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STMN1 to Promote Progression and Paclitaxel Resistance
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ABSTRACT
◥

Triple-negative breast cancer (TNBC) represents the most
lethal subtype of breast cancer due to its aggressive clinical features
and the lack of effective therapeutic targets. To identify novel
approaches for targeting TNBC, we examined the role of protein
phosphatases in TNBC progression and chemoresistance. Protein
phosphatase 1 regulatory subunit 14B (PPP1R14B), a poorly
defined member of the protein phosphatase 1 regulatory subunits,
was aberrantly upregulated in TNBC tissues and predicted poor
prognosis. PPP1R14B was degraded mainly through the ubiqui-
tin–proteasome pathway. RPS27A recruited deubiquitinase
USP9X to deubiquitinate and stabilize PPP1R14B, resulting in
overexpression of PPP1R14B in TNBC tissues. Gain- and loss-of-
function assays demonstrated that PPP1R14B promoted TNBC
cell proliferation, colony formation, migration, invasion, and
resistance to paclitaxel in vitro. PPP1R14B also induced xenograft
tumor growth, lung metastasis, and paclitaxel resistance in vivo.
Mechanistic investigations revealed that PPP1R14B maintained

phosphorylation and stability of oncoprotein stathmin 1
(STMN1), a microtubule-destabilizing phosphoprotein critically
involved in cancer progression and paclitaxel resistance, which
was dependent on PP1 catalytic subunits a and g . Importantly, the
tumor-suppressive effects of PPP1R14B deficiency could be par-
tially rescued by ectopic expression of wild-type but not phos-
phorylation-deficient STMN1. Moreover, PPP1R14B decreased
STMN1-mediated a-tubulin acetylation, microtubule stability,
and promoted cell-cycle progression, leading to resistance of
TNBC cells to paclitaxel. Collectively, these findings uncover a
functional and mechanistic role of PPP1R14B in TNBC progres-
sion and paclitaxel resistance, indicating PPP1R14B is a potential
therapeutic target for TNBC.

Significance: PPP1R14B upregulation induced by RPS27A/
USP9X in TNBC increases STMN1 activity, leading to cancer
progression and paclitaxel resistance.

Introduction
Breast cancer is the most commonly diagnosed malignancy and the

leading cause of cancer-related mortality in females worldwide (1).
Triple-negative breast cancer (TNBC) is defined by the lack of
expression of both estrogen and progesterone receptors and human
epidermal growth factor receptor 2 (HER2), accounting for approx-
imately 15% to 20% of all breast cancers. Compared with other
subtypes, TNBC represents the most challenging subtype of breast

cancers due to its higher heterogeneity, higher rates of distant metas-
tasis and disease relapse, and the lack of validated therapeutic tar-
gets (2). Currently, the backbone of therapy for patients with TNBC is
chemotherapy. Especially, paclitaxel, a microtubule-stabilizing agent,
is clinically used as a first-line chemotherapy drug for TNBC
patients (3). However, a considerable number of TNBC patients
develop drug resistance, thus leading to failure of treatment. Therefore,
discovering novel therapeutic targets driving TNBC progression and
chemoresistance is urgently needed.

Protein phosphatases (PPP) comprise a large family of enzymes that
catalyze the dephosphorylation of protein substrates, thereby counter-
balancing the action of protein kinases and controlling an enormous
variety of cellular functions (4). The PPP superfamily mainly contains
PP1, PP2A, PP2B, and PP4-PP7 subfamilies. Among them, PP1 and
PP2A are most abundant and contribute to 90% of dephosphorylation
reactions in eukaryotes (5). PP1 is a conserved serine/threonine
phosphatase, which exists as a heterodimeric complex consisting of
one or two of three catalytic subunits (PP1a, PP1b/d, or PP1g) and a
variable regulatory subunit (6). To date, approximately 200 putative
regulatory subunits have been identified, which dictate subcellular
localization, activity, and substrate specificity of PP1, thus playing a
fundamental role in the regulation of various cell functions and
representing promising therapeutic targets (7). For instance, PP1
regulatory subunits 53 (PPP1R53; also known as BRCA1) functions
as a tumor suppressor in breast and ovarian cancer. PPP1R105 (also
known as Ki67) is a putative biomarker to predict clinical outcome in
postmenopausal women with breast cancer (8). In addition,
PPP1R15A and PPP1R15B are promising druggable targets in neu-
rodegenerative disease (9). Despite these important observations, the
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functional and mechanistic roles of other PP1 regulatory subunits in
human diseases remain largely unknown.

PP1 regulatory inhibitor subunit 14B (PPP1R14B), a poorly
defined member of the PP1 regulatory subunits, is expressed
ubiquitously and functions as a potent inhibitor of PP1 (10).
Evidence from drosophila studies indicates that PPP1R14B muta-
tion affects the time of egg activation, the completion of meiosis,
and embryogenesis (11). Interestingly, dysregulation of PPP1R14B
has been observed in several types of human cancer. In this context,
it was recently documented that the expression levels of PPP1R14B
are significantly higher in ovarian clear cell carcinoma than those
in benign endometriosis (12). Bioinformatic analysis of The
Cancer Genome Atlas (TCGA) and Gene-Expression Omnibus
databases indicates that PPP1R14B is overexpressed in prostate,
ovarian, cervical, and endometrial cancers (13–15), and its upreg-
ulation correlates with poor prognosis of patients with chronic
lymphocytic leukemia (16). However, the biological functions and
molecular mechanisms of PPP1R14B in human cancer are largely
undefined.

In this study, we provide the first evidence that PPP1R14B was
upregulated in TNBC tumors and promoted TNBC progression and
paclitaxel resistance. Mechanistical investigations revealed that ribo-
somal protein S27a (RPS27A) recruited deubiquitinase ubiquitin-
specific protease 9X (USP9X) to inhibit ubiquitination and proteasome
degradation of PPP1R14B, thus resulting in PPP1R14B accumulation
in TNBC tissues. Moreover, PPP1R14B promoted TNBC progression
and paclitaxel resistance through, at least in part, enhancing phos-
phorylation and stability of oncoprotein stathmin 1 (STMN1). In
conclusion, these findings reveal a previously unknown role of the
RPS27A/USP9X–PPP1R14B–STMN1 signaling axis in TNBC pro-
gression and paclitaxel resistance and identify PPP1R14B as a potential
therapeutic target for patients with TNBC.

