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Breast cancer (BRCA) is one of the most deadly cancers worldwide, with poor survival

rates that could be due to its high proliferation. Human all-alpha dCTP pyrophosphatase

1 (DCTPP1) is implicated in numerous diseases, including cancers. However, its role

in BRCA is unclear. In this study, we used bioinformatic analyses of the ONCOMINE,

UALCAN, and GEPIA databases to determine the expression pattern of DCTPP1 in

BRCA. We found that elevated DCTPP1 levels correlate with poor BRCA prognosis.

DCTPP1 silencing inhibited BRCA cell proliferation and induced apoptosis in vitro, as well

as in vivo. Our data show that this tumorigenic effect depends on DNA repair signaling.

Moreover, we found that DCTPP1 is directly modulated by miR-378a-3p, whose

downregulation is linked to BRCA progression. Our results showed down-regulation of

miR-378a-3p in BRCA. Upregulation of miR-378a-3p, on the other hand, can inhibit

BRCA cell growth and proliferation. This study shows that reduced miR-378a-3p level

enhances DCTPP1 expression in BRCA, which promotes proliferation by activating DNA

repair signaling in BRCA.
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INTRODUCTION

Breast cancer (BRCA) is estimated to be responsible for 30% of all new cancer cases in women
and is the second primary cause of cancer deaths in women (1–3). The poor prognosis and high
death rates of BRCA are due to abnormal cellular proliferation (4). The standard treatments for
BRCA patients include surgery, radiotherapy, and chemotherapy, or a combination of multiple
methods. Although the overall survival rate of breast cancer patients has recently increased, tumor
relapse, therapy resistance, or far-end metastasis still occur in several BRCA patients. The complex
tumorigenic mechanisms of BRCA impede its treatment. Therefore, a better understanding of its
underlying mechanisms and reliable markers is needed to improve BRCA outcomes.

Human all-alpha dCTP pyrophosphatase 1 (DCTPP1) localizes in the nucleus, cytosol, and
mitochondria (5). DCTPP1 is highly expressed in embryonic tissue along with proliferative tissues
with expanded nucleotide pools. This enzyme is upregulated also in various human cancers
(6, 7). Song et al. showed that DCTPP1 promotes BRCA cell growth and stemness by modulating
5-methyl-dCTP metabolism and global hypomethylation (6). Zhang et al. suggested that nuclear
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DCTPP1 in cancer cells may suffice to maintain proper DNA
replication, hence promoting survival and proliferation of
BRCA cells (8). However, there is no evidence showing post-
transcriptional regulation of DCTPP1 in BRCA progression.

MicroRNAs (miRNAs) are short oligonucleotides made of
22–25 nucleotides. miRNAs can act as a tumor suppressor
to inhibit cancer progression by modulating proliferation,
apoptosis, invasion/metastasis, as well as angiogenesis (9–11).
miRNAs dock to the 3′-UTR of target genes to modulate the
expression of at least 30% of all protein-coding genes (12). In
BRCA, they have oncogenic and anti-cancer roles depending on
their target messenger RNA (mRNA) (13, 14). Numerous studies
have shown that miRNAs influence BRCA cancer proliferation,
apoptosis, and resistance to chemotherapy. For instance, miR-
21 and miR-210 upregulation in BRCA correlates with poor
prognosis (15). The miR-200 family includes miR-200a, miR-141,
miR-200b, miR-429, and miR-200c. Expression of these miRNAs
is lost in invasive BRCA cell lines (16). However, there is less
evidence that miR-378-3p is involved in BRCA. miR-378a-3p has
anti-tumor effects in glioblastoma multiforme through targeting
tetraspanin 17 (17). miR-378a-3p also sensitizes ovarian cancer
cells to cisplatin via MAPK1/GRB2 signaling (18). In BRCA cells,
miR-378a-3p serves as a biomarker in age-related BRCA and
BRCA evolution during adjuvant chemotherapy (19). However,
the precise mechanisms underlying the function of miR-378a-3p
in BRCA are unclear.

DNA repair is critical for genomic integrity and is activated
by DNA damage, making it critical for cell survival (20). Zhang
et al. suggested that nuclear DCTPP1 in cancer cells might suffice
to maintain proper DNA replication, promoting survival, and
proliferation of BRCA cells (21). There is no evidence of DCTPP1
involvement in DNA repair in BRCA cells.

