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Triple-negative breast cancer (TNBC) is the most challenging breast cancer subtype to treat
due to the absence of effective targeted therapies. In this study, we demonstrate that elevated
expression of microtubule affinity-regulating kinase 2 (MARKZ), but not other MARK family
members (MARK1, MARK3, and MARK4), correlates with poor prognosis in TNBC patients. Si-
lencing MARK2 impairs TNBC progression via inhibition of mutant p53 (mutp53) signaling. In
contrast, silencing any of the other three MARKs either enhances or does not affect TNBC cell
growth or migration and has no impact on mutp53 expression. Notably, direct knockdown of
mutp53 recapitulates the effects of MARK2 ablation in TNBC cells, further supporting a func-
tional linkage. Moreover, ectopic expression of either wild-type (WT) MARKZ or its kinase-
dead (KD) mutant enhances mutp53 signaling and promotes TNBC progression; however,
MARK?2 overexpression does not alter wild-type p53 (wtp53) expression or cell growth in lu-
minal breast cancer cells. Significant inverse correlations are also observed between the ex-
pression levels of MARK2, THBS1, or HBEGF (two direct target genes of mutp53) and both
overall and disease-free survival in TNBC patients harboring mutTP53, whereas no such asso-
ciation exists between MARK2 and survival in breast cancer subtypes expressing wtTP53.
MARK2 is predominantly localized in the nucleus of TNBC cells, where it interacts with and
stabilizes mutp53 through its UBA and Spacer domains. Consistent with this, MARK2-AUBA or
MARK2-ASpacer mutant proteins fail to bind mutp53 or sustain its signaling, thereby acting as
dominant-negative inhibitors that suppress TNBC progression. Collectively, our findings in-
dicate that suppressing MARKZ2 expression, rather than inhibiting its kinase activity, may rep-
resent an effective therapeutic strategy for TNBC with mutTP53.

1. Introduction

ment are urgently needed.
The tumor suppressor protein p53, encoded by the TP53

Breast cancer remains the most common malignancy and the
second leading cause of cancer-related mortality among women
worldwide . Triple-negative breast cancer (TNBC) is a hetero-
geneous subtype characterized by the absence of estrogen recept-
or (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2), and accounts for approxim-
ately 15% of all breast cancer cases . Patients with TNBC exhib-
it a worse prognosis than those with other subtypes (i.e., luminal
and HER2 " breast cancer) due to higher recurrence rates and a
lack of effective targeted therapies °. TNBC is typically more ag-
gressive and more prone to distant metastasis compared to other
breast cancer subtypes °. Additionally, therapeutic resistance is
frequently observed in metastatic TNBC . Therefore, the discov-
ery and validation of effective therapeutic targets for TNBC treat-
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gene and known as the "guardian of the genome", suppresses tu-
morigenesis through multiple pathways °. The TP53 gene is the
most frequently mutated gene in human cancers, including breast
cancer ” . Somatic mutations in TP53 occur in approximately
80% of TNBC patients ''; the resulting mutant p53 (mutp53) not
only loses its tumor-suppressive functions but also acquires gain-
of-function (GOF) properties that promote cell proliferation, inva-
sion, resistance to apoptosis, and genomic instability, collectively
contributing to the high aggressiveness and therapeutic resist-
ance observed in TNBC *""°. Thus, mutTP53 can be regarded as
an oncogene that actively drives TNBC progression, and accumu-
lated mutp53 represents a potential therapeutic target for mut-
TP53-bearing malignancies, including TNBC '*". However, the
regulatory mechanisms governing mutp53 accumulation remain
incompletely understood.

Microtubule-affinity regulating kinases (MARKs, also known
as PAR-1), a family of serine/threonine protein kinases, particip-
ate in diverse cellular processes, including cell polarization, cyto-
skeletal stability, cell-cycle regulation, and intracellular signal

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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transduction “"**. The MARK family comprises four members
(MARK1-4), each containing an N-terminal leader sequence, a
highly conserved kinase catalytic (CA) domain, a ubiquitin-asso-
ciated (UBA) domain, a spacer region, and a C-terminal kinase-as-
sociated (KA1) domain *“*°. In contrast to the CA domain, the
UBA and Spacer domains exhibit greater variability in size and se-
quence identity across MARK family members, which may under-
lie their distinct functional roles in specific disease contexts '~
Nevertheless, the precise contributions of individual MARK iso-
forms to tumor development and progression remain unclear.

In this study, we focused on elucidating the role of MARK2
within the MARK kinase family in triple-negative breast cancer.
This focus was motivated by integrated transcriptomic and pro-
teomic analyses of TCGA and CPTAC datasets, which revealed
that MARKZ2, but not MARK1, MARK3, or MARK4, is significantly
upregulated in TNBC and uniquely associated with poor patient
survival. Given this subtype-specific enrichment and clinical rel-
evance, we further evaluated the functional and molecular signi-
ficance of MARK2 in TNBC models. Our study aims to determine
whether MARK2 functions as a distinct tumor-promoting factor in
mutTP53-driven TNBC, and to uncover the underlying molecular
mechanisms.

2. Materials and methods

2.1. Cell culture

The SUM159 (CVCL_5590) cell line was purchased from
BioIVT. MDA-MB-231 (CVCL_0062), HEK-293T (CVCL_0063), and
MCF7 (CVCL_0031) cell lines were purchased from ATCC. MDA-
MB-231 cells harbor a homozygous TP53 mutation (R280K) and
exclusively express mutp53. SUM159 cells carry a heterozygous
mutation (Leu insertion at V157-R158), but wild-type p53
(wtp53) protein is barely detectable under basal conditions due
to rapid degradation. MCF7 cells express wild-type TP53
(wtTP53) and were used as a control for wtp53. Genotypes were
confirmed via the COSMIC and ATCC databases and informed the
interpretation of p53-related findings. All cell lines were cultured
in DMEM supplemented with 10% FBS and 1% penicillin-strepto-
mycin. Mycoplasma contamination was tested every two months,
and only mycoplasma-negative cells were used. All cell lines in
this study were authenticated in our laboratory.