Materials and Methods
Cell culture and reagents

The normal human mammary epithelial cell lines (HMEC and
MCF10A), human TNBC cell lines (BT549, HCC1806, HCC1937,
SUM159, MDA-MB-231, Hs578T), and human embryonic kidney
293T (HEK293T) cell line were obtained from the Cell Bank of Type
Culture Collection of the Chinese Academy of Sciences (Shanghai,
China) and Fudan University Shanghai Cancer Center (FUSCC). Cells
were expanded and frozen immediately into numerous aliquots after
arrival. All cell lines were authenticated through short tandem repeat
profiling andwere used for less than 6monthswithin 15 to 20 passages.
Mycoplasma contamination was tested by a PCR-based method as
described previously (17). MCF10A and HMEC cells were maintained
as described previously (18). Other cell lines were maintained in
DMEM (#L110, BasalMedia) supplemented with 10% FBS (#FSP500,
ExCell Biol) and 1% penicillin–streptomycin (#S110B, BasalMedia).
All cells were cultured in a 5% CO2 incubator at 37�C. Detailed
information of the chemical reagents used in this study is provided
in Supplementary Table S1.

Clinical samples
Quantitative proteomic dataset (TNBC specimens: n¼ 90; adjacent

normal specimens: n ¼ 72; ref. 19) and RNA-seq dataset (TNBC
specimens: n¼ 360; adjacent normal specimens: n¼ 88; ref. 20) were
obtained from FUSCC-TNBC Project cohort. All TNBC specimens
and corresponding normal breast tissues were obtained from patients
who underwent surgery in FUSCC and had not received any treatment

before. The experimental procedures were approved by the Ethics
Committee of FUSCC and the written informed consent was obtained
from all participants before surgery.

Cell proliferation and colony formation assays
For drug-sensitivity assays, cells (4 � 103 per well) were seeded in

96-well plates in triplicate overnight and then treated with or
without the indicated concentrations of drugs for 96 hours. Cyto-
toxicity was assessed using the CCK-8 kit (#40203ES92, Yeasen).
For cell viability assays, a total of 1 � 103 cells were cultured in 96-
well plates in triplicate and the absorbance at 450 nm (A450) was
determined at the indicated times. For colony formation assays, 2 �
103 cells were plated into 6-well plates in triplicate. After 12 to
14 days, the colonies were fixed with methanol and stained with
0.2% crystal violet.

Cell migration and invasion assays
For cell migration assays, 4 � 104 cells resuspended in serum-free

mediumwere plated in the upper chamber withoutMatrigel (#353097,
Corning). For cell invasion assays, 8�104 cells were resuspended in
serum-free medium and seeded in the upper chamber coated with
Matrigel (#354480, Corning). Medium containing 10% FBS (800 mL)
was added to the lower chamber. After incubation for 20 to 24 hours,
the cells in the lower chamber were fixed with methanol and stained
with 0.2% crystal violet.

Xenograft mouse models and treatment
All experimental procedures were approved by the Animal Experi-

ments Committee of FUSCC. To assess tumorigenic ability, 3�106

cells were inoculated into themammary fat pads of 6-week-oldBALB/c
female nude mice (n¼ 10). When the average tumor volumes reached
100 mm3, DMSO or paclitaxel (10 mg/kg, dissolved in DMSO) was
administered by intraperitoneal injection every 2 days and 6 times in
total. Tumor sizes were examined every 3 days, and calculated as tumor
volumes¼ (length�width2)/2. To assess the ability of lungmetastasis,
1�106 cells were inoculated into the caudal vein of 7-week-old BALB/c
female nudemice (n¼ 8). Once the nudemice lost 10% of their weight
or developed cachexia, mice were sacrificed, and the tumors or lungs
were removed.

DNA plasmids construction and transfection, lentiviral
infection, and siRNA transfection

The cDNAs of PPP1R14B, RPS27A, and STMN1 were amplified
using the designed primers (Supplementary Table S2). The mutant
STMN1 sequence was synthesized by Sangon Biotech. Subsequent-
ly, the cDNA sequences were ligated into the pCDH-CMV-MCS-
EF1-Puro or pLVX-IRES-NEO lentiviral vectors to generate
pCDH-Flag-PPP1R14B, pLVX-HA-RPS27A, pLVX-Flag-STMN1,
and pLVX-Flag-STMN1-Mutant (Mut). The construction of
USP9X and ubiquitin (Ub) lentiviral vectors (V5-Ub and HA-Ub)
has been described previously (21). The specific sequences of
shRNA targeting PPP1R14B, RPS27A, and USP9X were obtained
from Sigma-Aldrich Advanced Genomics and then cloned into the
pLKO.1-TRC lentiviral vector (Supplementary Table S3). After
verification by DNA sequencing, the lentivirus was packaged to
infect cells as described previously (18, 22). Small interfering RNAs
(siRNA) and the corresponding negative control siRNA (siNC)
were obtained from RiboBio (Beijing, China). The detailed
sequences are provided in Supplementary Table S4. The siRNA
transfection was performed using Lipofectamine 2000 transfection
reagent (#11668019, Thermo Fisher Scientific).
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Figure 1.

PPP1R14B is highly expressed in TNBC and predicts poor OS. A and B, Dysregulated PPPs in the FUSCC-TNBC proteomic (A) and FUSCC-TNBC RNA-seq (B)
databases, respectively. C and D, Protein levels of PPP1R14B in 90 TNBC tissues and 72 adjacent normal tissues in the FUSCC-TNBC proteomic database. Y-axis
represents the relative abundance of proteins. E and F,mRNA levels of PPP1R14B in 360 TNBC tissues and 88 adjacent normal tissues in the FUSCC-TNBC RNA-seq
database. Y-axis represents the log2(FPKMþ1). FPKM, fragments per kilobase of transcript per million mapped reads.G andH, Immunoblotting analysis of PPP1R14B
protein expression levels in 20pairs of TNBC tissues andmatchednormal breast tissues. Thegray intensitywas quantifiedusing ImageJ software.Quantitative results
of relative PPP1R14B protein expression levels are shown in H. N, normal; T, tumor. I, Expression levels of PPP1R14B protein in the CPTAC database with different
breast cancer subtypes. J, Analysis of PPP1R14B mRNA levels in TCGA database with different breast cancer subtypes. K, Analysis of PPP1R14B mRNA levels in the
METABRIC database with different breast cancer subtypes. L, Kaplan–Meier analysis of the OS of TNBC patients with high (n ¼ 180) and low (n ¼ 180) PPP1R14B
expression. � , P < 0.05; ��� , P < 0.001; ns, no significance.
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Figure 2.