Here, we found that DCTPP1 overexpression in BRCA cells
and tissues correlates with a poor prognosis. The present study
demonstrated that DCTPP1 enhanced BRCA cell proliferation
and that the miR-378a-3p direct target is downregulated in
BRCA. On the other hand, it repressed proliferation when
upregulated. DNA repair signaling cascade is a primary signaling
axis of miR-378-3P/DCTPP1 in BRCA with a poor prognosis.
Our findings highlight miR-378-3P/DCTPP1 signaling as a
potential therapeutic target against BRCA.

METHODS

Cell Lines and Cell Culture
Human BRCA cell lines MDA-MB-231, MDA-MB-468, MCF-
7, and BT-549 as well as normal breast epithelial cells MCF-
10A were purchased (22). BRCA cells were grown in complete
high glucose DMEM (Wisent, USA), enriched with 10% FBS,
100µg/ml pen/strep (Hyclone, USA). MCF10A were cultured in
mammary epithelial cell basal medium (MEBM, Lonza, USA)
supplemented with 100 ng/ml cholera toxin. All cells were grown
at 37◦C, 5% CO2 in a humidified incubator.

Lentiviral Transfection and Small
Interfering RNA
DCTPP1 knockdown (shDCTPP1) or DCTPP1 overexpression
(DCTPP1), and a scrambled sequence (SCR) or a negative

control (NC) sequence, respectively, were used according
to the manufacturer’s instructions. Plasmid sequences were
validated via sequencing (GenePharma, China). We cultured
the cells were in 6-well plates at 30% confluence, followed by
inoculation with the retroviruses. Polybrene (5µg/ml) was
used to enhance infection efficiency. Stably transfected cells
(puromycin-resistant) were selected by treating with puromycin
(2µg/ml) for 2 weeks. DCTPP1-overexpressing MCF7 and
MDA-MB-468 cells, and control (NC) cells were inoculated into
6-well plates and cultured overnight. Next, siRNA (GenePharma,
China) and non-targeting control siRNA were transfected using
lipofectamine R© 3000 (Invitrogen, USA) using manufacturer
instructions. The sequences of the siRNAs were: Sense 5′-
gatccgcccttcaagaggagcttattcaagagataagctcctcttgaagggcttttttacgcgt
g-3′ and antisense 5′-aattcacgcgtaaaaaagcccttcagaggagcttatctcttga
agctcctcttgaagggcg-3′. miRNA sequences were as follows:
miR-378a-3p mimic: cuggacuuggagucagaagg, mimic-
NC: agugcauguuaugccuacg, miR-378a-3p inhibitor:
aguucagguucugacuccu, inhibitor-NC: ugguccguguaggccuacua.

RT-qPCR Analysis
Isolation of total RNA was carried out with the Trizol reagent
(TaKaRa, USA). cDNA was generated from 1 µg of RNA via
reverse-transcription with the Primescript RT Reagent (TaKaRa,
USA). The FastStart Universal SYBR Green Master (Roche,
USA) was employed to perform RT-qPCR on a real-time
PCR instrument (Applied Biosystems, USA). GAPDH and U6
were used as reference genes. The primers are indicated in
Supplementary Table 1.

Western Blot Assessment
Cells were lysed using RIPA buffer (Thermo Fisher, USA)
enriched with 0.1% protease inhibitor, 1% phosphatase inhibitor,
as well as 1% PMSF. Fractionation of the proteins was done
on SDS-PAGE gel and then the proteins transfer-embedded
onto NC membranes (Millipore, USA). Afterward, membranes
were blocked with 5% skimmed milk in PBS for 2 h, followed
by overnight incubation with anti-β-actin (Cell Signaling
Technology, USA) and anti-DCTPP1 (Abgent Inc., USA) at 4◦C.
They were then washed thrice, 10min each with PBST, and
incubated for 1 h with indicated secondary antibodies.

Cell Counting Kit (CCK-8) Assay
Cell proliferation was examined using a CCK-8 kit (Dojindo,
Japan) as per the manufacturer’s protocol. 2 × 103 cells/well,
in 200 µl of cell culture media, were cultured onto 96-well
plates and cultured at 37◦C for 4 h. The cell culture medium
was then replaced with media enriched with 10% CCK8, then
incubation of the cells was performed at 37◦C for 2 h. Thereafter,
a microplate reader was employed to determine the absorbance
at 450 nm.

