach cancer cell SNU216
with two independent shRNAs (Fig. S2B). CCK-8 assays indicated

that QSER1 knockdown inhibited cancer cell proliferation (Fig. 2B).
In addition, QSER1 knockdown significantly impaired cancer cell
clonogenicities (Fig. 2C, D), and led to substantial increases in G1
cell fraction (Fig. S2C). Next, we tested whether the impaired cell
viability after QSER1 knockdown was due to apoptosis. Annexin
V-FITC and PI staining followed by FACS analyses revealed that,
indeed, QSER1 depletion was able to induce apoptosis in HCT116,
A549, and SNU216 cells (Fig. 2E). Western blot confirmed the
substantial up-regulation of cleaved-caspase 3 after QSER1
depletion in multiple cancer cell lines including the above three
cells (Figs. 2F–H, S2D). In addition, we employed the CRISPR-Cas9
technique to deplete QSER1 in HCT116 cell by using two
independent sgRNAs (Fig. S2E), and found that CRISPR-Cas9
mediated QSER1 depletion also resulted in increased cleaved
caspase 3 levels and apoptotic cell percentages (Fig. S2F, G),
further substantiating a potent role of QSER1 in suppressing
apoptosis.

QSER1 represses the p53 target pro-apoptotic genes
To dissect how QSER1 functions in anti-apoptosis, we conducted
RNA sequencing (RNA-seq) analyses in control and QSER1
depleted HCT116 cells (Fig. S3A, B), and identified 810 differen-
tially expressed genes (DEGs), of which 362 and 448 were
commonly upregulated and downregulated by the two different
QSER1 shRNAs (Fig. S3C). Gene ontology (GO) analysis revealed
that the QSER1-regulated genes were significantly enriched in the
processes of cell cycle, p53 signaling pathway, and negative
regulation of growth (Fig. S3D). KEGG pathway analysis also
identified p53 signaling pathway as the most affected pathway
after QSER1 knockdown (Fig. 3A). Indeed, QSER1 depletion led to
upregulation of many known p53 direct target genes (Fig. 3B). For
examples, BAX, PUMA/PUMA, CDKN1A/p21 and CDK6 were de-
repressed after QSER1 depletion (Fig. 3B). Given the activating
roles of p53 on these genes, our results suggest that QSER1 might
act in the opposite direction of p53 to suppress their expression.
p53 signaling pathway is involved in multiple biological

processes, including DNA damage repair, cell cycle arrest,
apoptosis, and aging [23, 24]. Network analysis by Metascape
suggested that the QSER1-regulated genes were highly connected
and clustered, and that the genes in p53 signaling pathway
regulated by QSER1 were mostly involved in cell cycle and cell
death (Figs. 3C, S3E). RT-qPCR validated the upregulation of the
pro-apoptotic genes PUMA and BAX after QSER1 depletion in
HCT116, A549, the lung cancer cell H1299, and the pancreatic
cancer cell PANC-1 (Figs. 3D, S3F). In contrast, QSER1-mediated
repression of the cell cycle gene p21 only occurred in HCT116 and
A549 cells, but not the rest of the tested cell lines (Fig. 3D). These
results imply that QSER1 may have a general role in repressing the
p53 target pro-apoptotic genes and thus regulate cancer
progression.

QSER1 and p53 occupy distinct regulatory elements of the
same subset of pro-apoptotic genes
IHC and immunofluorescence analyses revealed that QSER1 was
predominantly localized in nuclei (Figs. 1B, 3E). To further explore
whether and how QSER1 directly regulates the expression of pro-
apoptotic genes, we carried out QSER1 ChIP-seq in HCT116 and
A549 cells, and identified 3,669 and 5,274 significant QSER1 peaks in
the two cell lines, respectively. QSER1 was mainly detected in the
transcription start site (TSS) regions co-occupied by RNA polymer-
ase II and the active genemark H3K4me3; while less than 30% of the
QSER1 peaks were located in intragenic or intergenic regions
(Figs. 3F, G, S4A, B). KEGG pathway analysis displayed that QSER1-
associated genes were significantly enriched in multiple cancer-
related pathways in both HCT116 and A549 cells (Fig. S4C, D).
We further combined genomic occupancy profiles with the

RNA-seq data to identify QSER1 direct target genes in HCT116
cells. 175 of the 810 DEGs after QSER1 knockdown were also
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Fig. 1 Elevated QSER1 expression in multiple cancers is associated with poor clinical outcomes. A Expression of QSER1 across TCGA
cancers. ***P < 0.001. B Representative images showing QSER1 expression in pancreatic cancer and matched adjacent tissues. C Paired
analyses showing QSER1 IHC scores in the pancreatic cancer TMA cohort with both cancer and adjacent tissues. ***P < 0.001. D Samples in the
pancreatic cancer TMA cohort with both cancer and adjacent tissues were classified based on the QSER1 protein levels. E Kaplan-Meier (KM)
plots showing the overall survival of patients with pheochromocytoma and paraganglioma, liver hepatocellular carcinoma, pancreatic ductal
adenocarcinoma, sarcoma, or stomach adenocarcinoma stratified by QSER1 expression level. The five types of cancers were chosen from the
Kaplan–Meier plotter database according to the criteria of P value < 0.05. F The mutation types of QSER1 and the correlation of QSER1 copy
number and mRNA expression level.
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Fig. 2 QSER1 knockdown inhibits cell growth, and induces apoptosis in cancer cells. A Western blot showing the protein levels of QSER1,
cleaved-caspase 3 (C-CASP3) in HCT116 cells treated with 350 μM 5-fluorouracil (5-FU) for indicated time. TUBULIN was used as a loading
control. *, non-specific band. B CCK8 assay show cell viability in control (NonT shRNA) and QSER1 knockdown HCT116, A549, and SNU216
cells. Data are shown as the means ± SEM. ***P < 0.001. Crystal violet staining show colony formation ability of control (NonT shRNA) and
QSER1 knockdown HCT116 (C) and SNU216 (D) cells. Data are shown as the means ± SEM. ***P < 0.001. E Flow cytometry analysis detected the
proportion of apoptosis in control and QSER1 knockdown in HCT116, A549 and SNU216 cells. Data are shown as the means ± SEM.
***P < 0.001.Western blot showing the protein levels of QSER1 and cleaved-caspase 3 in control and QSER1 knockdown HCT116 (F), A549 (G),
and SNU216 (H) cells. TUBULIN was used as a loading control. *, non-specific band.
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bound by QSER1 (Fig. S4E), including PUMA, BAX, BLOC1S2, and
SYTL1 (Figs. 3B, S4F). To further examine whether and how QSER1
and p53 coordinate to regulate this subset of pro-apoptotic genes,
we performed p53 ChIP-seq and identified a total of 1318 p53
bound regions in HCT116 cells. p53 was mainly detected in the