RPS27A interacts with and stabilizes PPP1R14B in TNBC cells. A, Validation of HEK293T cells stably expressing empty vector pCDH and Flag-PPP1R14B by
immunoblotting.B,HEK293T cells stably expressing empty vector pCDH and Flag-PPP1R14Bwere subjected to IP assays using anti-Flag affinity gel beads.C, The top
eight PPP1R14B-interacting proteins according to the number of identified unique peptides.D and E, IP analysis of the interaction between RPS27A and PPP1R14B in
HEK293T cells. HEK293T cells transfected with the indicated expression vectors were subjected to IP assays and followed by immunoblotting with indicated
antibodies. F and G, IP analysis of the interaction between RPS27A and PPP1R14B in TNBC cells. BT549 and Hs578T cell lines stably expressing pCDH and Flag-
PPP1R14Bwere subjected to IP and immunoblotting assays.H, Immunofluorescent images showing the colocalization of PPP1R14B andRPS27A in BT549 andHs578T
cell lines stably expressing Flag-PPP1R14B (red) and HA-RPS27A (green) in combination. The nuclear was counterstained with DAPI (blue). I, Protein expression
levels of RPS27A in 90 TNBC tissues and 72 adjacent normal tissues in the FUSCC-TNBC proteomic database. Y-axis represents the relative abundance of proteins.
J, Spearman analysis of the correlation of protein levels between PPP1R14B and RPS27A in the FUSCC-TNBC proteomic database. K, Immunoblotting assays
determining the expression levels of PPP1R14B in BT549 and Hs578T cells stably expressing pLVX and HA-RPS27A. (Continued on the following page.)
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RNA extraction and RT-qPCR
Total RNAwas isolated using RNAiso Plus reagent (#9109, Takara),

and cDNA was synthesized using HiScript III RT SuperMix reagent
(#R323-01, Vazyme). Real-time quantitative PCR (RT-qPCR) was
carried out by ChamQ Universal SYBR qPCR Master Mix (#Q711-
03, Vazyme). The primers used for RT-qPCR are provided in Sup-
plementary Table S5.

Immunoblotting assays
For immunoblotting assays, all proteins were extracted using RIPA

buffer and quantified using BCA reagent (#20201ES90, Yeasen).
Proteins were separated by SDS-PAGE and then transferred onto
PVDF membranes (#IPVH00010, Millipore). After blocking in 5%
bovine serum albumin (BSA, #36101ES80, Yeasen) and incubating
with specific antibodies, the bands were visualized using the enhanced
chemiluminescence (ECL) detection kit (#36208ES76, Yeasen), and
analyzed by ImageJ software. All antibodies used in this study are
provided in Supplementary Table S6.

Flow cytometry analysis
For cell-cycle analysis, cells were fixed with 70% ethanol overnight.

After being washed with PBS, cells were stained with a cell-cycle
analysis kit (#40301ES50, Yeasen). To distinguish cells in G2 or M
phase, cells were fixed with 70% ethanol, and then incubated with
phospho-histone H3 (Ser10) antibody (p-H3 S10; #53348, CST). After
incubation with a FITC-conjugated secondary antibody, flow cyto-
metry analysis was carried out to distinguish p-H3 S10-positive cells.

Immunofluorescent staining
For immunofluorescent (IF) staining, cells were washed with

PBS, fixed with 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100 and blocked with 5% BSA. Then, cells were incubated
with the corresponding antibodies at 4�C overnight. After being
washed with PBS, cells were incubated with the secondary fluores-
cent antibody at room temperature for 1 hour. Cells were
then sealed with Fluoroshield mounting medium with DAPI (#
ab104139, Abcam). The Leica SP5 fluorescence confocal microscope
was used for imaging.

Immunoprecipitation assays and proteomics analysis
Immunoprecipitation (IP) assays were carried out as previously

described (18). To examine PPP1R14B-interacting proteins, IP cou-
pled with LC-MS/MS analysis was performed as described previous-
ly (18, 23). Label-free quantitative proteomic analysis was performed
to identify downstream targets of PPP1R14B (Proteomics Center,
Institutes of Biomedical Research, Fudan University). The cutoff value
of differential expression was set as 1.5-fold change (24). The peptide
identification was performed using Proteome Discoverer Software
(Thermo Fisher Scientific). The mass spectra were searched against
the UniProtKB/Swiss-Prot database restricted to Homo sapiens using
Mascot (Matrix Science Ltd.). Protein groups identified with a min-
imum of two unique peptides and confidence over 95% were consid-
ered for further analysis.

In vivo ubiquitination assays
In vivo ubiquitination assays were carried out under denaturing

conditions as described previously (18, 22). Briefly, after plasmid
transfection, cells were treated with 10 mmol/L MG132 for 6 hours,

and lysed with 100 mL denaturing buffer supplemented with protease
and phosphatase inhibitors. Lysates were collected and immediately
boiled for 10 minutes. Then, lysates were diluted in 900 mL ice-cold
dilution buffer, followed by incubation with immunoblotting assays
with the indicated antibodies.

Statistical analysis
All data are presented as the mean� standard deviation (SD) from

at least three independent experiments. Statistical analysis was carried
out using GraphPad (version 8.0.2), R software (version 4.0.3) and
SPSS (version 20.0). Statistical analysis of two groups was calculated
using two-tailed Student t tests or one-way ANOVA. The correlation
analysis was calculated using the Spearman test. The survival curvewas
visualized by the Kaplan–Meier plot method and analyzed by the log-
rank test. The growth curves between two groups were compared by
two-way ANOVA analysis. P < 0.05 was considered as statistically
significant (�, P < 0.05; ��, P < 0.01; ���, P < 0.001; ns, no significance).

Data and materials availability
The results shown here are based, in part, on data generated by

the TCGA (Breast Invasive Carcinoma TCGA PanCancer data),
METABRIC (Molecular Taxonomy of Breast Cancer International
Consortium, Nature 2012 and Nature Communications 2016),
and CPTAC (Clinical Proteomic Tumor Analysis Consortium,
Proteogenomic landscape of breast cancer, Cell 2020), and are available
in a public repository from the www.cbioportal.org/ websites. All data
needed to evaluate the conclusions in the paper are present in the paper
and/or Supplementary Materials. Additional data is available upon
request from the corresponding author.