Ki67 Assay
Cells were seeded in 6-well plates before transfection with
DCTPP1-siRNA, mimic of miR-378a-3p, or their NC control
for 48 h. After that, fixation with 75% absolute ethanol was
performed for 60 s, followed by rinsing twice with PBS, then
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staining by Giesma (Sigma, USA) for 15min, and dried at room
temperature. The colonies with≥50 cells/well were then counted.

TUNEL Assay
Breast cancer cells (MCF-7 andMDAMB-468) were inoculated in
6-well plates before transfection with DCTPP1-siNRA or control
group for 48 h. TUNEL assay kit (Roche, Germany) was used to
test MCF-7 and MDA-MB-468 cell apoptosis. After that, cells
fixation with 4% PFA (paraformaldehyde) for 15min. Then,
MCF7 and MDA-MB-468 were blocked in 0.1% Triton X-100 for
1 h. Cells were then treated with a TUNEL reaction mixture at
room temperature for 1 h. Cell nuclei were stained by DAPI for
5 min.

Dual-Luciferase Assay
Where specified, cells were inoculated and grown in triplicates for
24 h, followed by co-transfection with DCTPP1-3′-UTR clones
or mutant clones with pRL-TK Renilla plasmid and miR-378a-
3p mimic. After the elapse of 48 h, the luciferase enzyme activity
of transfected cells was assessed using a dual luciferase assay kit
(Promega, USA) following the manufacturer’s instructions.

In vivo Tumor Xenograft Model
All animal experiments adhered to guidelines by the Institutional
Animal Care and Use Committee of the Harbin Medical
University. We randomly split 28, 4-week old female BALB/c
nude mice, weighing 18–22 g into four groups. Stable DCTPP1-
siRNA, miR-378a-3p mimic, NC MCF-7 cells, or control cells (1
× 106 cells in 100 µl of PBS) were subcutaneously administered
into mammary fat pads of the mice, and tumor volume measured
weekly using calipers. Tumor volume was given by the formula:
(tumor length × width × height)/2. After 6 weeks, we sacrificed
the mice and measured the final tumor weight.

Clonogenic Survival Assay
We transfected the 8 × 102 MCF-7, and MDA-MB-468 cells
with DCTPP1 siRNA, control siRNA, miR-378a-3p mimic, or
mimic of miR-NC were planted into 6 cm dishes and cultured
for 10 d. Staining of colonies by 0.1% crystal violet in 20%
methanol was done for 15min. Five-hundred cells as the
standard for a Clonogenic. They were then imaged, and visible
colonies determined.

γH2A Immunofluorescence (IF) Staining
MCF-7 andMDA-MB-468 cells were seeded onto glass coverslips
and grown for 24 h to 50–60% density. They were then treated
with DCTPP1 siRNA, or Control-si, for 48 h and fixed. They were
then stained using anti-γH2A antibody (CST, USA) for 1 h and
then incubation with secondary antibody performed for 20min
at RT. They were then counterstained with DAPI and mounted
on prolong R© diamond antifade (Applied biosystems, USA).

Database Analysis
To determine DCTPP1 transcription levels in breast cancer, we
analyzed gene expression cohorts in the ONCOMINE (https://
www.oncomine.org), UALCAN (http://ualcan.path.uab.edu/
analysis.html), Gene Expression Profiling Interactive Analysis
(GEPIA) (http://gepia.cancer-pku.cn/index.html). Metascape
(http://metascape.org) databases to explore the interaction and
function of DCTPP1 co-expressed genes. Enrichment of GO
terms including biological process, cellular component, and
molecular function, and KEGG pathways was carried on using
the Metascape online tools. Functional terms with p-value ≤0.01
and minimum count ≥3 were considered statistically significant.
The most significant term within each cluster was chosen as
representative of this cluster. Then, the association between
the significant terms was established as a network, in which
terms with similarities >0.3 were connected. Protein–protein