non-TSS regions, where typical p53 recognition motif was highly
enriched (Fig. S4G, H). Surprisingly, clustering analyses revealed
that less than 5% of the QSER1 bound regions were co-occupied
by p53 (Fig. 3H). We then assigned QSER1 and p53 bound peaks to
their nearest genes, respectively. Interestingly, 389 genes were
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bound by both QSER1 and p53, mainly including genes involved
in cell cycle and apoptosis (Fig. 3I, J). For example, genome
browser tracks showed that QSER1 and p53 were localized to
different regions within the same genes, such as PUMA and BAX
(Fig. 3K). Thus, our data suggest that QSER1 could directly
suppress many of the p53 target pro-apoptotic genes.

QSER1 inhibits p53 genomic binding
To explore the potential mechanism of how QSER1 and p53
coordinate to regulate the same subset of genes, we examined
the dependency of p53 on QSER1 at chromatin. We first compared
the genome-wide occupancy profiles of p53 in control and QSER1
knockdown cells, and found that p53 occupancies were substan-
tially increased at about half of the p53 bound sites after QSER1
knockdown. In addition, QSER1 knockdown cells lost the
remaining half of the initial p53 sites, but gained 2313 new p53
binding sites compared with control cells. The differential p53
peaks in control and QSER1 depleted cells were categorized into
three groups: increased (Group A), lost (Group B), and newly
gained (Group C) (Fig. 4A–C). Motif analysis showed that the p53
consensus sequence was highly enriched in both Group A and C,
but not Group B (Fig. 4A), suggesting that QSER1 knockdown
might increase the affinity of p53 to the genomic region bearing
p53 consensus sequence.
Many of the known p53 target genes, such as BAX and p21,

were enriched in Group A (Figs. 4C, S5A). Increased expression of
the known p53 target genes after QSER1 knockdown was
accompanied by raised occupancies of p53 at these genes
(Fig. 4D). We noticed that p53 peaks in Group B were
predominantly found in TSS and showed in general weaker
signals than those in Group A (Fig. 4A, B). Thus, it is likely that
QSER1 depletion may predominantly lead to increased p53 signals
at the canonical p53 non-TSS sites.
It has been well known that the protein levels of p53 are

dynamically regulated in order to achieve specific downstream
output [23]. Interestingly, total and chromatin bound p53 protein
levels were significantly increased after QSER1 knockdown, while
its RNA levels remained largely unchanged (Figs. 4E, S5B–D).
Therefore, the increased binding of p53 to chromatin after QSER1
knockdown might be largely caused by the increased level of p53
protein. We speculated that QSER1 might affect stability of p53,
and performed cycloheximide chase assay, which indicated that
p53 was degraded more slowly after QSER1 knockdown (Fig. 4F).
We further examined whether and which post-translational
modification (PTM) could be responsible for p53 stability upon
QSER1 depletion. Overlapping the total 61 reported p53 upstream
kinases (https://www.phosphosite.org) with the 810 QSER1
regulated genes, we found five kinases, including the two p53
Ser315 kinases CDK1 [25] and NEK2 [26], were affected after
QSER1 knockdown (Fig. S5E). It has been reported that Ser315
phosphorylation is able to induce p53 degradation and attenuate
the DNA binding affinity of p53 [27, 28]. Indeed, QSER1

knockdown significantly reduced phosphorylation of p53 at
Ser315 (Fig. 4G). Taken together, our results suggest that
depletion of QSER1 might stabilize p53 protein levels and increase
the binding of p53 to chromatin.

p53 prevents QSER1 from binding to its target promoters
p53 deficiency confers unfavorable outcome in many cancers [29].
QSER1 overexpression was associated with poor cancer prognosis
(Fig. 1E). In line with this finding, we found up-regulation of the
QSER1 protein, but not RNA, levels in p53 knockout (KO) HCT116
cells (Figs. 4H, S5F, G). Genome-wide occupancy analyses demon-
strated that both numbers and occupancies of QSER1 peaks were
also generally increased in the absence of p53 (Figs. 4I, S5H),
highlighting the mutual regulation of QSER1 and p53 (Fig. 4J). We
also noticed that ChIP-seq read the intensity of QSER1 was
substantially increased after p53 KO at the PUMA and BAX TSS,
which was originally occupied by p53 (Fig. S5I). Further genome-
wide analyses revealed that, after p53 KO, QSER1 was relocated to
part of the regions initially bound by p53, majority of which were
TSSs occupied by Pol II and H3K4me3 (Fig. 4K–M), implying that p53
might block the binding of QSER1 to the promoters of these p53
target genes. Taken together, our results suggest that QSER1 and
p53 could function antagonistically through mutual regulation.