2.2. Clinical data analysis

Gene expression data and corresponding clinical information
for MARK1-4, HBEGF, and THBS1 were obtained from the Assist-
ant for Clinical Bioinformatics (ACLBI) platform (https://www.
aclbi.com/static/index.html#/), which provides RNA-sequencing
expression profiles and clinical correlation analyses using data
from The Cancer Genome Atlas (TCGA) dataset (https://portal.
gdc.cancer.gov). All statistical analyses and R packages were im-
plemented using R software version 4.0.3 (The R Foundation for
Statistical Computing, 2020). A P value < 0.05 was considered
statistically significant. Kaplan-Meier survival analysis with the
log-rank test was used to compare survival differences between
groups. For Kaplan-Meier curves, P-values and hazard ratios
(HRs) with 95% confidence interval (CI) were generated using
log-rank tests and univariate Cox proportional hazards regres-
sion. Protein expression data and corresponding clinical informa-
tion for MARK1-4 were derived from the TCGA dataset (https://
ualcan.path.uab.edu/index.html). UALCAN provides protein ex-
pression analysis using data from the Clinical Proteomic Tumor
Analysis Consortium (CPTAC). Z-scores represent standard devi-
ations from the median across samples for the given cancer type.
Log, Spectral count ratio values from CPTAC were first normal-
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ized within each sample profile, then normalized across samples.
2.3. RNA-Sequencing (RNA-Seq)

Total RNA was extracted from each group (n = 3 biological
replicates per group) and submitted to Novogene (Beijing, China)
for transcriptome sequencing. The quantity and integrity of total
RNA were assessed using the RNA Nano 6000 Assay Kit on an
Agilent Bioanalyzer 2100 system (Agilent Technologies, CA,
USA), with all samples exhibiting an RNA integrity number (RIN)
> 7.0. Polyadenylated mRNA was purified from total RNA using
Oligo (dT) magnetic beads and fragmented into short fragments
using divalent cations at elevated temperatures. First-strand
cDNA was synthesized using random hexamer primers and re-
verse transcriptase, followed by second-strand synthesis with
DNA polymerase I and dNTPs. The resulting double-stranded
cDNA fragments were subjected to end repair, 3’ adenylation,
and ligation with looped adaptors. Library fragments of approx-
imately 370-420 bp were size-selected and purified using the
AMPure XP system (Beckman Coulter, Beverly, USA). PCR ampli-
fication was then performed, and the final libraries were purified
again with AMPure XP beads. The quality and quantity of the lib-
raries were validated, and sequencing was conducted on the Illu-
mina NovaSeq 6000 platform to generate 150 bp paired-end
reads. Raw sequencing data were processed and analyzed accord-
ing to Novogene’s in-house bioinformatics pipeline.

2.4. Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) assay

Total RNA was isolated and reverse-transcribed into cDNA
using TRIzol reagent (Invitrogen, #15596018) and PrimeScript™
RT reagent Kit (Takara, #RR047Q) according to the manufactu-
rer’s instructions. Quantitative RT-PCR was performed on an Ap-
plied Biosystems QuantStudio 3 qPCR system (Thermo Fisher Sci-
entific), and relative mRNA expression levels were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primers
for the indicated genes are listed in Supplementary Table 1.

2.5. Cell proliferation assay

Cell viability was measured by CCK-8 assay (Vazyme, #A311-
01) according to the manufacturer’s instructions. Briefly,
SUM159 and MDA-MB-231 cells were seeded in a 96-well plate at
a density of 500-1000 cells per well. At the designated time poi-
nt, the medium was replaced with fresh DMEM containing 10%
CCK-8 reagent and incubated for 1 h. Absorbance was then meas-
ured at 450 nm using a Molecular Devices microplate reader.

2.6. Cell migration assay

Cell migration was assessed using 8-pum pore size transwell
chambers (Corning, #354480) in 24-well plates. A total of 6 x 10*
cells were seeded in the upper chamber with FBS-free culture
medium, while the lower chamber was filled with complete medi-
um containing 10% FBS. Cells were allowed to migrate for 10 or
13 h. Non-migrated cells on the upper surface were removed with
a cotton swab, and migrated cells on the lower surface were fixed
with methanol, stained with 0.3% crystal violet, and sub-
sequently photographed and quantified.

2.7. Colony formation assay

SUM159 or MDA-MB-231 cells (500-1000 cells per well)
were seeded into 6-well plates and allowed to adhere for 24 h.
The medium was replaced twice per week. After 12 or 18 days of
incubation, colonies were fixed with methanol, stained with 0.3%
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crystal violet, and photographed and quantified.
2.8. Flow cytometric analysis

For apoptosis analysis, cells were seeded into 6-well plates
and incubated for 48 h before processing according to the manu-
facturer’s instructions. Apoptotic cell percentages were determ-
ined using the Annexin V-FITC/PI Apoptosis Detection Kit
(YEASEN, #40302ES50). For cell cycle analysis, cell cycle phases
were assessed using a Cell Cycle Detection Kit (Keygen Biotech,
#KGA9101). Prepared cell samples were analyzed using a FACS
Celesta flow cytometer (BD Biosciences). Apoptosis data were
analyzed with Flow]Jo software, and cell cycle data were analyzed
with ModFit LT software.