Results
PPP1R14B is aberrantly expressed in TNBC tissues and predicts
poor overall survival of TNBC patients

To identify potential PPP proteins that drive TNBCprogression and
chemoresistance, we performed integration analyses of our recently
published quantitative proteomic dataset (19) and RNA-seq data-
set (20) of the FUSCC-TNBC cohort (Supplementary Fig. S1). In the
TNBC proteomic dataset, 20 PPP proteins were upregulated in TNBC
samples compared with adjacent normal breast tissues (P < 0.05;
Fig. 1A). In the TNBC RNA-seq dataset, 22 PPP proteins (10
upregulated and 12 downregulated) were dysregulated in TNBC
specimens (fold change ≥ 2 and P < 0.05; Fig. 1B). Interestingly, we
noticed that both protein and mRNA levels of PPP1R14B were
elevated in total and paired TNBC specimens (Fig. 1C–F). To dem-
onstrate above results, we collected 20 pairs of primary TNBC speci-
mens and matched adjacent normal tissues to detect the protein
levels of PPP1R14B by immunoblotting. As shown in Fig. 1G
and H, PPP1R14B was overexpressed in TNBC tissues as compared
with normal counterparts.

To further validate our results, we next analyzed the expression
levels of PPP1R14B in several public databases, including CPTAC,
TCGA, and METABRIC. In agreement with our results, both protein
and mRNA levels of PPP1R14B were upregulated in TNBC tissues
relative to normal tissues, and its expression levels were higher in
TNBC than luminal and HER2-positive subtypes of breast cancer
(Fig. 1I–K). Moreover, Kaplan–Meier survival analysis showed that

(Continued.) L and M, Immunoblotting assays assessing the expression levels of PPP1R14B in SUM159 and MDA-MB-231 cells with RPS27A knockdown using
siRNA (L) and lentiviral infection (M) targeting RPS27A, respectively. N and O, Immunoblotting assays demonstrating the expression levels of PPP1R14B in
SUM159 and MDA-MB-231 cells expressing shNC and shRPS27A (#2) treated with DMSO or 100 mg/mL CHX for the indicated times (N). Quantitative results of
relative PPP1R14B protein levels (PPP1R14B/Vinculin) analyzed by ImageJ are shown in O.
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PPP1R14Bupregulationwas associatedwith poor overall survival (OS)
of TNBC patients (Fig. 1L). Collectively, these results suggest that
PPP1R14B is upregulated in TNBC and predicts poor prognosis of
TNBC patients.

RPS27A interacts with and stabilizes PPP1R14B in TNBC cells
To address the molecular mechanism underlying upregulation

of PPP1R14B in TNBC tissues, we performed IP assays using
anti-Flag beads (Fig. 2A and B), followed by LC-MS/MS analysis
to identify PPP1R14B-interacting proteins. By this approach, total
164 proteins that specifically interacted with Flag-PPP1R14B
were identified according to the cutoff value of identified unique
peptide number over two and confidence over 95%. The top eight
PPP1R14B-interacting proteins are listed in Fig. 2C based on the
number of identified unique peptides. Ribosomal protein S27a
(RPS27A), the top one PPP1R14B-interacting protein, was selected
for further validation.

RPS27A is a ubiquitin C-terminal extension protein and reg-
ulates ribosome biogenesis, protein posttranslational modification
and stability (25). Reciprocal IP assays demonstrated that RPS27A
indeed interacted with PPP1R14B in multiple cell lines (Figs. 2D–
G). Immunofluorescent staining revealed that PPP1R14B partially
colocalized with RPS27A in both BT549 and Hs578T cells (Fig. 2H,
yellow color in merge images). In addition, we observed that
RPS27A was upregulated in TNBC tissues compared with corre-
sponding normal tissues at both protein and mRNA levels (Figs. 2I;
Supplementary Fig. S2A). Spearman analysis revealed that the
expression levels of RPS27A were positively correlated with those
of PPP1R14B at protein but not mRNA levels (Fig. 2J; Supple-
mentary Fig. S2B).

We next determine whether there is a regulatory relationship
between RPS27A and PPP1R14B. As shown in Fig. 2K, ectopic
expression of HA-RPS27A resulted in an increase in PPP1R14B protein
levels. Conversely, knockdown of RPS27A using siRNAs (Fig. 2L;
Supplementary Fig. S2C) or shRNAs (Fig. 2M) reduced PPP1R14B
protein levels. However, depletion or overexpression of RPS27A did not
significantly affect the mRNA levels of PPP1R14B (Supplementary
Fig. S2D and S2E), suggesting that RPS27A regulates PPP1R14B
expression at the posttranscriptional level. In addition, knockdown
or overexpression of PPP1R14B did not significantly affect RPS27A
expression levels (Fig. 2G; Supplementary Fig. S2F). As RPS27A has
the potential to regulate the stability of its interacting proteins (25),
we then treated cells with protein synthesis inhibitor cycloheximide
(CHX) to determine the impact of RPS27A on PPP1R14B stability.
As expected, the half-life of PPP1R14B protein was substantially
shorter in RPS27A-depleted cells (Fig. 2N and O). Thus, these data
demonstrate that RPS27A interacts with and stabilizes PPP1R14B in
TNBC cells.

PPP1R14B is degraded mainly through the ubiquitin–
proteasome pathway

The ubiquitin–proteasome system and the autophagy–lysosome
system are two main pathways for protein degradation in eukaryotes.
To explore the mechanism of PPP1R14B degradation, cells were
treated with autophagy inhibitors bafilomycin A1 (Baf-A1) and pro-
teasome inhibitor MG132 for the indicated times, respectively. Immu-
noblotting analysis showed that treatment with Baf-A1 did not alter
PPP1R14B protein levels (Supplementary Fig. S3A). SQSTM1, a
known substrate of the autophagy–lysosome system, was used as a
positive control. In contrast, incubation with MG132 resulted in an

obvious accumulation of PPP1R14B and CDKN1A (positive control)
in four TNBC cell lines in a time-dependent manner (Fig. 3A).
Moreover, RPS27A knockdown significantly reduced PPP1R14B pro-
tein levels, which could be restored after treatment with MG132
(Fig. 3B). Ubiquitination assays also demonstrated that ectopic
expression of HA-RPS27A decreased, whereas knockdown of RPS27A
increased, the ubiquitination levels of PPP1R14B (Fig. 3C and D).
These results collectively suggest that PPP1R14B is degraded mainly
through the ubiquitin–proteasome but not the autophagy–lysosome
pathway.