p53 is not absolutely required for repression of the pro-
apoptotic genes by QSER1
p53 acts as a transcription factor to directly activate the
transcription of PUMA and BAX [30, 31], thus promoting apoptosis.
When treated with the p53 activator Nutlin 3a, only the p53 WT
HCT116 cells, but not the mutated or deficient in PANC-1 and
H1299, underwent apoptosis (Fig. S6A). However, as we have
shown above, QSER1 knockdown induces apoptosis in both p53
WT and mutant cancer cells. This leads us to hypothesize that
QSER1 might generally function in suppressing the pro-apoptotic
genes, irrespective of p53 status. To elucidate to what degree
QSER1 relies on p53 to regulate the expression of PUMA and BAX,
we further depleted QSER1 in p53 KO HCT116 cells. QSER1
knockdown led to increases in both the RNA and protein levels of
PUMA and BAX in p53 KO cells, yet lower than the increases in p53
WT cells (Fig. 5A, B). Consistently, increased apoptosis observed
upon QSER1 depletion in p53 KO HCT116 cells was less in degree
compared with that in p53 WT HCT116 cells, and similar apoptotic
effect induced by QSER1 depletion was also observed in p53
mutated H1299, MKN7, and SNU216 cells (Figs. 5C–E, S6B, S7A, B).
We then performed Pol II ChIP analyses in WT and p53 KO cells
upon QSER1 depletion and found elevated levels of Pol II at the
TSSs of PUMA and BAX after QSER1 knockdown, further
substantiating that QSER1 can directly regulate PUMA and BAX
expression at the transcription levels (Figs. 5F, S7C). Taken
together, these results suggest that QSER1 can function in
suppressing the expression of pro-apoptotic genes, irrespective
of p53 status.

Fig. 3 QSER1 represses p53 target apoptosis genes through binding to these gene loci. A KEGG pathway analysis showing the signaling
pathways enriched in the 810 differentially expressed genes after QSER1 knockdown. B Heatmaps showing the expression of the 54 known
p53 directly activated genes in control and QSER1 knockdown HCT116 cells. C Metascape analysis shows part of the network of the signaling
pathways enriched in the QSER1-affected genes. The complete network map was shown in Supplementary Fig. 3E. D RT-qPCR showing the
expression of QSER1, BAX, PUMA, and p21 in control and QSER1 knockdown HCT116, A549, PANC-1, and H1299 cells after lentiviral
transduction 72 h. Data are shown as the means ± SEM. *P < 0.05. **P < 0.01. ***P < 0.001. E Immunofluorescence showing localization of
QSER1 in HCT116 cells. Strong QSER1 signal reduction was detected after QSER1 knockdown. DNA was counterstained using DAPI. The scale
bar is 30 μm. F Pie chart showing the percentage of QSER1 peaks overlapping with a transcription start site (TSS), residing within a gene
(inside), or upstream or downstream of the nearest gene. G Heatmaps showing the binding profiles of QSER1, Pol II, H3K4me3, H3K4me1, and
H3K27ac at the QSER1 enriched regions, which were partitioned into two groups: the TSS group, and the non-TSS group. Shown are ±5 kb of
the center of the QSER1 peaks. H Heatmaps showing the binding profiles of QSER1 and p53 in the QSER1 and/or p53 bound regions, which
were partitioned into three groups: the QSER1 and p53 co-bound group, the QSER1 only group, and the p53 only group. Shown are ±5 kb of
the center of the QSER1 peaks. I Venn diagram showing the overlap between the QSER1 nearest genes and the p53 nearest genes in HCT116
cells. J Gene Ontology (GO) term enrichment analysis of the genes bound by both QSER1 and p53. K ChIP-seq genome browser track showing
the occupancies of p53 and QSER1 at the PUMA and BAX loci. The centers of the p53 and QSER1 peaks were highlighted by orange and dark
blue dotted lines, respectively.
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As p53 is frequently mutated in cancers, we examined
the expression of QSER1 in p53 mutated clinical cancer
samples and found that QSER1 expression was significantly
upregulated in many types of cancers carrying p53 mutation
compared with p53 WT cancers (Fig. S7D). Interestingly, we

also found that TP53 is ranked as the second frequently
altered genes in the 323 QSER1 altered samples out of the
10,960 TCGA pan-cancer samples (Figs. 5G, S7E). Together, our
analysis points out a potential role of QSER1 in p53 mutated
cancers.
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Deletion of the QSER1 binding site in PUMA activates PUMA
transcription
PUMA is a potent inducer of apoptosis in various cancers [9]. To
understand the molecular mechanism underlying the regulation of
PUMA by QSER1, we interrogated the binding profile of QSER1 over
the entire PUMA locus. Multiple binding sites of QSER1 were
detected within the PUMA locus in HCT116 cells. Two of the QSER1
binding regions were located in the TSSs of PUMA and PUMA
antisense RNA, respectively; while the other one, named as the
QSER1 binding site in PUMA (QBP), was detected in the intron 2 of
PUMAwith strong intensity, which has not been reported previously
(Fig. 5H). QSER1 ChIP-seq analyses in HCT116, A549, and HeLa cells
revealed that QBP was the only binding site of QSER1 within the
PUMA locus (Fig. 5H). In addition, the presence of QSER1 on QBPwas
consistently observed in multiple cancer cell lines (Fig. 5I).
To examine whether QBP is involved in the transcriptional

regulation of PUMA, we employed CRISPR-mediated genomic
deletion to remove QBP from HCT116 cells (Fig. S7F). Two QBP-
deleted HCT116 cell lines were obtained (Fig. S7G). Indeed, the
expression of PUMA was substantially increased in both lines
(Fig. 5J). Western blot analyses confirmed that QBP deletion
caused the de-repression of PUMA without affecting the protein
levels of p53 (Fig. 5K). In addition, we also observed that QBP-
deleted cells showed decreases in cell proliferation and clono-
genicities when compared with HCT116 WT cells (Figs. 5L, S7H).
Intriguingly, the apoptosis rates of these two cell lines were
significantly increased after treated with the p53 activator
idasanutlin (Fig. 5M), suggesting that the combination of QBP
deletion and p53 activator may become a potential cancer
treatment strategy. Taken together, our results suggest that QSER1
binds QBP, a novel intronic cis-silencing element within PUMA, to
suppress PUMA expression.