FIGURE 1 | DCTPP1 expression in BRCA. (A) DCTPP1 expression in pan-cancer. (B) DCTPP1 expression in TCGA breast cancer. (C) DCTPP1 expression in Curtis

breast cancer. (D) DCTPP1 expression in Ma breast 4 cancer.
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FIGURE 2 | DCTPP1 in BRCA patients was higher than that of healthy people. (A) DCTPP1 expression in normal breast tissues and BRCA. (B) DCTPP1 expression

in I–IV stage of BRCA. (C) DCTPP1 expression in male and female of BRCA. (D) DCTPP1 in different age group of BRCA. (E) DCTPP1 expression in different lymph

node metastasis of BRCA. (F) DCTPP1 expression in different menopause of BRCA. (G) DCTPP1 expression in different molecular subtypes of BRCA. **p ≤ 0.01,

***p ≤ 0.001.

interaction enrichment assessment was done on BioGrid,
InWeb_IM, as well as OmniPath. The Molecular Complex
Detection (MCODE) algorithm was used to determine the
densely connected network components.

Statistical Analysis
All experiments were done three times unless otherwise
indicated. Data were analyzed using the SPSS 20.0 (IBM).
For continuous variables, the Students t-test was employed to
establish statistically remarkable differences between groups. P <

0.05 signified statistical significance.

RESULTS

DCTPP1 Expression in BRCA
We initially evaluated DCTPP1 transcriptional expression in
multiple BRCA datasets on TCGA and Gene Expression
Omnibus (GEO). Figure 1A shows the DCTPP1 expression
profile in 33 cancers (GEPIA). Analysis of DCTPP1 expression

in three Oncomine datasets relative to normal tissues revealed
DCTPP1 overexpression in BRCA tissue relative to normal breast
tissue (Figures 1B–D, p ≤ 0.01). Fold differences were all >1.5.
Analysis of DCTPP1 expression in BRCA tumors vs. normal
tissues using UALCAN revealed that regardless of age, gender,
disease stage, nodal metastasis, major subclasses, or menopause
status, DCTPP1 transcription levels were remarkably elevated
in BRCA patients than in healthy controls (Figure 2). Thus,
DCTPP1 has diagnostic potential in BRCA.

DCTPP1 Has Prognostic Potential in BRCA
We then investigated if DCTPP1 expression correlates with
BRCA prognosis. The impact of DCTPP1 expression on survival
was evaluated using GEPIA. Notably, DCTPP1 expression
significantly impacts BRCA prognosis [OS HR = 1.9, Logrank
p = 0.00018, p(HR) = 0.00021; Figure 3A]. Analysis of the
effects of DCTPP1 expression on the prognosis of BRCA
subtypes demonstrated that high DCTPP1 expression levels were
significantly linked to the prognosis of Luminal A and B subtypes
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FIGURE 3 | Prognostic potential of DCTPP1 in BRCA. (A) Correlation of DCTPP1 expression and OS of BRCA. (B) Correlation of DCTPP1 expression and OS of

Basal-like/Triple negative BRCA. (C) Correlation of DCTPP1 expression and OS of HER2+/non-luminal BRCA. (D) Correlation of DCTPP1 expression and OS of

Luminal A BRCA. (E) Correlation of DCTPP1 expression and OS of Luminal B BRCA.

[Luminal A: OS HR = 2, Logrank p = 0.011, p(HR) = 0.013,
Luminal B OS HR = 2, Logrank p = 0.048, p(HR) = 0.052;
Figures 3D,E]. However, DCTPP1 levels did not correlate with
prognosis of basal-like and HER2+, non-luminal subtypes
[basal-like/triple-negative OS HR = 2.2, Logrank p = 0.12,
p(HR) = 0.13, HER2+, non-luminal OS HR = 2.8, Logrank
p= 0.076, p(HR)= 0.089; Figures 3B,C].

Silencing of DCTPP1 Suppressed MCF-7
and MDA-MB-468 Proliferation and
Induced Apoptosis
To explore the role of DCTPP1 in BRCA cancer, we
first test the expression of DCTPP1 in different BC
cell lines include the TNBC cell line. We found that
DCTPP1 is up-regulated in MCF-7 and MDA-MB-468
(Supplementary Figure 1). To assess DCTPP1 effects on
proliferation, it was overexpressed or silenced in MCF-7 and
MDA-MB-468. Western blot and RT-qPCR analysis verified
transfection efficiency (Supplementary Figures 2A–D). CCK-
8 analysis of DCTPP1 effects on cell growth revealed that
DCTPP1 silencing suppressed MCF-7 and MDA-MB-468
proliferation (Figures 4A,B). The clonogenic analysis revealed

that DCTPP1 knockdown suppressed BRCA tumorigenic
potential (Figure 4C). Additionally, KI67 staining was used
to assess the effect of DCTPP1 on BRCA proliferation
and revealed that DCTPP1 silencing suppresses BRCA cell
proliferation (Figure 4D). TUNEL assay was used to test the
cell apoptosis after treatment with DCTPP1 inhibition. Our
data showed that silencing DCTPP1 can induce MCF-7 and
MDA-MB-468 cell apoptosis (Figure 4E). Together, these
data indicate that DCTPP1 silencing suppresses BRCA cell
proliferation in vitro.