RPS27A recruits USP9X to block ubiquitination-dependent
proteasome degradation of PPP1R14B

As RPS27A is not a putative deubiquitinating enzyme (DUB), we
predicted that RPS27A might act as an adaptor to recruit DUBs to
deubiquitinate PPP1R14B. We examined the list of PPP1R14B-
interacting proteins and identified fiveDUBs, includingUSP9X,USP7,
USP10, OTUB1, and USP5 (Supplementary Fig. S3B). As shown
in Figs. 3E and Supplementary Fig. S3C, both protein and mRNA
levels of USP9X were upregulated in TNBC tissues compared with
normal tissues. Spearman analysis revealed that USP9X was positively
correlated with PPP1R14B at protein but not mRNA level (Fig. 3F
andG). The expression levels of the other three DUBs in TNBC tissues
and their correlation with PPP1R14B were presented in Supplemen-
tary Fig. S3D–S3I. In light of the strongest correlation between
PPP1R14B and USP9X as well as the priority ranking of USP9X
according to the identified peptide score by LC-MS analysis, USP9X
was selected for further verification.

Reciprocal IP assays revealed that PPP1R14B interacted with endo-
genous USP9X and RPS27A (Supplementary Fig. S3J). Knockdown
of USP9X downregulated the protein levels of PPP1R14B but not
RPS27A (Fig. 3H). However, knockdown of PPP1R14B did not alter
USP9X levels (Supplementary Fig. S3K).Moreover, ectopic expression
of USP9X indeed reduced the ubiquitination levels of PPP1R14B,
whereas this effect was rescued after RPS27A knockdown (Fig. 3I).
Reciprocal IP assays revealed that knockdown of RPS27A impaired the
interaction between USP9X and PPP1R14B, suggesting that RPS27A
may act as an adaptor to recruit USP9X to deubiquitinate PPP1R14B
(Fig. 3J and K). Together, these results indicate that RPS27A recruits
USP9X to block the ubiquitination-dependent proteasome degrada-
tion of PPP1R14B, thus resulting in the overexpression of PPP1R14B
in TNBC tissues.

PPP1R14B promotes TNBC cell proliferation and colony
formation in vitro and xenograft tumor growth in vivo

To explore the biological functions of PPP1R14B in TNBC pro-
gression, we first examined the protein levels of PPP1R14B
in six TNBC cell lines and two normal HMEC lines by immunoblot-
ting. Results showed that PPP1R14B was upregulated in TNBC
cell lines relative to normal cell lines (Fig. 4A). According to the
expression levels of PPP1R14B in these cells, we next stably over-
expressed Flag-PPP1R14B in BT549 and Hs578T cells and knocked
down endogenous PPP1R14B in SUM159 and MDA-MB-231 cells,
respectively. The expression status of PPP1R14B in resultant cell
lines was validated by immunoblotting (Fig. 4B and C). CCK-8 and
colony formation assays demonstrated that ectopic expression of
PPP1R14B promoted cell proliferation (Fig. 4D) and colony for-
mation capability (Fig. 4E and F), whereas opposite results were
obtained following PPP1R14B knockdown (Fig. 4G–J). In xeno-
graft tumor mouse models, knockdown of PPP1R14B also
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significantly reduced tumor weight and volume (Fig. 4K–M). The
expression levels of PPP1R14B in xenograft tumors are shown in
Supplementary Fig. S4A. Together, these results suggest PPP1R14B
promotes TNBC cell proliferation and colony formation in vitro as
well as xenograft tumor growth in vivo.

PPP1R14B promotes TNBC cell migration and invasion in vitro
and lung metastatic potential in vivo

Given the highly invasive and metastatic potential of TNBC cells,
we next examined whether PPP1R14B could affect the migratory
and invasive capacities of TNBC cells. Transwell assays showed

Figure 3.

RPS27A recruits USP9X to block ubiquitination-dependent proteasome degradation of PPP1R14B. A, Immunoblotting assays showing the expression levels of
PPP1R14B in TNBC cells treatedwith DMSOor 10 mmol/LMG132. CDKN1Awas used as a positive control.B, Immunoblotting assays examining the expression levels of
PPP1R14B in SUM159 andMDA-MB-231 cells expressing shNC and shRPS27A (#2 and#3) treatedwith DMSOor 10mmol/LMG132 for 6 hours.C andD, Immunoblotting
assays assessing the expression levels of PPP1R14B ubiquitination in HEK293T cell lines transfected with HA-RPS27A (C) or siRNAs targeting RPS27A (#2 and #3;D).
After transfection with the indicated plasmids for 48 hours, the cells were treated with 10 mmol/L MG132 for 6 hours and then subjected to IP and subsequent
immunoblotting analysis. E, Protein expression levels of USP9X in 90 TNBC tissues and 72 adjacent normal tissues in the FUSCC-TNBC proteomic database. F andG,
Spearman analysis of the correlation of the protein (F) and mRNA (G) levels between PPP1R14B with USP9X. H, Immunoblotting assays determining the expression
levels of PPP1R14B and RPS27A in SUM159 and MDA-MB-231 cells stably expressing shNC and shUSP9X (#1 and #2). I, Immunoblotting assays demonstrating the
expression levels of PPP1R14B ubiquitination in HEK293T cell lines transfectedwith the indicated plasmids. After transfection for 48 hours, the cells were treatedwith
10mmol/LMG132 for 6 hours and then subjected to IP and subsequent immunoblotting analysis. J andK, Immunoblotting assays investigating the expression levels of
the binding proteins PPP1R14B (J) and USP9X (K) in HEK293T cell lines transfected with the indicated plasmids. ��� , P < 0.001.
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that ectopic expression of PPP1R14B enhanced migratory and
invasive potential of BT549 and Hs578T cells (Fig. 5A–D), whereas
knockdown of PPP1R14B impaired these abilities (Fig. 5E–H). To
validate these results, the tail-vein injection model was used to
examine the effects of PPP1R14B on TNBC metastasis in vivo.
As expected, there were fewer metastatic nodes and lower lung
metastasis incidence of mice bearing tumors with PPP1R14B
knockdown (n ¼ 8) than those in control mice (n ¼ 8; Fig. 5I
and J; Supplementary Fig. S4B–S4D). Collectively, these results
suggest that PPP1R14B promotes TNBC cell migration and inva-
sion in vitro and lung metastasis in vivo.