QSER1 functions through SIN3A in suppressing PUMA
expression
To further explore the mechanism underlying the suppression of
PUMA by QSER1 through QBP, we analyzed published ChIP-seq
datasets to identify transcription suppressors that can also bind QBP.
We compared the binding profiles of a series of known transcription
suppressors, including SIN3A, HDAC1/2, KAP1, SETDB1, and YY1, with
QSER1 at the PUMA locus (Fig. 6A). Intriguingly, the transcription
repressor SIN3A showed similar enrichment profiles with QSER1
within PUMA (Fig. 6A), occupying PUMA TSS, PUMAas TSS and
especially QBP. We then examined the occupancies of QSER1 and
SIN3A in HCT116 and A549 cells at the genome-wide scale, and found
that SIN3A occupied around 80% of QSER1 sites, including QBP and
the BAX promoter (Figs. 6B, S8A, B). ChIP-qPCR analyses revealed

reduced SIN3A enrichment at the PUMA locus in QSER1-depleted cells
(Fig. 6C). Co-immunoprecipitation assay showed that QSER1 and
SIN3A were able to interact with each other (Fig. 6D). We next
examined the effects of SIN3A knockdown on PUMA expression, and
found that RNA and protein levels of PUMA were substantially up-
regulated after SIN3A depletion in p53WT, KO HCT116 and A549 cells
(Figs. 6E, F, S8C). Furthermore, SIN3A knockdown also substantially
inhibited cell proliferation, and induced apoptosis in these cell lines
(Figs. 6G, S8D). Taken together, our results indicate that QSER1 might
generally function together SIN3A to suppress genes such as PUMA
and induce apoptosis (Fig. 6H).

DISCUSSION
Pro-survival and pro-apoptotic pathways in cancers are sophisti-
cated. An imbalance between them favors cell survival, contribut-
ing to cancer progression and chemotherapy resistance [32, 33]. In
this study, we demonstrated that QSER1 is a novel anti-apoptotic
factor. Our data revealed an essential and general role of QSER1 in
anti-apoptosis through repressing the transcription of pro-
apoptotic genes (Fig. 7), and suggested that QSER1 inhibition
might be a promising therapeutic strategy to induce apoptosis in
both p53 WT and mutant cancers.

A general role of QSER1 in apoptosis
It has been well known that activation of the pro-apoptotic genes
is essential for inducing apoptosis. The pro-apoptotic genes,
especially PUMA, are highly regulated at the transcription level.
The basal expression level of PUMA is lowly maintained in
unstressed cells as the high GC-rich region within intron 1 restricts
its promoter’s accessibility to the transcriptional machinery [7].
Upon various genotoxic stresses, PUMA can be activated by many
different transcription factors, including p53, NF-κB [34], c-MYC [35],
CHOP [36], E2F1 [37], and members of the p53 family p63 and p73
[38] through the intron 1 regulatory region. However, how
PUMA and pro-apoptotic genes remain transcriptionally suppressed
under normal conditions is largely unexplored. Here, we
showed that depletion of QSER1 generally derepresses PUMA and
BAX, and induces apoptosis in various p53 WT, KO, and also mutant
cell lines. Intriguingly, scrutinizing its binding profile over the PUMA
locus, we found that QSER1 is enriched not only at the p53-bound
intron 1 region, but also a novel QSER1-specific intronic DNA
element, named QBP, across many different cell types. Our data
unraveled a novel molecular signaling mediated by QSER1 in
inhibiting apoptosis through maintaining the suppressive state of
pro-apoptotic genes in a p53-dependent and -independent
manner.

Fig. 4 QSER1 and p53 could function antagonistically through mutual regulation. A Heatmaps (left panel) showing p53 binding profile in
control and QSER1 knockdown HCT116 cells. p53 peaks were partitioned into three groups: increased (Group A), lost (Group B), and gained
(Group C) groups. Shown are ±5 kb of the center of the p53 peaks. Motif analyses (right panel) of the p53 peaks in the three different groups.
B Bar graph showing percentage of peak and gene associations according to the distance between p53 peak and its nearest TSS in the three
different groups. C ChIP-seq genome browser track showing the occupancies of p53 at the representative loci in control and QSER1
knockdown HCT116 cells in the three different groups. D Scatterplot correlating gene expression change after QSER1 knockdown (y-axis)
versus p53 occupancies change after QSER1 knockdown (x-axis). The known p53 directly activated genes that were up-regulated after QSER1
knockdown were highlighted by dark red dots. E Western blot showing the protein levels of p53 in control and QSER1 knockdown HCT116
and A549 cells. TUBULIN was used as a loading control. F Western blot showing the protein levels of p53 in control and QSER1 knockdown
HCT116 cells treated with cycloheximide (CHX) for indicated time. TUBULIN was used as a loading control. The relative intensity of p53/
TUBULIN was qualified using Image J. G Western blot showing the protein levels of p53-s315p and p53 in control and QSER1 knockdown
HCT116 and A549 cells. H Western blot showing the protein levels of QSER1 in HCT116 WT and p53 KO cells. TUBULIN was used as a loading
control. *, non-specific band. I Meta plot showing the average QSER1 occupancies in HCT116 WT and p53 KO cells. Shown are ±5 kb of the
center of the QSER1 peaks. J A schematic showing the mutual regulation of QSER1 and p53. K Heatmaps showing the binding profiles of p53
in HCT116 cells, and QSER1 in HCT116 WT and p53 KO cells at the p53 bound regions, which were partitioned into two groups: the QSER1 up-
regulated group, and the p53 only group. Shown are ±5 kb of the center of the p53 peaks. L Heatmaps showing the binding profiles of
H3K4me3 and Pol II in HCT116 cells at the p53 bound regions, which were partitioned into the two groups in C. Shown are ±5 kb of the center
of the p53 peaks. M Pie chart showing the percentage of p53 peaks in the two different groups (C) overlapping with TSS, residing within a
gene (inside), or upstream or downstream of the nearest gene.
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Suppression of the pro-apoptotic genes by QSER1 in a p53-
dependent and -independent manner
Many of the QSER1 directly regulated pro-apoptotic genes are also
p53 target genes. Here, we for the first time show that QSER1
functions as a multi-faced regulator of p53, and the pro-apoptotic
p53-target signaling as well. Interestingly, significant increases in
p53 protein levels and chromatin occupancies, largely due to
increased protein stability, were observed in QSER1-depleted cells.
It is well known that the levels of p53 in cells are tightly regulated