DCTPP1 Repressed Tumorigenesis in vivo
To explore the impact of DCTPP1 in BRCA in vivo, DCTPP1-
deficient MCF-7 and controls were transplanted into the
mammary fat pads of mice. Our analysis revealed low DCTPP1
levels in DCTPP1-siRNA tumor tissue relative to control tissue
(Figure 4F). Moreover, DCTPP1-siRNA tumor volume growth
was slower relative to control tumors (Figure 4G). At 6 weeks,
DCTPP1-siRNA tumor weights were significantly lighter than
control tumors (Figure 4H). Moreover, DCTPP1-siRNA tumors
expressed lower Ki67 levels relative to controls (Figure 4I).
Together, these data show that DCTPP1-knockdown suppresses
tumorigenesis in vivo.
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FIGURE 4 | Silencing of DCTPP1 suppressed MCF-7 and MDA-MB-468 proliferation and induce apoptosis. (A,B) CCK-8 analysis of BRCA cell growth after DCTPP1

knockdown or overexpression. (C) Colony formation assays were used to test BRCA cell proliferation upon DCTPP1 silencing. (D) Ki67 analysis of BRCA cell

proliferation upon DCTPP1 silencing. (E) TUNEL staining of BRCA cell apoptosis treat with DCTPP1 silencing. (F) DCTPP1 expression in DCTPP1-deficient tumors.

(G) Tumor weight. (H) Tumor volume. (I) Ki67 levels in tumor tissues. *p ≤ 0.05 vs. control (t-test).

DCTPP1 Silencing Activates DNA Repair
Mediated Signaling Pathway
To investigate the biological role of DCTPP1 in BRCA, the top
100 genes co-expressed withDCTPP1TCGABRCAdatasets were
obtained. Metascape analysis was used to identify the pathways

and processes enriched in all co-expression genes, including GO

biological processes as well as reactome gene sets. Functional

terms with p ≤ 0.01 and a minimum count of three were

selected. Co-expressed genes, were mainly enriched in GO BP

terms like DNA repair, protein localization to chromosome, and
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FIGURE 5 | DCTPP1 regulates DNA repair signaling. (A) KEGG pathway analysis. (B) γ-H2A analysis of DNA damage upon DCTPP1-silencing in BRCA cells. (C)

Western blot analysis revealed elevated XRCC1, PARP1, and RAD51 levels upon DCTPP1-over-expression. The assay was repeated in BRCA cells. T-test, **p ≤

0.01, *p ≤ 0.05 in contrast with the control group.
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TABLE 1 | Functional terms enriched by DCTPP1 co-expressing genes.

GO Category Description –Log10(P)

GO:0006281 GO biological processes DNA repair 5.63

GO:0070199 GO biological processes Establishment of protein localization to chromosome 3.88

R-HSA-72766 Reactome gene sets Translation 3.79

GO:0033146 GO biological processes Regulation of intracellular estrogen receptor signaling pathway 3.3

R-HSA-1428517 Reactome gene sets The citric acid (TCA) cycle and respiratory electron transport 3.16

GO:0000209 GO biological processes Protein polyubiquitination 2.75

GO:0034660 GO biological processes ncRNA metabolic process 2.73

GO:0007059 GO biological processes Chromosome segregation 2.67

GO:0051298 GO biological processes Centrosome duplication 2.6

GO:0031123 GO biological processes RNA 3′-end processing 2.52

GO:0006353 GO biological processes DNA-templated transcription, termination 2.48

GO:0051604 GO biological processes Protein maturation 2.3

R-HSA-8953854 Reactome gene sets Metabolism of RNA 2.26

GO:1902882 GO biological processes Regulation of response to oxidative stress 2.12

regulation of intracellular estrogen receptor signaling (Figure 5A
and Table 1).