PPP1R14B regulates phosphorylation and stability of STMN1
partially depending on PP1 catalytic subunits a and g

To investigate the downstream targets regulated by PPP1R14B,
label-free–based quantitative proteomic assays was performed
(Fig. 6A). Results showed that 153 proteins were downregulated and
375 proteins were upregulated after PPP1R14B knockdown (Fig. 6B).
GO-BP, GO-MF, and KEGG pathway analyses revealed that these
differentially expressed proteins were mainly involved in cell–cell
adhesion, cell proliferation, and protein processing in the endoplasmic
reticulum (Supplementary Fig. S5A–S5C). According to the cutoff
value of 1.5-fold change, the top 10 downregulated proteins following

Figure 4.

PPP1R14B promotes TNBC cell proliferation and colony formation in vitro and xenograft tumor growth in vivo. A, Immunoblotting analysis of PPP1R14B protein
expression levels in twonormalHMEC lines and six TNBCcell lines.B,ExpressionvalidationofBT549andHs578T cells stably expressingempty vector pCDHandFlag-
PPP1R14B after lentiviral infection. C, Verification of knockdown efficiency in SUM159 and MDA-MB-231 cells stably expressing empty vector shNC and shPPP1R14B
(#1, #2, and #3) by immunoblotting. D–F, BT549 and Hs578T cells stably expressing pCDH and Flag-PPP1R14B were subjected to CCK-8 (D) and colony formation
assays (E and F). Representative images of the survival colonies (E) and corresponding quantitative results (F) are shown.G–J, SUM159 andMDA-MB-231 cells stably
expressing shNC and shPPP1R14B (#1, #2, and #3) were subjected to CCK-8 (G and H) and colony formation assays (I and J). Representative images of the survival
colonies (I) and corresponding quantitative results (J) are shown. K–M, MDA-MB-231 cells stably expressing shNC and shPPP1R14B (#1 and #2) were inoculated into
mammary fat pad of 6-week-old BALB/c female nude mice (n ¼ 10). After 33 days of injection, mice were sacrificed and xenograft tumors were removed.
Representative tumor images (K), tumor weight (L), and tumor volume (M) are shown. �� , P < 0.01; ��� , P < 0.001.
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PPP1R14B knockdown are presented in Fig. 6C. Given that the role of
RIN1 in human cancer is ambiguous (26) and there was no correlation
of RIN1 expression levels with PPP1R14B in TNBC tissues (Supple-
mentary Fig. S5D and S5H), the top three proteins, including stathmin
1 (STMN1), MAPK3 (ERK1), and MAPK1 (ERK2), were selected for
further verification.

Based on the FUSCC-TNBC RNA-seq database, the expression
levels of these three molecules in TNBC and corresponding normal
tissues are shown in Supplementary Fig. S5E–S5G. In addition,
Spearman analysis showed that the correlation between PPP1R14B
and STMN1, ERK1, and ERK2 was not significant at the mRNA level
(Supplementary Fig. S5I–S5K). In contrast, in the FUSCC-TNBC
proteomics database, the protein expression levels of STMN1, ERK1,
and ERK2 were all upregulated in TNBC tissues and strongly corre-
lated with those of PPP1R14B (Fig. 6D and E).

As PPP1R14B is a PP1 regulatory subunit, we predicted that it may
have a role in regulating phosphorylation status of its downstream
molecules. It has been reported that STMN1 has four serine (S)
phosphorylation sites, including S16, S25, S38, and S63 (27). Immu-
noblotting assays verified that PPP1R14B indeed positively regulated
the expression levels of total and phosphorylated STMN1 and ERK1/2
(Fig. 6F andG).Moreover, we found that knockdownofRPS27A led to

a decrease in the levels of total and phosphorylated STMN1 at S16, S25,
S38, and S63, whereas these effects were reversed when PPP1R14Bwas
ectopically expressed (Fig. 6H).

As reported previously, there are three PP1 catalytic subunits,
including PP1a, PP1β, and PP1g . IP assays demonstrated that
PPP1R14B interacted with PP1a and PP1g , but not PP1b, to form
a PP1 complex holoenzyme (Supplementary Fig. S5L). To explore
whether PPP1R14B mediated STMN1 phosphorylation depends on
PP1a and PP1g , two independent siRNAs were used to knock down
PP1a and PP1g , respectively (Supplementary Fig. S5M). Interestingly,
PPP1R14B-mediated STMN1 phosphorylation was partially impaired
after knockdown of PP1a and PP1g alone or in combination (Fig. 6I).
Collectively, PPP1R14B regulates STMN1 phosphorylation and sta-
bility partially in the form of PP1 holoenzyme.

PPP1R14B accelerates TNBC progression via STMN1
phosphorylation

To explore whether PPP1R14B accelerates TNBC progression
through regulating STMN1 phosphorylation, we generated stable cell
lines expressing wild-type STMN1 (STMN1-WT) and alanine-
substituted STMN1 comutants (S16A, S25A, S38A, and S63A; there-
after termed STMN1-Mut; Supplementary Fig. S6A and S6B). CHX-

Figure 5.

PPP1R14B promotes TNBC cell migration and invasion in vitro and lung metastatic potential in vivo. A-D, BT549 and Hs578T cells stably expressing pCDH and Flag-
PPP1R14Bwere subjected to Transwellmigration (A andB) and invasion (C andD) assays. Representative images ofmigrated and invaded cells are shown inA andC,
and the corresponding quantitative results are shown in B and D. E–H, SUM159 and MDA-MB-231 cells stably expressing shNC and shPPP1R14B (#1, #2, and #3) were
subjected to Transwell migration (E and F) and invasion (G and H) assays. Representative images of migrated and invaded cells are shown in E and G, and
corresponding quantitative results are shown inF andH. I and J,MDA-MB-231 cells stably expressing shNC and shPPP1R14B (#1 and#2)were injected into the tail vein
of 7-week-old BALB/c female nudemice (n¼ 8). Representative images of lungmetastasis (I) and corresponding quantitative results of metastatic lung nodules (J)
are shown. �� , P < 0.01; ��� , P < 0.001.
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Figure 6.