via PTM by more than 200 different regulators reported.
QSER1 knockdown affected the expression of some of the p53
PTM regulators, including CDK1 and NEK2 that phosphorylate
p53 at Ser315. Consistently, we found here that QSER1
knockdown led to a substantial reduction in phosphorylation of
Ser315 of p53, which might at least partially stabilize p53 protein.
It is worth further investigation that QSER1 may regulate various
p53 PTMs under different stress conditions in controlling cell
survival.
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We found that as a safeguard for cancer survival signaling,
QSER1 can also suppress the pro-apoptotic p53-target signaling in
the absence of p53. Most interestingly, QSER1 binds to the pro-
apoptotic p53-target loci at previously uncharacterized regions,
such as QBP. QBP deletion is able to induce PUMA transcription in
the absence of genotoxic stress, suggesting that QBP might be an
inhibitory element for PUMA to prevent inappropriate activation
of apoptosis program under unstressed condition. SIN3A is the
central scaffold protein of the SIN3A-HDAC1 corepressor complex
[39]. SIN3A has also been found to function with TET1 in activating
and repressing gene expression [40]. A recent study reported an
interaction of QSER1 with TET1 in protecting bivalent gene
promoters and enhancers from hypermethylation [17]. Here we
found that QSER1 interacted with SIN3A and depletion of QSER1
disrupted SIN3A occupancies over PUMA. It is likely that QSER1
could function through both SIN3A-HDAC and TET1 to maintain a
low expression level of PUMA, independent of p53. Further
investigation into QSER1 regulated cis-elements in other pro-
apoptotic genes may provide new functional insight into
apoptotic stress control.

The potential clinical application of QSER1 in cancers
QSER1 is significantly upregulated and associated with poor
clinical outcomes in many types of cancers, suggesting that QSER1
may serve as a cancer biomarker. A previous report also observed
the QSER1 peptides in ovarian cancer patients’ plasma [16].
Further studies are needed to investigate whether plasma QSER1
peptide levels can be used for diagnosis or reflect the prognosis of
QSER1 up-regulated cancers. In the other hand, the up-regulation
of QSER1, irrespective of TP53 status, could be a strategy of cancer
cells developed to escape apoptosis. TP53 somatic mutations are
frequently found in human tumors and are associated with poor
patient prognosis. Cancers with TP53 mutations were hard to be
targeted through p53 activators to restore their activity [41]. Thus,
further studies are needed to investigate by which mechanisms
p53 antagonize the expression or protein stability of QSER1, which
may lead to the identification of upstream regulation signaling as
an alternative strategy to target QSER1 for cancer therapy.

MATERIALS AND METHODS
Tissue samples and immunohistochemistry
Tissue microarrays were generated using the tissues from 60 pancreatic
carcinomas patients by Shanghai Outdo Biotech Company, including
tumor and adjacent tissues. Immunohistochemistry (IHC) of QSER1 was
carried out using the standard streptavidin-peroxidase (S-P) method.
QSER1 immunostaining was assessed independently by two observers
(Z.X.R. and H.S.H.). IHC scores were calculated by multiplying an absolute

staining intensity score on a scale of 0–3 (0, negative; 1, weak; 2, mild; and
3, strong) by a positive rate score on a scale of 1–4 (1, positive areas of
0–25%; 2, positive areas of 26–50%; 3, positive areas of 51–75%; and 4,
positive areas of 76–100%).

Cell culture
HCT116 WT, HCT116 p53 KO, A549, HEK293T, PANC-1, and HeLa were
cultured in DMEM (HyClone) supplemented with 10% FBS (Ex-Cell Bio) and
1% Penicillin–Streptomycin (HyClone). H1299, MKN7, MKN74, and SNU216
were cultured in RPMI 1640 medium (HyClone) supplemented with 10%
FBS (Ex-Cell Bio) and 1% Penicillin-Streptomycin (HyClone). All cells were
maintained in a humidified incubator at 37 °C under 5% CO2.

Cell treatment
Cells were treated with 5-fluorouracil (5-FU, sigma F6627), Cycloheximide
(CHX, Millipore #239736), Z-VAD(OMe)-FMK (z-VAD, MCE HY-16658),
Idasanutlin (IDA, MCE HY-15676) and Nutlin 3a (MCE HY-10029) at
indicated concentrations.

Lentivirus mediated RNAi
Human QSER1 shRNA constructs were cloned into the pLKO.1 vector
(Addgene). The Non-targeting shRNA construct (SHC002) was purchased
from Sigma. Lentiviral particle preparation and infection were performed.
Briefly, around 70% confluent HEK293T cells in 150mm tissue culture plate
were co-transfected with 8 μg of the shRNA construct or non-targeting
control shRNA, 6 μg of psPAX2 packaging plasmids and 2 μg of pMD2.G
envelope plasmids using the Lipofectamine 6000 (Beyotime C0526) or
Polyethylenimine branched (sigma #408727). The media were replaced
with fresh DMEM supplemented with 10% FBS after 16 h of transfection.
The lentiviral supernatants were collected 48 and 72 h after the
transfection, filtered through 0.45 μm filters, and concentrated at 18 K rpm
for 2 h. Cells were infected with concentrated lentiviral particles with
polybrene (Sigma) at the concentration of 8 μg/ml. 24 h after infection, the
cells were subjected to selection with 2 μg/ml of puromycin for an
additional 48 h.

Annexin V-FITC apoptosis detection
The apoptosis ratio was analyzed using the Annexin V-FITC Apoptosis
Detection Kit (Dojindo) according to the manufacturer’s instructions.
Briefly, 1–5 × 105 cells were stained with Annexin V and PI for 10min at
room temperature, and immediately analyzed by flow cytometry.
Experiments were repeated in triplicate.

Cell cycle detection
For cell cycle detection, cell staining was performed using the Cell Cycle
Assay Kit - PI/RNase Staining kit (Dojindo, C543). Concisely, cells were first
fixed for 2 h in pre-chilled 70% ethanol at 4 °C. Cells were then stained in
the dark for 30min at 37 °C and finally incubated in the dark for 30min at
4 °C. Cell cycle was determined by flow cytometry. The results were
analyzed using FlowJo 7.6.1 software.