2.9. Cloning, lentivirus production, and cell transfection

Plasmids pLKO.1-TRC (#10879), psPAX2 (#12260), and
pMD2.G (#12259) were purchased from Addgene. Plasmids
pLKO.1-Neo-TP53-shRNA (#P33186), pLKO.1-Neo-vector
(#P33186), pLenti-puro-Luciferase-GFP (#119816), pCDNA3.1-
6xHis-MARK2 ~ (#P19259), and pCDNA3.1-MARK3-3xMyc
(#P55459) were purchased from MiaoLing Biology. Plasmids
pLenti-MARK2-WT-GFP,  pLenti-MARK2-T208A/S212A, and
pLKO.1-MARK1-4-shRNA were generated in our laboratory. Plas-
mids pLenti-puro-MARK2-AUBA-GFP and pLenti-puro-MARK2-
ASpacer-GFP were constructed by GenScript Biotech Inc.
(Nanjing, China). shRNA sequences are listed in Supplementary
Table 1. To produce lentiviral particles, HEK-293T cells were co-
transfected with pLKO.1-shRNA or pLenti-puro-GFP, psPAX2, and
pMD2.G at a 4:3:1 ratio using Lipofectamine 2000 reagent (Invit-
rogen, #11668-019) according to the manufacturer’s instruc-
tions. Fresh medium was added 24 h post-transfection, and viral
particle-containing conditioned medium was harvested at 48 and
72 h. For lentiviral infection, target cells were incubated with a
1:1 mixture of viral particles and fresh culture medium contain-
ing polybrene (8 ug-mL™"; Sigma-Aldrich, #H2968) for 24 h. Cells
were then incubated for an additional 24 h and selected by cul-
turing in 0.5 pg-mL™" puromycin (Sangon Biotech, #A610593) or
1.6 mg'-mL™" G418 (Sangon Biotech, #A100859) for 5 d before
downstream applications. This selection duration was optimized
based on preliminary time-course titration experiments to en-
sure complete elimination of uninfected cells, as confirmed by the
absence of viable cells in parallel untransduced control cultures.
Stable knockdown integrity was further verified by RT-qPCR be-
fore each experiment. Following the 5-day selection, cells were
maintained for no more than two passages in medium supple-
mented with half the original concentration of puromycin or
G418 to sustain selective pressure and minimize transgene loss.

2.10. Protein expression and purification

Sequences encoding full-length MARK2 and domain-deletion
variants (ACA), UBA domain-deleted (AUBA), Spacer domain-de-
leted (ASpacer), and KA1 domain-truncated (AKA1) were cloned
into the pET-28a expression vector. Recombinant His-tagged
MARK2 proteins were purified from E. coli (BL21) by Ni-NTA
agarose (Invitrogen, #R90101) affinity chromatography. Cells
were pelleted and lysed in lysis buffer (20 mmol-L™" HEPES, 500
mmol-L™" NaCl, 20 mmol-L™" imidazole, 10% Glycerol, pH 7.5),
then eluted stepwise using 100, 300, 500 mmol-L™" imidazole in
wash buffer. Sequence encoding mutp53 for R280K and insert
Leucine within V157-R158 were cloned into the pGEX-6P-1 ex-
pression vector. Recombinant GST-tagged p53 proteins were pur-
ified using glutathione-agarose (Thermo Fisher Scientific,
#16100) affinity chromatography. Cells were pelleted and lysed
in lysis buffer (20 mmol-L™" HEPES, 500 mmol-L™* NaCl with PH
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7.5 and eluted stepwise with elution buffer containing 10
mmol-L™" reduced L-glutathione (pH 7.5). Purified proteins were
validated by Coomassie staining.

2.11. Immunoblot, immunoprecipitation, and GST/His pull-down

For immunoblot analysis, cells were lysed in RIPA lysis buf-
fer (Thermo Fisher Scientific, #89900) supplemented with pro-
tease inhibitor cocktail (Selleck, #B14002). For subcellular frac-
tionation, nuclear and cytoplasmic proteins were extracted using
the NE-PER™ Nuclear and Cytoplasmic Extraction Reagent Kit
(Thermo Fisher Scientific, #89900). GAPDH served as a loading
control for cytoplasmic proteins, and HDAC1 for nuclear proteins.
Equal amounts of protein were separated by SDS-PAGE and
transferred onto nitrocellulose (NC) membranes (Millipore,
#HATF00010). Membranes were blocked in 5% non-fat milk in
PBST for 1 h at room temperature, then incubated overnight at
4 °C with the following primary antibodies against MARK2 (Santa
Cruz Biotech, sc-47778; 1:1000), MARK1 (Proteintech, 21552-
1AP; 1:1000), MARK3 (Abcam, ab52626; 1:0000), MARK4(Ab-
mart, MG288507S; 1:1000), p53 (Santa Cruz Biotech, sc-98;
1:1000), THBS1 (Santa Cruz Biotech, sc-393504; 1:1000), f-
actin (Santa Cruz Biotech, sc-47778; 1:1000), GAPDH (Santa Cruz
Biotech, sc-32233; 1:1000), Cyclin D1 (CST, #55506; 1:1000),
Ubiquitin (CST, #3933; 1:1000), HDAC1 (CST, #34589; 1:1000),
Myc-Tag (CST, #2276; 1:1000), His-Tag (CST, #12698S;
1:1000), FLAG-Tag (Sigma-Aldrich, #F3165; 1:2000), GST-Tag
(BioLegend, #640801; 1:1000), followed by incubation with ap-
propriate horseradish peroxidase (HRP)-conjugated secondary
antibodies. Blots were visualized using enhanced chemilumines-
cence (Thermo Fisher Scientific, #34580). A pan-p53 antibody
(Santa Cruz Biotech, sc-98) was used for p53 detection, which re-
cognizes both mutp53 and wtp53 isoforms. Although this anti-
body does not distinguish between p53 isoforms at the protein
level, the interpretation of results was guided by the known TP53
genotypes of the cell lines (e.g., MDA-MB-231: homozygous
mutant; SUM159: mutant-dominant; MCF7: wild-type only). For
immunoprecipitation (IP), cells were lysed in IP lysis buffer (50
mmol-L™" Tris-HCl, 150 mmol-L™" NaCl, 1 mmol-L™ EDTA, 1% NP-
40, PH 7.4) containing protein inhibitor cocktail on ice. contain-
ing protease inhibitors on ice. Lysates were sonicated, clarified,
and incubated with antibodies against immunoglobulin G, MARK2
(1:100), p53 (1:100), or Myc-tag (1:250), followed by incuba-
tion with pre-cleared protein A/G agarose beads (Santa Cruz Bi-
otech, #sc-2003). Immune complexes were analyzed by immun-
oblotting. For pull-down assays, His- or GST-tagged recombinant
proteins were expressed and purified from E. coli (BL21). GST-
tagged protein mixtures were preincubated overnight at 4 °C on a
rotator; glutathione-agarose beads were then added for 2 h.
Beads were collected, washed, electrophoresed, and subjected to
Coomassie staining. In additional experiments, various His-
tagged MARK2 recombinant proteins were immobilized on Ni-
NTA agarose and incubated overnight at 4 °C with SUM159 whole-
cell lysates. Bound protein complexes were washed, eluted in SDS
loading buffer, resolved by SDS-PAGE, and analyzed by immun-
oblotting.