PPP1R14B regulates phosphorylation and stability of STMN1 partially depending on PP1 catalytic subunits a and g . A, Label-free quantitative proteomic analysis in
MDA-MB-231 cell lines stably expressing shNC and shPPP1R14B (#1 and #2). B, The number of differentially expressed proteins between cells expressing shNC and
shPPP1R14B based on screening by the cutoff value of 1.5-fold change. C, The top 10 downregulated proteins in MDA-MB-231 cells with PPP1R14B knockdown.
D, Protein expression levels of STMN1, ERK1, and ERK2 in 90 TNBC tissues and 72 adjacent normal tissues in the FUSCC-TNBC proteomic database. E, Spearman
analysis of the correlations of protein expression levels between PPP1R14B and STMN1, ERK1, or ERK2 in the FUSCC-TNBC proteomic database. F and
G, Immunoblotting assays validating the expression levels of downstream proteins in SUM159 and MDA-MB-231 cell lines after PPP1R14B knockdown (F), and
BT549 and Hs578T cell lines stably overexpressing RPS27A (G). H, Immunoblotting assays assessing the expression levels of downstream proteins in BT549 and
Hs578T cells stably expressing shNC and shRPS27A alone or in combinationwith orwithout PPP1R14B overexpression. BT549 andHs578T cell lines stably expressing
sh-RPS27A were infected with lentivirus overexpressing PPP1R14B, and the protein levels were verified using the indicated antibodies. I, Immunoblotting images
verifying the expression levels of the indicated proteins in BT549 and Hs578T cells stably expressing pCDH and Flag-PPP1R14B alone or in combination transfected
with or without siNC, siPP1a (#2), or siPP1g (#1). ��� , P < 0.001.
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Figure 7.

PPP1R14B accelerates TNBC progression via STMN1 phosphorylation and promotes resistance of TNBC cells to paclitaxel. A and B, Immunoblotting assays showing
the expression levels of STMN1 in SUM159 and MDA-MB-231 cells expressing Flag-STMN1-WT and Flag-STMN1-Mut and treated with DMSO or 100 mg/mL CHX (A).
Quantitative results of relative STMN1 protein levels (STMN1/Vinculin) are shown in B. C and D, SUM159 and MDA-MB-231 cells stably expressing shNC and
shPPP1R14B alone or in combinationwith Flag-STMN1 (WTorMut)were subjected to cell proliferation (C) and colony formation (D) assays. Representative images of
survival colonies are shown in Fig. S6D.E andF,SUM159 andMDA-MB-231 cells stably expressing shNCand shPPP1R14B aloneor in combinationwith Flag-STMN1 (WT
or Mut) were subjected to Transwell migration (E) and invasion (F) assays. Representative images of migrated and invaded cells are shown in Fig. S6E, and
corresponding quantitative results are shown in E and F, respectively. G, Cell viability of SUM159 and MDA-MB-231 cells stably expressing shNC and shPPP1R14B (#1,
#2, and #3) after treatmentwith orwithout increasing doses of paclitaxel (PTX) using the proliferation assay.H,Colony formation assays in SUM159 andMDA-MB-231
cells expressing shNC and shPPP1R14B (#1, #2, and #3) were treated with the indicated concentrations of paclitaxel. I–K, A total of 3�106 MDA-MB-231 cells stably
expressing shNC and shPPP1R14B were inoculated into themammary fat pads of 6-week-old BALB/c female nudemice (n¼ 10). After 20 days of injection, DMSO or
paclitaxel (10mg/kg, dissolved inDMSO)was administered by intraperitoneal injection every 2 days and6 times in total. Images of tumor growth anddrug procedure
(I), tumor weight (J), and tumor volume (K) are shown. L, The proposed working model. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ns, no significance. (I, Left image was
created with BioRender.com.)
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chase assays showed that the half-life of mutant STMN1 was sub-
stantially shorter than that of wild-type STMN1, suggesting that
PPP1R14B enhances STMN1 protein stability via modulating its
phosphorylation (Fig. 7A andB).We next examined whether STMN1
phosphorylation is involved in PPP1R14B-inducedTNBCprogression
by ectopic expression WT or mutant STMN1 in PPP1R14B-silenced
cells (Supplementary Fig. S6C). Results showed that inhibition of
TNBC cell proliferation and colony formation induced by PPP1R14B
knockdown was partially rescued by ectopic expression of WT
but not mutant STMN1 (Fig. 7C and D; Supplementary S6D).
Similarly, Transwell assays revealed that reduced migratory and
invasive potential of TNBC cells caused by PPP1R14B depletion was
rescued by ectopic expression of WT but not mutant STMN1
(Fig. 7E and F; Supplementary Fig. S6E). Taken together, these
results indicate that PPP1R14B exerts oncogenic roles in TNBC
progression through, at least in part, regulating phosphorylation
and stability of STMN1.

PPP1R14B promotes resistance of TNBC cells to paclitaxel both
in vitro and in vivo

As STMN1 is a microtubule-destabilizing protein and is associated
with resistance to microtubule-stabilizing drugs (such as paclitaxel) in
various cancers (28), we next examined the impact of PPP1R14B on
TNBC cellular sensitivity to paclitaxel. We found that PPP1R14B-
depleted cells displayed enhanced sensitivity to paclitaxel as com-
pared with control cells (Fig. 7G). Similar results were obtained
from colony formation assays (Fig. 7H; Supplementary Fig. S7A).
Furthermore, in mammary fat pad xenograft tumor models, tumor-
suppressive effects in mice bearing PPP1R14B-depleted tumors
were more pronounced compared with those in control mice
following low-dose of paclitaxel administration (Fig. 7I–K; Sup-
plementary Fig. S7B). These results suggest that PPP1R14B con-
tributes to paclitaxel resistance in TNBC cells.

PPP1R14B promotes STMN1-mediated microtubules instability
and cell-cycle mitotic progression

Previous studies revealed that STMN1 regulates acetylation of
a-tubulin (Ace-Tubulin) at lysine 40 (Lys40), thus modulating
microtubule stability and contributing to paclitaxel sensitivity
(29, 30). To further validate the above results, Ace-Tubulin (Lys40)
antibody was used to assess the microtubule stability. Both immu-
nofluorescent and immunoblotting assays showed that depletion of
PPP1R14B increased the expression level of Ace-Tubulin (Supple-
mentary Fig. S7C and S7D).