Fig. 5 QSER1 represses p53 target pro-apoptotic genes in the absence of p53. A RT-qPCR showing the expression of QSER1, PUMA, and BAX
in control and QSER1 knockdown HCT116 WTor p53 KO cells. Data are shown as the means ± SEM. *P < 0.05. **P < 0.01. ***P < 0.001. BWestern
blot showing the protein levels of PUMA, BAX, QSER1, cleaved-caspase 3 and p53 in control and QSER1 knockdown HCT116 WT or p53 KO
cells. TUBULIN was used as a loading control. *, non-specific band. C Flow cytometry analysis detected the proportion of apoptosis in control
and QSER1 knockdown in HCT116 p53 KO cells. Data are shown as the means ± SEM. ***P < 0.001. D CCK8 assay show cell viability in control
and QSER1 knockdown HCT116 p53 KO cells. Data are shown as the means ± SEM. ***P < 0.001. E Western blot showing the protein levels of
PUMA, BAX, and QSER1 in control and QSER1 knockdown H1299, MKN7, or SNU216 cells. TUBULIN was used as a loading control. *, non-
specific band. F ChIP-seq genome browser track showing the occupancies of Pol II at the PUMA and BAX loci in control and QSER1 knockdown
HCT116 WT or p53 KO cells. The PUMA and BAX TSS regions were highlighted by gray bars. G Scatterplot showing the altered frequency of the
mutations that correlate with QSER1 mutation and non-mutation group. The TP53 mutation is marked as orange spot. H ChIP-seq genome
browser track showing the occupancies of QSER1, p53, and Pol II in PUMA TSS, PUMAas TSS, and QBP site. I ChIP-qPCR showing the enrichment
of QSER1 at the indicated regions in MKN74, H1299, MKN7, PANC-1, SNU216, and A549 cells. Data are shown as the means ± SEM. *P < 0.05.
**P < 0.01. NS, no significance. J RT-qPCR showing the expression of PUMA in WT and QBP deleted HCT116 cells. Data are shown as the
means ± SEM. *P < 0.05. **P < 0.01. K Western blot showing the protein levels of PUMA and p53 in WT and QBP deleted HCT116 cells. TUBULIN
was used as a loading control. L CCK8 assay show cell viability in WT and QBP-deleted HCT116 cells. Data are shown as the means ± SEM.
**P < 0.01. ***P < 0.001. M Flow cytometry analysis detected the proportion of apoptosis in WT and QBP-deleted HCT116 cells after treatment
with idasanutlin. Data are shown as the means ± SEM. **P < 0.01. ***P < 0.001. NS, no significance.
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CCK8 assay
Cells were seeded in 96-well plates at 1500 cells/well. 10 μL of CCK-8
(Dojindo) was added to each well at time points of 0, 24, 48, and 72 h of
cell growth. Then, after 2 h of incubation at 37 °C 5% CO2, the OD450 and
OD630 values were measured using an imaging reader (biotek cytation 5).

Clonogenic assay
The clonogenic assay was performed by seeding 200 or 400 cells/well into
six-well plates in triplicate. 11 days after seeding colonies were fixed by 4%
formaldehyde and, stained with 0.1% crystal violet dye (Sangon Biotech)
dissolved in 2% ethanol, and counted.
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Antibodies
The antibodies to PUMA (sc-374223), p53 (sc-126), and p53-s315(sc-
135772) were obtained from Santa Cruz. The antibodies to cleaved-caspase
3 (A11021), SIN3A (A1577), and BAX (A0207) were obtained from ABclonal.
The antibody to TUBULIN (66031–1) was obtained from Proteintech. The
antibodies to Pol II and QSER1 were generated in house.

Chromatin isolation
Cells were incubated in buffer A (10mM HEPES [pH 7.9], 10 mM KCl,
1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, Triton X-100 (0.1%), 1 mM
DTT, Protease Inhibitor (sigma, P8340) on ice for 5 min. Nuclei were
gathered in pellet by low-speed centrifugation (5 min, 1300 × g, 4 °C).
Nuclei were washed once with buffer A, then lysed in buffer B (3 mM EDTA,
0.2 mM EGTA, 1 mM DTT, protease inhibitors) on ice for 30min. Sample
was retained by low-speed centrifugation (4 min, 1700 × g, 4 °C). Insoluble
chromatin was collected after washing in buffer B and centrifuging under
the same conditions.

Immunofluorescence
Cells were grown on coverslips, fixed with 4% paraformaldehyde for
20min, and blocked with 10% BSA solutions before immunostaining.
Primary antibodies were applied in antibody dilution buffer (1 × PBS, 1%
BSA, 0.3% Triton X-100) overnight at 4 °C. After three times of washes with
PBST, coverslips were incubated at room temperature with secondary
antibodies (anti-rabbit IgG Alexa fluor 488, 1:2000) for 1 h, followed by
three times of washes with PBST. Cover glasses were mounted on slides in
Vectashield containing DAPI and visualized under fluorescent microscope.

Immunoprecipitation
Immunoprecipitation was performed as previously described [42]. Briefly,
HCT116 cells were lysed in high salt lysis buffer. After Incubation for 30min
at 4 °C, centrifuge at high speed, remove the supernatant, and add
equilibration buffer to bring the final NaCl concentration to 300mM.
Antibody and protein A beads were then added to the samples and
incubated overnight at 4 °C. Beads were spun down and washed 3 times
with wash buffer before boiling in SDS loading buffer.

Western blot
Proteins were resolved in SDS-PAGE gels and transferred to polyvinylidene
fluoride (PVDF) membrane. Primary antibodies used were incubated
overnight at 4 °C. HRP-conjugated secondary antibodies (Sigma) were used
at a dilution of 1:5000. ECL substrate (Millipore) was applied to the
membrane for imaging by autoradiography.

CRISPR-Cas9 guided knockout of QBP
sgRNA oligos targeted the QBP region were cloned into the lentiCRISPR v2
(Addgene). Lentiviral particle preparation was performed as described above.
HCT116 cells were infected and selected with puromycin for 48 h. The infected
cells were maintained until cell clones were ready to be picked. The clones
were screened with PCR, and confirmed by TA cloning and sequencing.