2.12. Immunocytochemistry and immunohistochemistry

For immunohistochemistry, cells were cultured on covers-
lips in 24-well plates for 48 h, washed twice with PBS, fixed with
4% paraformaldehyde (PFA) for 10 min, permeabilized with 1%
Triton X-100 in PBS for 30 min, and blocked with blocking buffer
(0.5% BSA and 5% goat serum in PBS) for 30 min. The cells were
then incubated overnight at 4 °C with the indicated primary anti-
bodies against MARK2 (Sigma-Aldrich, #HPA074905; 1:300),
p53 (CST, #2527, 1:100), GFP (Invitrogen, a10262; 1:100)
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overnight at 4 °C, followed by incubation with goat anti-Rabbit or
anti-Chicken Alexa secondary antibodies (all from Thermo Fisher
Scientific). The cells were subsequently counterstained with DAPI
(Thermo Fisher Scientific, #D1306) and imaged using a Zeiss
LSM800 microscope. For immunohistochemistry, paraffin-em-
bedded tumor tissues were sectioned at 5 pm, deparaffinized in
three changes of xylene, and rehydrated through a graded ethan-
ol series. For antigen retrieval, the slides were heated in citric
acid-based Antigen Unmasking Solution (#H-3300, Vector Labor-
atories), allowed to cool naturally to room temperature, and per-
meabilized with 0.3% Triton X-100 in PBS for 30 min. Endogen-
ous peroxidase activity was blocked with 1% H,0, for 30 min.
The slides were then blocked with blocking buffer for 40 min and
incubated overnight at 4 °C with the indicated primary antibod-
ies against Ki-67 (Abcam, ab15580; 1:2000), phospho-histone
H3 (CST, #9701; 1:200), cleaved caspase 3 (CST, #9661; 1:400),
cyclin D1 (CST, #55506; 1:300), p53 (CST, #2527; 1:100), and
THBS1 (Abcam; ab267388; 1:5000). The sections were sub-
sequently incubated with biotin-labeled goat anti-mouse or goat
anti-rabbit IgG secondary antibodies for 1 h, followed by
avidin-biotin complex (#PK-6101, Vector Laboratories). DAB
chromogen (#SK-4105, Vector Laboratories) was used for color
development. Finally, all slides were counterstained with hem-
atoxylin and mounted with neutral resin.

2.13. Tumor xenograft model and human tumor samples

Mice were housed under standard specific pathogen-free
(SPF) conditions, and all animal experiments were performed in
accordance with protocols approved by the Animal Welfare and
Ethics Committee of China Pharmaceutical University. Female
BALB/c nude mice aged from 6-8 weeks were purchased from
Shanghai Model Organisms Center, Inc (Shanghai, China). A single-
cell suspension of 2 x 10° MDA-MB-231 cells in a total volume of
100 pL of PBS diluted with Matrigel (1:1, Corning; #354262) was
injected subcutaneously into the dorsal flank of each mouse. Mice
were randomized into three groups prior to inoculation. Tumor
volumes were measured every other day using the formula (1 x
length x width®/6). At the predetermined endpoint, mice were
euthanized, and tumors were dissected, photographed, and
weighed. Tissues were either fixed in 4% paraformaldehyde
(PFA) for immunohistochemical analysis or snap-frozen in liquid
nitrogen and stored at -80 °C for immunoblot analysis. Human
TNBC tumor and paired normal tissues were provided by Nanjing
Drum Tower Hospital (Nanjing, China) and stored at -80 °C. The
use of human materials was approved by the Ethics Committee of
Nanjing Drum Tower Hospital, the Affiliated Hospital of Nanjing
University Medical School, with informed consent obtained from
all patients.

2.14. Statistical analysis

Data were presented as mean * SD. Statistical analyses were
performed using GraphPad Prism (version 9.0) and R (version
4.0.3), as appropriate. For comparisons between two independ-
ent groups (e.g., TNBC tumors vs matched normal tissues), a two-
tailed unpaired Student’s t-test was used, consistent with stand-
ard practice for transcriptomic and proteomic datasets with as-
sumed normal distribution (e.g., TCGA and CPTAC). For freshly
dissected TNBC tumors and matched adjacent normal tissues, the
two-tailed paired Student’s t-test was employed. For comparis-
ons among more than two groups, one-way ANOVA followed by
Dunnett’s multiple comparisons test was applied. For longitudin-
al tumor volume measurements, repeated-measures models (lin-
ear mixed-effects) were employed. For survival analysis,
Kaplan-Meier curves with log-rank test and univariate Cox pro-
portional hazards regression were used. The specific statistical
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method used is indicated in each figure legend. P-value < 0.05
was considered statistically significant.

2.15. Data availability

The RNA-seq data generated in this study are publicly avail-
able in BioProject database at PRINA1202101.