γH2A is an established marker of DNA damage (23).
Relative to mock-silenced cells, DCTPP1-deficient induced
BRCA cells had significantly higher γH2A levels (Figure 5B).
These data indicate that DCTPP1-deficient accelerated DNA
damage repair.

Regarding the functional analysis of these core modules
(Figure 5A and Table 2), they are enriched in the DNA
repair signaling pathway. DNA repair signaling influences
cancer progression (24). Western blot analysis of the DNA
repair signaling pathway factors, XRCC1, PARP1, and RAD51,
revealed their elevation upon DCTPP1 upregulation in BRCA
cells (Figure 5C).

DCTPP1 Is a miR-378a-3p Direct Target in
BRCA
Given that miRNAs are implicated in BRCA progression (9,
25), we screened the publicly available databases, TargetScan
and PITA, for miRNAs that may modulate DCTPP1 and
found that miR-378a-3p has an optional seed unit for DCTPP1
(Figures 6A,B). Relative to negative controls, RT-qPCR and
western blot analyses revealed DCTPP1 suppression in all the
cell lines under miR-378a-3p overexpression (Figures 6C,D).
Moreover, luciferase enzyme activity was repressed by miR-
378a-3p in BRCA cells transfected with wild-type DCTPP1 3′-
UTR (Figure 6E).

miR-378a-3p Upregulation Inhibits BRCA
Proliferation
Evaluation of the expression of miR-378a-3p in BRCA patients’
TCGA datasets revealed that it is significantly downregulated
(p ≤ 0.05; Figure 7A). Moreover, we established that the
expression of miR-378a-3p was dramatically lower in BRCA
cell lines relative to MCF-10A (Figure 7B). To assess the
function of miR-378a-3p in BRCA progression, we transfected
the MCF-7 cells and MDA-MB-468 cells, which have high miR-
378a-3p measures with the mimic of miR-378a-3p, and those

TABLE 2 | Functional terms enriched of modules in DCTPP1 co-expressing

network.

MCODE GO Description –Log10(P)

MCODE_1 R-HSA-5389840 Mitochondrial translation elongation 9.8

MCODE_1 GO:0070125 mitochondrial translational elongation 9.8

MCODE_1 R-HSA-5368287 Mitochondrial translation 9.7

MCODE_2 CORUM:351 Spliceosome 6.7

MCODE_2 R-HSA-72163 mRNA splicing—major pathway 6.4

MCODE_2 R-HSA-72172 mRNA splicing 6.3

with the lowest expression of miR-378a-3p with miR-378a-3p
repressor (Supplementary Figure 2E). CCK-8 analysis revealed
that the silencing of miR-378a-3p enhanced cell growth, while
its overexpression markedly suppressed the growth of MCF-7
cells and MDA-MD-468 cells (Figures 7C,D). Consistent with
these data, colony formation assay and ki67 staining indicated
suppressed BRCA cell growth upon miR-378a-3p overexpression
(Figures 7E,F). A mouse tumor xenograft revealed higher
miR-378a-3p levels in miR-378a-3p mimic bearing tumors
relative to the NC group (Figure 7G). The average number of
harvested nodules (Figure 7H) and tumor weight (Figure 7I)
were significantly lower in miR-378a-3p mimic bearing mice
relative to the NC group. IHC analysis of Ki67 expression
revealed lower ki67 levels in miR-378a-3p mimic bearing tumors
relative to the NC group (Figure 7J). These data demonstrate that
miR-378a-3p negatively modulates DCTPP1 in BRCA and that
miR-378a-3p suppresses BRCA development in vitro and in vivo.

DISCUSSION

Although considerable progress has been made in the
development of BRCA diagnostics, as well as prognostic
biosignatures, our knowledge of the molecular mechanisms
underlying BRCA is still lacking. The present study found that
DCTPP1 is upregulated in BRCA and that its expression strongly
correlates with BRCA progression. Our data demonstrate that
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FIGURE 6 | DCTPP1 is directly regulated by miR-378a-3p. (A) MiR-378a-3p is potentially upstream of DCTPP1. (B) Seed unit between miR-378a-3p and DCTPP1.