Paclitaxel can stabilize microtubules and arrest the cell cycle of
cells in the mitotic phase, thus triggering the apoptosis of cancer
cells. Strikingly, cell-cycle analysis demonstrated that depletion of
PPP1R14B resulted in an increase of G2–M phase cells (Supple-
mentary Fig. S7E). To further distinguish the impact of PPP1R14B
on G2 or M phase of the cell cycle, flow cytometry analysis was
performed using the p-H3 S10 antibody to detect mitotic cells. It has
been well documented that p-H3 S10 is a specific marker in mitosis
and exists only during the late G2 phase and mitosis (31). Results
showed that the percentage of p-H3 S10-positive cells was obviously
increased after PPP1R14B knockdown (Supplementary Fig. S7F).
Furthermore, immunoblotting assays confirmed this effect using
antibodies of cell-cycle markers (Supplementary Fig. S7G). In
summary, we conclude that PPP1R14B affects STMN1-mediated
microtubule instability and promotes the mitotic progression of the
cell cycle.

Discussion
In this study, PPP1R14B was identified as both a tumor promoter

and a potential therapeutic target for TNBC.Mechanistically, RPS27A,
as an upstream adaptor, recruitedUSP9X to deubiquitinate PPP1R14B
and facilitate upregulation of PPP1R14B in TNBC. PPP1R14B pro-
moted TNBC progression via regulating STMN1 phosphorylation and
stability. Moreover, we found that inhibition of PPP1R14B improved
tumor sensitivity to anti-paclitaxel therapy (Figs. 7L).

PPP1R14B, a highly conserved member of the PP1 family, has been
observed to be dysregulated in several human cancers. For example,
recently, LINC00466 was found to function as a sponge to miR-137 to
upregulate PPP1R14B, contributing to glioma progression and temo-
zolomide resistance (32). However, the biological function of
PPP1R14B and the in-depth molecular mechanisms of PPP1R14B
dysregulation in human cancer have not yet been investigated. In this
study, we revealed the functional and mechanistic roles of PPP1R14B
in TNBC progression and chemoresistance for the first time. Available
evidence has shown that PP1 could directly maintain tumor malig-
nance by targeting Rb, p53, andAKT signaling pathways. In this study,
we found that PPP1R14B could function as both a tumor promoter and
a potential therapeutic target in TNBC.

Then, we explored the molecular mechanisms underlying the
accumulation of PPP1R14B in TNBC. LC-MS/MS analysis implied
that RPS27A was one of the interacting proteins of PPP1R14B.
RPS27A is a component of the ribosomal 40S subunit and is involved
in the encoding of the carboxy terminus of ubiquitin (33). In human
cancer, RPS27A interacts with downstream molecules, such as LMP1
and P53, and stabilizes them by suppressing proteasome-mediated
ubiquitination to regulate cell-cycle progression (such as G2–Mphase)
and tumormetastasis (33). In this study, we found that PPP1R14B was
subjected to proteasome-mediated ubiquitination degradation, and
that RPS27A stabilized PPP1R14B through blocking ubiquitination-
mediated degradation of PPP1R14B.

Previous studies have shown that there is an interaction of RPS27A
with OTUB1 (34) and USP7 (35). These data are consistent with our
proteomic results. Consequently, regulation of protein homeostasis by
RPS27A through the proteasome-mediated ubiquitination systemmay
partially depend on its interactions with some DUBs. USP9X is one of
the most active DUBs (35), and acts as a key DUB for oncoprotein
stabilization, such as ALDH1A3 (36), and KDM4C (37). Strikingly,
USP9X can function as a tumor promotor or a tumor suppressor, and
the complex role of USP9X in human cancers is determined by its
various substrates (38). In this study, our results implied that RPS27A
acts as an adaptor to recruit USP9X to deubiquitinate PPP1R14B, thus
leading to PPP1R14B upregulation in TNBC.However, we cannot rule
out the possibility that RPS27A may recruit other deubiquitinases to
stabilize PPP1R14B.

PP1 regulatory subunits interact strongly with PP1 catalytic sub-
units to form the holoenzyme PP1 (5). In fact, the catalytic subunits are
responsible for the dephosphorylation reaction, whereas the regulatory
subunits can determine the enzyme specificity by alternatively target-
ing the PP1 holoenzyme to specific subcellular compartments and
substrates (39). Therefore, the different functions of PP1 holoenzyme
mainly depend on PP1 regulatory subunits and specific substrates. For
example, PPP1R10 (also known as PNUTS) forms the PNUTS/PP1c
holoenzyme with catalytic subunits PP1a and PP1g . On the one hand,
PPP1R10 independently accelerates tumor growth and metastasis of
TNBC via its alternative splicing lncRNA-PNUTS (40). On the other
hand, PNUTS/PP1g holoenzyme is amplified in human cancers and
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PPP1R10 depletion sensitizes resistant breast cancer cells to Aurora
inhibition by preventing PP1-dependent dephosphorylation of active
Aurora B (41, 42). Meanwhile, PPP1R10 inhibits PP1c-mediated
dephosphorylation of Rb in breast cancer (43). In the current study,
PPP1R14Bwas proved to formPP1 holoenzyme by bindingwith PP1a
and PP1g . PPP1R14B, as a tumor promoter in TNBC, mediates the
phosphorylation of oncoprotein STMN1 through, at least in part,
interaction with PP1a and PP1g .

STMN1, also known as oncoprotein 18, is involved in the regulation
of the microtubule dynamics system. Accumulating evidence shows
that STMN1 is highly expressed in multiple types of human cancer,
including gastric and colorectal (44), lung (45), and breast (46) cancers,
and functions as a tumor promoter contributing to malignant phe-
notypes. In addition, high expression of STMN1 is associated with
chemoresistance, such as paclitaxel (47) and doxorubicin (48). STMN1
has four sites of phosphorylation, including S16, S25, S38, and S63. A
growing number of studies identify that phosphorylated STMN1
has similar effects in tumors compared with STMN1 (49). In this
study, we observed that PPP1R14B accelerated TNBC progression
by regulating STMN1 phosphorylation. PPP1R14B deficiency led to
M phase accumulation; thus, its role in paclitaxel sensitivity was
explored in this study. The most significant aspect of our finding is
that PPP1R14B knockdown obviously improved paclitaxel sensi-
tivity in TNBC by regulating STMN1-mediated microtubule sta-
bility. Thus, findings presented here have excellent clinical signif-
icance and provide a novel rationale for the future development of
antimicrotubule cancer therapeutics for human cancer.

In summary, this study presents significant roles of PPP1R14B in
TNBC progression and chemoresistance. The potential mechanism of
the PPP1R14B–STMN1–Ace-Tubulin regulatory pattern supports our
findings. Moreover, we reveal a detailed mechanism of PPP1R14B
accumulation mediated by the RPS27A–USP9X complex in TNBC.

These findings suggest that PPP1R14B may serve as a potential
therapeutic target for TNBC.
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