3. Results

3.1. Increased expression of MARK2, but not the other three MARK
family members, worsens survival rates of TNBC patients

Using the ACLBI (The Assistant for Clinical Bioinformatics
Portal) online tool, we analyzed the dataset from TCGA to de-
termine the relationship between expression levels of individual
MARK genes and clinical outcomes across the three major mo-
lecular subtypes of breast cancer (i.e., luminal, HER2", and triple-
negative subtypes). No statistically significant associations were
observed between MARKI, MARK3, or MARK4 expression and
overall survival (OS) or disease-free survival (DFS) in any of the
three subtypes (Fig. 1A and Supplementary Figs. S1A and S1B).
Nevertheless, MARK1-high tumors exhibited a trend toward bet-
ter prognosis in the TNBC subtype, reflected by a slight, albeit
non-significant, increase in OS (Fig. 1A). Of note, a significant in-
verse association was identified between MARKZ2 expression and
both OS and DFS specifically in the triple-negative subtype, but
not in luminal or HER2" breast cancer subtypes (Fig. 1B). Addi-
tionally, we used ACLBI and UALCAN (The University of Alabama
at Birmingham Cancer Data Analysis Portal) to analyze MARK ex-
pression at the transcript and protein levels in TNBC tumors
versus matched normal tissues. As expected, both mRNA and pro-
tein levels of MARK1 were lower in TNBC tumors than in matched
normal tissues, whereas MARK?Z levels were robustly elevated in
TNBC tumors (Figs. 1C and 1D). No obvious difference in mRNA
or protein expression levels of MARK3 in TNBC tumors versus
matched normal tissues was identified (Figs. 1C and 1D). No sub-
stantial differences in MARK3 mRNA or protein expression were
detected between TNBC tumors and matched normal tissues
(Figs. 1C and 1D). To further clarify the expression pattern of
MARK2 in TNBC subtypes, the freshly-dissected tumors and
matched normal tissues were collected from TNBC patients and
subjected to RT-qPCR and immunoblotting analyses. Consistent
with MARKZ2 expression pattern identified in the datasets, TNBC
tumors indeed exhibited remarkably increased expression of
MARK2 at both the mRNA and protein levels compared to
matched normal tissues (Figs. 1E and 1F). Collectively, these find-
ings indicate that MARK2, but not the other three MARK family
members, may serve as a potential marker of poor prognosis in
TNBC.

3.2. Silencing of MARKZ, but not the other three MARK family mem-
bers, impairs TNBC tumor progression

To directly test the putative tumor-promoting or tumor-sup-
pressive functions of individual MARKs, we used shRNA-express-
ing lentiviral vectors to stably silence expression of each MARK in
human TNBC cell lines MDA-MB-231 and SUM159. RT-qPCR and
immunoblotting analyses confirmed remarkably decreased levels
of individual MARKs in TNBC cells that stably expressed corres-
ponding lentiviral sShMARK vectors (Figs. 2A and 2C and Supple-
mentary Figs. S2A and S2C). Cell proliferation was assessed using
the Cell Counting Kit-8 (CCK-8) and colony formation assays. As
anticipated, silencing MARK3 or MARK4 had minimal effects on
the growth of MDA-MB-231 and SUM159 cells (Figs. 2B and 2D
and Supplementary Figs. S2B and S2D). Intriguingly, MARK1 si-
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Fig. 1 Increased expression of MARKZ is correlated with poor prognosis in TNBC. (A, B) Kaplan-Meier curves for overall survival (0S) and disease-free survival (DFS) in lu-
minal, HER2", and triple-negative breast cancer (TNBC) subtypes, stratified by high and low expression of MARK1 (A) or MARKZ (B). Survival data were obtained from the
TCGA database and analyzed using the log-rank (Mantel-Cox) test. Hazard ratios (HRs) and 95% confidence intervals (Cls) were calculated using univariate Cox proportion-
al hazards regression. (C, D) Relative mRNA (C) and protein (D) expression levels of MARK1I-MARK4 in TNBC tumor tissues (T) and non-paired normal breast tissues (N),
based on the TCGA and CPTAC datasets, respectively. Data are presented asmeans * SD. Statistical significance was assessed using a two-tailed unpaired Student’s t-test. (E,
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lencing robustly enhanced the growth of MDA-MB-231 cells, con-
firming the tumor growth-suppressive function of MARKI in TN-
BC cells (Figs. 2B and 2E and Supplementary Fig. S2B). By con-
trast, silencing expression of MARK2 remarkably suppressed the
growth of MDA-MB-231 and SUM159 cells, confirming the tumor
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growth-promoting function of MARK2 in TNBC cells (Figs. 2B, 2D
and 2E and Supplementary Figs. S2B and S2D). Notably, only
MARK?2 silencing, and not that of the other three MARK family
members, effectively inhibited the migratory capacity of TNBC
cells (Supplementary Figs. S2E and S2F). Annexin V/PI dual stain-
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ing assay revealed that MARK2 silencing failed to induce cell ap-
optosis, suggesting that genetic inhibition of MARK2 has no im-
pact on the survival of MDA-MB-231 and SUM159 cells (Supple-
mentary Figs. S2G and S2H). We therefore investigated whether
MARK?2 inhibition influences cell cycle progression. Control and
MARK2-silenced TNBC cells were treated with vehicle or the mi-
crotubule-destabilizing agent nocodazole for 12 h and subjected
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to FACS analysis. A subtle but significant G1 phase arrest was ob-
served in vehicle-treated, MARKZ2-silenced MDA-MB-231 and
SUM159 cells (Supplementary Figs. S2I and S2]). Following 12 h
of nocodazole treatment, a large fraction of control cells accumu-
lated in the G,/M phase, whereas most MARK2-silenced cells re-
mained in the G; phase, with a substantially smaller fraction pro-
gressing to the G,/M phase (Supplementary Figs. S2I and S2J).
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Fig. 2 Silencing MARK2, but not MARK1, MARK3, or MARK4, impairs TNBC progression. (A, C) RT-qPCR and immunoblotting analyses showing the efficiency of stable
knockdown of MARK1-MARK4 in MDA-MB-231 (A) and SUM159 (C) cells using lentiviral shRNA vectors. MDA-MB-231 cells harbor the TP53 R280K mutation, whereas
SUM1509 cells harbor the TP53 V157-R158insL mutation. (B, D) Cell proliferation curves assessed by CCK-8 assay in MDA-MB-231 (B) and SUM159 (D) cells following stable
knockdown of MARK1-MARK4. Cell growth was monitored over time. (E) Colony formation assays evaluating the clonogenic potential of MDA-MB-231 and SUM159 cells
after silencing of each MARK isoform. (F, G) Tumor growth curves measured every day (F) and final tumor weights (G) of xenograft tumors derived from shRenilla control or
shMARK2 MDA-MB-231 cells following subcutaneous inoculation into nude mice. (H) Immunoblotting analysis confirming reduced MARKZ2 protein levels in xenograft tumor
lysates. (I) Immunohistochemical staining and quantification of Ki-67, phospho-histone H3, cleaved caspase-3, and cyclin D1 in xenograft tumor sections. Approximately
1,000 cells were counted across 10 random microscopic fields per section. Data are presented as mean * SD. n = 3 biological replicates for in vitro assays; n = 6 mice per
group for in vivo experiments. Statistical analyses were performed using: two-tailed unpaired Student’s t-test (A, C, G, I), one-way ANOVA with Dunnett’s test (E), longitudin-
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These observations indicate that MARKZ silencing causes a pro-
nounced defect in the transition from G, to S phase, a critical cell
cycle checkpoint essential for tumor cell proliferation *’.