CRISPR-Cas9 mediated knockdown
An inducible lentiviral Cas9 vector (pCW-CAS9; Addgene 50661) was used
to generate stable Cas9-expressing HCT116 cells. sgRNAs were cloned into
pLKO5.sgRNA.EFS.PAC vector (Addgene 57825). The stable Cas9-expressing
HCT116 cells with doxycycline (Sigma) pre-treated 48 h were infected with
QSER1 sgRNAs. 6 days after infection, the cells were harvested for further
analyses.

Quantitative RT-PCR and RNA-seq library preparation
Total RNA was extracted by using the RNeasy kit (Qiagen) according to the
instructions of the manufacturer. RNA was treated with RNase-free DNase I
(New England Biolabs), and re-purified on the column. Reverse transcrip-
tion was performed by PrimeScript™ RT Master Mix (TaKaRa). cDNA was
amplified using iTaq™ Universal SYBR® Green Supermix (Bio-Rad) on CFX96
(Bio-Rad). The relative expression levels of genes of interest were
normalized to the expression of the housekeeping gene GAPDH.
RNA-seq libraries were generated using the VAHTS mRNA-seq v2 Library

Prep kit for Illumina (Vazyme) according to the instructions of the
manufacturer. Briefly, polyadenylated RNA was fragmented and reversed
transcribed. Then the reversed cDNA was ligated to adapters for
sequencing.

ChIP and ChIP-seq library preparation
ChIP was performed according to the previously published protocol [43].
Fixed chromatin was sonicated into 200–800 bp fragments (Bioruptor,
Diagenode) in ChIP lysis buffer (10mM Tris-HCl [pH 8.0], 100mM NaCl,
1 mM EDTA, 0.5 mM EGTA, 0.1% Na-Deoxycholate, 0.5% N-lauroylsarcosine)
supplemented with protease inhibitor cocktail (Sigma). Chromatin extracts
were incubated with specific antibody and protein A agarose beads at 4 °C
overnight. Immunoprecipitates were washed with RIPA buffer (50mM
HEPES-KOH [pKa 7.55], 500mM LiCl, 1 mM EDTA, 1.0% NP-40, 0.7% Na-
Deoxycholate) five times and TE once. After the final wash, DNA was eluted
and reverse-crosslinked at 65 °C. DNA was then purified and used as a
template for qPCR or for ChIP-seq libaray preparation. Libraries were
prepared with NEB Next sample prep kit (NEB) for further next-generation
sequencing. For Chip-qPCR, two primers targeting non-regulatory region
were used as negative controls (NC).

RNA-seq data processing
The clean reads were aligned to the human genome (hg19) using TopHat
(v2.1.0) [44] with default parameters. The Cuffdiff program within Cufflinks
(v1.2.0) was used to test statistically significant differences in genes
expressions between control and QSER1 knockdown cells [44]. And the
expression levels were quantified to fragments per kilobase million (FPKM).
Correlation analysis was performed on each RNA-seq data using R software
and Corrplot package (https://github.com/taiyun/corrplot).
The differentially expressed genes after QSER1 knockdown were used

for Gene Ontology (GO) analysis and gene function clustering network by
Metascape [45] (https://metascape.org/). The KEGG pathway analysis was
performed using an online tool DAVID [46] (https://david.ncifcrf.gov/
home.jsp) and plot was generated by R package ggplot2 [47].

ChIP-seq data processing
The clean reads were aligned to the human genome (hg19) using
Bowtie2(v 2.3.5.1) [48] allowing uniquely mapping reads only, and
converted to BAM format with Samtools [49]. Peaks were called with
Homer (v4.11) [50] (p < 1e-5) and the density tracks were normalized to
reads per million (RPM) based on mapping results. ChIP-seq data from
previously published studies were processed with the same settings
The location of peaks was annotated in terms of genomic features by R

package ChIPseeker [51] (tssRegion= c(−500,500)). The cluster analysis
was through deeptools(v3.5.1) [52] and bedtools(v2.30.0) [53]. The regions
of each cluster were extracted and used for the motif analyses by Homer
program findMotifsGenome.pl (-len 8,10,12), and the downstream analysis
was performed by GREAT (v4.0.4) [54] (http://great.stanford.edu). The ChIP-
seq and RNA-seq data were deposited in the GEO dataset under the
accession number GSE180229.

Fig. 6 QSER1 functions through SIN3A in suppressing PUMA expression. A ChIP-seq genome browser track showing the occupancies of
QSER1, key transcription repressors and histone modifications at the PUMA loci. B Heatmaps showing the binding profiles of QSER1 and SIN3A
co-bound or QSER1 only regions in HCT116 and A549 cells. Shown are ±5 kb of the center of the QSER1 peaks. C ChIP-qPCR showing the
enrichment of SIN3A at the indicated regions in control and QSER1 knockdown cells. Data are shown as the means ± SEM. *P < 0.05. **P < 0.01.
D Endogenous co-IP of QSER1 and SIN3A from HCT116 cells. E RT-qPCR showing the expression of PUMA in control and SIN3A knockdown in
p53 WTor KO HCT116, and A549 cells. Data are shown as the means ± SEM. *P < 0.05. ***P < 0.001. FWestern blot showing the protein levels of
SIN3A, PUMA, and cleaved-caspase 3 in control and SIN3A knockdown in p53 WT or KO HCT116, and A549 cells. TUBULIN was used as a
loading control. G Flow cytometry analysis detected the proportion of apoptosis in control and SIN3A knockdown HCT116, HCT116 p53 KO,
and A549 cells. Data are shown as the means ± SEM. ***P < 0.001. H A schematic showing the regulation of QSER1 on PUMA by
recruiting SIN3A.
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ChIP-seq data