(C) DCTPP1 protein levels after transfection with miR-378a-3p mimic or suppressor. (D) RT-qPCR analysis of DCTPP1 expression upon transfection with

miR-378a-3p mimic or suppressor. (E) Luciferase assay. All data are representative of at least three experiments. The results are presented as mean ± s.e.m. *p ≤

0.05 was considered significant.

DCTPP1 has an oncogenic role associated with DNA repair
signaling in BRCA cells and that miR-378a-3p negatively
modulates it.

Mounting evidence suggests that elevatedDCTPP1 expression
is tumorigenic (26, 27). Herein, we investigated the expression
of DCTPP1 in multiple BRCA datasets on TCGA and GEO.
Figure 1A shows the DCTPP1 expression profile in 33 cancers
(GEPIA analysis). The UALCAN online tool analysis revealed
that DCTPP1 transcription levels were remarkably different in
BRCA patients with different ages, genders, disease stages, and
nodal metastasis (Figure 2). Especially in different BC types,

expression of DCTPP1 was higher in the Luminal type than
that in other types (Figure 2G). Notably, DCTPP1 expression
significantly impacts BRCA prognosis [OS HR = 1.9, Logrank
p= 0.00018, p(HR)= 0.00021; Figure 3A]. Our xenograft mouse
model of BRCA showed that DCTPP1 silencing suppresses tumor
growth and in vitro assays confirmed that DCTPP1 silencing
suppresses BRCA cell proliferation.

DCTPP1 has been reported to play an important role in
DNA damage and genetic instability in both chromosomal and
mitochondrial DNA in apoptosis and DNA repair (5, 27). Our
data showed that DCTPP1 silencing triggers DNA damage in
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FIGURE 7 | miR-378a-3p inhibits proliferation of BRCA cells. (A) MiR-378a-3p expression in BRCA patients TCGA datasets. (B) MiR-378a-3p expression in BRCA

cells. (C,D) CCK-8 assay of BRCA cell growth upon transfection with miR-378a-3p mimic or inhibitor. (E) Colony formation assay of BRCA cells upon transfection

with miR-378a-3p mimic or control. (F) Ki67 analysis of BRCA cell growth upon transfection with miR-378a-3p mimic or control. (G) MiR-378a-3p expression in

tumors upon transfection with miR-378a-3p mimic. (H) tumor weight. (I) tumor volume. (J) Ki67 levels in tumors transfected with miR-378a-3p mimic. All data are

representative of at least three experiments. Data are presented as mean ± SEM. *p ≤ 0.05, **p ≤ 0.01.
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BRCA cells, while its upregulation up-regulated the levels of DNA
repair-associated factors, XRCC1, PARP1, and RAD51. DNA
repair pathways are DNA damage response mechanisms (28, 29).
DNA repair pathways influence cell survival and are anti-cancer
therapeutic targets of radiotherapy and cytotoxic chemotherapy
(30, 31). γh2A is a major agent in DNA damage or repair (32).
Our data showed that silencing DCTPP1 up-regulates γ-H2AX
expression. XRCC1 is reported to be activated via DNA damage,
initiating cellular signaling cascades of great importance (33, 34).
Multiple studies suggest that hepatocarcinogenesis is triggered
by aggregated lesions, including chromosomal aberrations and
DNA damage as a result of impaired DNA damage response
and dysregulated DNA damage repair (35). Further studies
are needed to determine if miRNAs regulate DCTPP1, which
may allude to a modulatory feedback mechanism between these
two factors.

miRNAs regulate the expression of their target genes in
the post-transcriptional stage (36, 37) and play crucial roles in
oncogenesis and loss of tumor suppression, they are implicated in
multiple human cancers (38, 39). Herein, we demonstrated that
miR-378a-3p serves as an upstream modulator of DCTPP1 and,
using luciferase studies, found that it directly targets DCTPP1.
MiR-378a-3p is dysregulated in some cancers, where it has
tumor-suppressor functions (40–42). We find that miR-378a-3p
is downregulated in BRCA tissue, and its expression is negatively
linked to tumor size. Moreover, we find it suppresses BRCA
proliferation via DCTPP1/DNA repair signaling.

In summary, our data identify DCTPP1 as an oncogene
in BRCA. miR-378a-3p as an upstream gene of DCTPP1
demonstrated the way that DCTPP1 modulates targeted
genes and DNA repair cascades. Our findings that DCTPP1
controls BRCA proliferation uncover novel potential therapeutic
strategies against BRCA.
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