We next assessed the impact of MARKZ2 silencing on TNBC
cell growth in vivo. Control and MARK2-silenced MDA-MB-231
cells were inoculated into nude mice, and xenograft tumor
growth was monitored over 24 days. Consistent with the in vitro
studies, MARKZ silencing suppressed xenograft tumor growth, as
evidenced by significant reductions in tumor size and mass (Figs.
2F and 2G). Immunoblotting of tumor lysates confirmed
markedly reduced MARKZ2 expression in xenografts derived from
MARK2-silenced cells compared to controls (Fig. 2H). Consist-
ently, immunohistochemical staining of MARKZ2-silenced versus
control xenograft tumors revealed markedly decreased percent-
ages of proliferative cells (Ki67"), mitotic cells (phospho-histone
H3"), and cyclin D1" cells (cyclin D1, a driving molecule for the
G,/S phase transition | accompanied with comparable num-
bers of apoptotic cells (cleaved caspase 3%) (Figs. 21). Taken to-
gether, these findings demonstrate that silencing MARK2, but not
the other three MARK family members, effectively impairs TNBC
tumor progression.

3.3. Silencing of MARKZ2 expression represses mutp53 signaling
pathway in TNBC cells

To elucidate the mechanism by which MARKZ2 silencing im-
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pairs TNBC progression, we performed RNA sequencing (RNA-
seq) on MARKZ2-silenced versus control MDA-MB-231 cells. Using
a minimum 1.5-fold change cutoff, MARKZ silencing altered the
expression of nearly 400 unique transcripts (236 upregulated
and 156 downregulated; Fig. 3A). Gene set enrichment analysis
(GSEA) revealed that MARK?Z silencing affected signature genes
enriched in mutp53 signaling, as well as several other oncogenic
and tumor-suppressive signaling pathways, such as Notch, TGFj3,
AMPK, Hippo, Insulin, and Wnt (Figs. 3B and 3C). TP53 muta-
tions are present in approximately 80% of TNBC cases. The res-
ulting mutp53 gain-of-function promotes, rather than inhibits,
tumor progression and has been reported to crosstalk with and
regulate the aforementioned signaling pathways at multiple
levels ' "> **% We therefore reasoned that silencing MARK2
might impair TNBC progression through repression of the
mutp53 signaling pathway. RT-qPCR analysis demonstrated that
silencing MARK2 in MDA-MB-231 cells harboring mutp53-R280K
had little effect on TP53 expression itself, but markedly regulated
the expression of mutp53 target genes including THBS1, HBEGF,
EDNZ2, S1PR1 (the transcriptionally activated genes), and CD82
and BHLHE41 (the transcriptionally repressed genes) ***’ (Fig.
3D). Immunoblotting analysis further confirmed that silencing
MARK2, but not other three MARKSs, robustly decreased expres-
sion levels of mutp53 and THBS1 in MDA-MB-231 and SUM159
cells harboring mut7P53 (Fig. 3E and Supplementary Fig. S3A).
Furthermore, MARK2-silenced MDA-MB-231 xenograft tumors
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Fig. 3 Silencing of MARK2 inhibits the mutp53 signaling pathway in TNBC cells. (A) Volcano plot of differentially expressed genes (DEGs) identified by RNA sequencing of
MDA-MB-231 cells stably expressing control or MARKZ2 -targeting shRNA. A 1.5-fold change and P < 0.05 were used as the thresholds for significant DEGs; n = 3 biological
replicates per group. (B, C) KEGG pathway enrichment analysis (B) and gene set enrichment analysis (GSEA) (C) showing significant suppression of mutp53 signaling and
several other oncogenic and tumor-suppressive pathways. (D) RT-qPCR validation of differentially expressed genes in MARK2-silenced and control MDA-MB-231 cells. (E)
Immunoblotting analysis of MARK2, mutp53, and THBS1 protein expression in MARK2-silenced and control MDA-MB-231 and SUM159 cells. (F, G) Immunoblotting (F) and
immunohistochemical analysis (G) of MARK2, mutp53, and THBS1 expression in xenograft tumors derived from control and MARK2-silenced MDA-MB-231 cells (n = 6 mice
per group). Data are presented as mean * SD. n = 3 biological replicates for in vitro assays; n = 6 mice per group for in vivo studies. Statistical significance was assessed using
a two-tailed unpaired Student’s t-test for (D) and (G). P < 0.05, "P < 0.01, "'P < 0.001; n.s., not significant.
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robustly decreased protein levels of mutp53 and THBS1, as as-
sessed by immunoblotting and immunohistochemical analyses
(Figs. 3F and 3G). RT-qPCR analysis revealed that MARKZ2-si-
lenced xenograft tumors significantly reduced mRNA levels of
THBS1 and HBEGF but increased levels of CD82, without affecting
expression of TP53 (Supplementary Fig. S3B). Notably, RT-qPCR
cannot discriminate between mutant and wild-type TP53 tran-
scripts because it lacks allele specificity. Therefore, mutp53 activ-
ity was inferred based on the known genotypes of the cell lines
and the expression of canonical mutp53 target genes, including
THBS1 and HBEGF. These findings indicate that MARKZ2 silencing
in TNBC cells harboring TP53 mutations reduces mutp53 protein
expression and consequently represses mutp53 signaling.