SIN3A GEO Datasets GSM935289

SIN3A GEO Datasets GSM2423593

SIN3A GEO Datasets GSM1010905

p53 GEO Datasets GSM5369784

HDAC1 GEO Datasets GSM1003448

HDAC2 GEO Datasets GSM1003447

KAP1 GEO Datasets GSM1010849

SETDB1 GEO Datasets GSM935458

MTA3 GEO Datasets GSM1010729

E2F1 GEO Datasets GSM935484

NCoR GEO Datasets GSM1003565

YY1 GEO Datasets GSM803381

TET1 GEO Datasets GSM5242650

EZH2 GEO Datasets GSM1003489

SUZ12 GEO Datasets GSM1003545

CBX2 GEO Datasets GSM1003567

CBX8 GEO Datasets GSM1003569

H3K4me3 GEO Datasets GSM2533929

H3K4me3 GEO Datasets GSM1003561

H3K4me1 GEO Datasets GSM2527547

H3K4me1 GEO Datasets GSM1003453

H3K27ac GEO Datasets GSM2534278

H3K27ac GEO Datasets GSM1003578

H3K9me3 GEO Datasets GSM2527565

H3K36me3 GEO Datasets GSM2527452

H3K27me3 GEO Datasets GSM2308613

Clinical data analysis
QSER1 expression in multiple human cancers and in p53-mutant and p53-
non-mutant were downloaded from ULCAN (http://ualcan.path.uab.edu/).
The clinical outcome analysis of QSER1 was performed using KM plotter
(https://kmplot.com/analysis/). The analyses of QSER1 mutation and
alteration event frequency genes were performed using cBioPortal
database (http://www.cbioportal.org/).

Statistical analysis
For analysis of cell experiments, values are the mean ± SEM of n= 3
independent experiments. Two-tailed Student’s t test was used to
determine the significance of differences.
Oligos used in this study:

RT Primer

PUMA Forward: GACCTCAACGCACAGTACGAG

Reverse: AGGAGTCCCATGATGAGATTGT

p53 Forward: CAGCACATGACGGAGGTTGT

Reverse: TCATCCAAATACTCCACACGC

BAX Forward: CCCGAGAGGTCTTTTTCCGAG

Reverse: CCAGCCCATGATGGTTCTGAT

p21 Forward: TGTCCGTCAGAACCCATGC

Reverse: AAAGTCGAAGTTCCATCGCTC

QSER1 Forward: ACTGGCGGTAACAGTCCATC

Reverse: ACCCACAGTGGTTGAGGAAG

SIN3A Forward: GGTGGAGGATGCGCTATCTTA

Reverse: GGGTGTCGATGCTCTGAGATTT

ChIP Primer

PUMA TSS Forward: GGAGATCGCCCAGACACC

Reverse: TCTGTGTACGCATCGCTGG

QBP Forward: GATGGGGGATGGGAAACCAG

Reverse: ATGGGCTGTTAACCCTGTGG

Fig. 7 Working model of QSER1 mediated suppression of the pro-apoptotic genes. QSER1 functions antagonistically with p53 to balance
survival and apoptosis (upper panel). QSER1 and p53 occupy distinct regulatory regions of the pro-apoptotic genes, such as PUMA, and
regulate their expression in the opposite direction (middle left panel). QSER1 functions together with SIN3A to preserve the suppressive status
of the pro-apoptotic genes in both p53 WT and deficient cells (middle and lower left panel). QSER1 depletion leads to increases in both
protein stability and chromatin occupancy of p53, thus activating the pro-apoptotic genes in p53 WT cancer cells (middle right panel). While
in p53 deficient cancer cells, QSER1 depletion also results in de-repression of PUMA expression (lower right panel).
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PUMAas TSS Forward: TGCTGACTCACCGGCTATAA

Reverse: ACTAGGCCGCCGAGGAGT

Bax Forward: TGCGGGGCAGCGGCCATTTT

Reverse: TGAGAGCCCCGCTGAACGT

Negative control-1 Forward: GACTGTACTGTTCAGAGGTGTAT

Reverse: CCTTCCCTACTCCAGTTACAGA

Negative control-2 Forward: ATTTCCCATCAGTATTGTGACCAA

Reverse: AGAGTTCTCAGCGGGAGTTTAAAA

Sequencing Primer

QBP Forward: AATTGCAGCCCACTGTCTCT

Reverse: GGTTCCCTAAGGCCTACAGC

sgRNA

QBP sgRNA-1: GGACACCGATTTCAAGGCCA

QBP sgRNA-2: GAGTTGACAGTCCTCCCGCT

QSER1 sgRNA-1: TTTCTATTGCTGAAGGTGGT

QSER1 sgRNA-2: AGGGCTCCATCCTGGCAGAC

shRNA

QSER1 shRNA-1:

Forward: CCGGGCTCCTGTTGATAGTACATTACTCGAGTAATGTACTATCAACAGGAGCTTTTT
TG

Reverse: AATTCAAAAAGCTCCTGTTGATAGTACATTACTCGAGTAATGTACTATCAACAGGAGC

QSER1 shRNA-2:

Forward: CCGGAGCACTCCTTACATAGTTATCCTCGAGGATAACTATGTAAGGAGTGCTTTTTTG

Reverse: AATTCAAAAAAGCACTCCTTACATAGTTATCCTCGAGGATAACTATGTAAGGAGTGCT

SIN3A shRNA-1:

Forward: CCGGGGTGGAACAGAATCGTTATTTCTCGAGAAATAACGATTCTGTTCCACCTTTTTG

Reverse: AATTCAAAAAGGTGGAACAGAATCGTTATTTCTCGAGAAATAACGATTCTGTTCCACC

SIN3A shRNA-2:

Forward: CCGGGATCAAATCAGAGGACTATATCTCGAGATATAGTCCTCTGATTTGATCTTTTTG

Reverse: AATTCAAAAAGATCAAATCAGAGGACTATATCTCGAGATATAGTCCTCTGATTTGATC

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
The ChIP-seq and RNA-seq data were deposited in the GEO dataset under the
accession number GSE180229. This paper does not report original code.

CODE AVAILABILITY
The ChIP-seq and RNA-seq data were deposited in the GEO dataset under the
accession number GSE180229. This paper does not report original code.
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