3.4. Direct silencing of mutp53 expression phenocopies MARK2 ab-
rogation in TNBC cells

We next directly assessed the impact of mutp53 silencing on
TNBC cell growth and migration. As expected, mutp53-silenced
MDA-MB-231 and SUM159 cells exhibited markedly reduced ex-
pression of transcriptionally activated genes (THBSI1, HBEGF,
S1PR1, and EDNZ2) in tandem with increased levels of transcrip-
tionally repressed genes (CD82 and BHLHE41), phenocopying the
results observed in MARK2-silenced TNBC cells (Supplementary
Figs. S4A and S4B). The growth and migration potentials of MDA-
MB-231 and SUM159 cells were effectively reduced following
mutp53 silencing, as assessed by colony formation and cell mi-
gration analyses (Supplementary Figs. S4C and S4D). Annexin
V/PI dual staining assay revealed that silencing of mutp53 ex-
pression failed to induce cell apoptosis, suggesting that genetic
inhibition of mutp53 has no impact on the survival of MDA-MB-
231 and SUM159 cells (Supplementary Figs. S4E and S4F). We
then examined cell cycle progression: control and mutp53-si-
lenced TNBC cells were treated with vehicle or nocodazole for 12
or 15 h and analyzed by FACS. After nocodazole treatment, most
control cells accumulated in G,/M phase, whereas a large frac-
tion of mutp53-silenced cells remained arrested in G; phase (Sup-
plementary Fig. S4G). Collectively, these results demonstrate that
direct mutp53 silencing phenocopies the effects of MARK2 abrog-
ation in TNBC cells.

3.5. Ectopic expression of MARKZ promotes TNBC cell growth inde-
pendently of its kinase activity, and enhanced MARKZ/mutp53 sig-
naling worsens survival in TNBC patients harboring 7P53 muta-
tions

Given that MARKZ silencing reduces mutp53 signaling, we in-
vestigated whether MARK2 overexpression enhances this path-
way. Immunoblotting and RT-qPCR showed that MARK2 overex-
pression in MDA-MB-231and SUM159 cells substantially in-
creased mutp53, THBS1, and HBEGF at the protein and/or mRNA
levels while decreasing CD82 expression (Figs. 4A and 4B). In
contrast, MARK2 overexpression had no significant effect on
wtp53 in untreated or MG132-treated MCF7 luminal breast can-
cer cells (Supplementary Fig. S5A), and it did not alter MCF7 cell
growth (Supplementary Fig. S5B). Next, we sought to determine
whether mutp53 signaling is actively involved in the regulation of
MARK2 on TNBC cell behaviors. As shown, the increase in pro-
tein expression levels of mutp53 and THBS1 in MARKZ2 overex-
pressed-SUM159 cells was completely abolished following the si-
lencing of mutp53 (Fig. 4C). CCK-8 assay revealed that overex-
pressing MARK2 remarkably increased the growth of SUM159
cells, and this effect was effectively reversed by concurrent silen-
cing of (Fig. 4D). Notably, the MARK2/shTP53 group exhibited
significant lower viability than the Luci/shRellina control. This
finding is consistent with the near-complete loss of mutp53 pro-
tein in this group (Fig. 4C), which disables the mutp53’s oncogen-
ic support required for MARK2’s pro-survival effect. These res-
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ults suggest that MARK2 /mutp53 signaling pathway plays an es-
sential role in promoting the growth of TNBC cells. We then ex-
amined whether MARK2-mediated upregulation of mutp53 sig-
naling depends on its catalytic activity. Inmunoblotting analysis
showed that overexpression of either WT MARKZ or the kinase-
dead (KD, T208A/S212A) mutant *° robustly increased expres-
sion levels of mutp53 and THBSI in SUM159 cells in a compar-
able fashion (Fig. 4E). Consistently, overexpression of either
MARK2-WT or MARK2-KD markedly promoted SUM159 cell
growth, as determined by CCK-8 assay (Fig. 4F), suggesting that
MARK2 enhances mutp53 signaling and promotes TNBC cell
growth independently of its kinase activity.

Having confirmed the essential role of MARK2/mutp53 sig-
naling in maintaining the malignancy of TNBC cells, we extended
our experimental observations to the clinic. When examining re-
lationships between MARK2, THBS1, and HBEGF mRNA levels and
disease outcomes in TNBC patients, we noted significant inverse
relationships between MARK2, THBS1, and HBEGF levels and OS
as well as DFS in the patient cohort expressing mutTP53 (Fig. 4G).
Intriguingly, the relationship between MARKZ levels and OS or
DFS was absent in all subtypes of breast cancer patients express-
ing wtTP53 (Supplementary Fig. S5C). These results suggest that
increased MARK2 expression or enhanced MARKZ2/mutp53 sig-
naling worsens survival rates in TNBC patients in a TP53 muta-
tion-dependent fashion.

3.6. MARKZ interacts with and stabilizes mutp53 protein in TNBC
cells

Given that MARK?Z regulates mutp53 expression in TNBC cells
only at the protein level, we deduced that MARK2 might interact
with and stabilize mutp53. Immunofluorescence analysis illus-
trated that endogenous MARKZ is primarily expressed in the nuc-
leus of MDA-MB-231 and SUM159 cells, where it colocalizes with
mutp53 (Fig. 5A). Subcellular fractionation followed by immun-
oblotting confirmed MARK2 expression in both cytoplasmic and
nuclear compartments, with significantly higher levels in the nuc-
leus, where mutp53 is exclusively expressed (Supplementary Fig.
S6A). Of note, both MARKI and MARK3 were detected only in the
cytoplasm (Supplementary Fig. S6A). To determine the putative
binding interaction between MARK2 and mutp53, we performed
co-immunoprecipitation (Co-IP) analysis in MDA-MB-231 cells. A
robust binding interaction between endogenously expressed
MARK?2 and mutp53 was detected in the cells (Fig. 5B). As expec-
ted, epitope-tagged MARK1 or MARK3 failed to bind to mutp53 in
MDA-MB-231 cells (Supplementary Figs. S6B and S6C), possibly
resulting in their inability to effectively regulate mutp53 protein
expression. To further determine whether MARK2 could bind to
mutp53 directly, we performed an in vitro GST pull-down assay
with purified bacterially-expressed His-tagged MARK2 and two
GST-tagged mutp53 proteins (R280K as well as Leu insertion
within V157-R158). We observed a direct binding interaction
between MARK2 and both mutp53 proteins (Fig. 5C). In His pull-
down studies using purified bacterially expressed epitope-tagged
MARK2 or MARK2-deletion mutants and mutp53, UBA domain-
deleted MARK2 (MARK2-AUBA) and Spacer domain-deleted
MARK2 (MARK2-ASpacer) completely lost their ability to bind
mutp53 (Figs. 5D and 5E), suggesting that both the UBA and
Spacer domains are responsible for the binding interaction with
mutp53. Intriguingly, an alignment analysis of amino acid identit-
ies across the four MARKs showed that MARKZ exhibited the low-
est sequence identity within the UBA and Spacer domains com-
pared with the other three MARKs, whereas the catalytic domain
displayed more than 90% identity across all four proteins (Sup-
plementary Figs. S6D and S6E). Having established both the phys-
ical interaction between MARKZ2 and mutp53 and the positive reg-
ulation of mutp53 protein expression in MARK2-manipulated TN-
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Fig. 4 Ectopic expression of wild-type MARKZ or a kinase-dead mutant promotes TNBC progression, and enhanced MARK2 /mutp53 signaling worsens survival in TNBC pa-
tients harboring TP53 mutations. (A, B) Immunoblotting (A) and RT-qPCR (B) analyses of MARK2, mutp53, THBS1, and CD82 expression in MDA-MB-231 and SUM159 cells
stably expressing FLAG-tagged MARK?2 or a luciferase (Luci.) control lentiviral vector. (C, D) Immunoblotting analysis of the indicated proteins (C) and CCK-8 assay for cell
growth (D) in SUM159 cells first infected with GFP-tagged luciferase control or MARK2 lentiviral vectors, followed by a second infection with shRenilla control or shTP53
lentiviral vectors. (E, F) Immunoblotting analysis of the indicated proteins (E) and CCK-8 assay for cell growth (F) in SUM159 cells stably expressing GFP-tagged wild-type
MARK2 (WT), kinase-dead MARK2 mutant (KD), or luciferase control lentiviral vectors. Arrows and asterisks indicate specific and nonspecific bands, respectively. (G) Ka-
plan-Meier analyses of overall survival (OS) and disease-free survival (DFS) in TNBC patients harboring TP53 mutations, stratified by high and low expression of MARK2
(left), THBS1 (middle), or HBEGF (right). Patient data were obtained from the TCGA database. Comparisons were performed using the log-rank test, and hazard ratios (HRs)
with 95% confidence intervals (Cls) were calculated using univariate Cox regression. Data are presented as mean #* SD. n = 3 biological replicates. Statistical analysis was
performed using a two-tailed unpaired Student’s t-test for mRNA comparison (B), longitudinal models for proliferation assays (D, F), and the log-rank test together with uni-
variate Cox regression for survival analysis (G). "P < 0.01, ""P < 0.001; n.s. refers to not significant.

BC cells, we next investigated whether MARKZ2 could affect the
stability of mutp53 protein. To this end, MARK2-silenced or con-
trol MDA-MBA-231 cells were treated with cycloheximide (CHX)
for different times and subjected to immunoblotting analysis us-
ing antibodies against MARK2 and mutp53. CHX chase analysis
showed that the half-life of mutp53 protein was markedly
shortened in MARKZ2-silenced cells compared to control cells
(about 1.8 hvs about 4.0 h in t; ;) (Fig. 5F), suggesting that silen-
cing of MARK2 expression destabilizes mutp53 protein in TNBC
cells. Concurrently, an obvious increase in the ubiquitination
levels of mutp53 was readily detected in MARKZ2-silenced MDA-
MB-231 cells with robustly reduced levels of mutp53 protein (Fig.
5G).
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3.7. MARKZ2-AUBA and MARK2-ASpacer mutants reduce TNBC cell
growth by repressing the mutp53 signaling pathway, functioning
as potent dominant-negative inhibitors of MARK2

Having confirmed the inability of MARK2-AUBA and MARK2-
ASpacer mutants to bind mutp53 in TNBC cells, we attempted to
compare the impacts of the two mutants versus MARK2-WT on
mutp53 signaling and, subsequently, on TNBC cell growth. As
predicted, expression of epitope-tagged MARK2-WT in SUM159
cells substantially increased expression of mutp53, THBS1, and
HBEGF at the protein and (or) mRNA levels while reducing the
levels of CD82 (Figs. 6A and 6B). In striking contrast, overex-
pressing either MARK2-AUBA or MARK2-ASpacer mutant that is
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Fig. 5 MARK2 interacts with and stabilizes mutp53 protein in TNBC cells. (A) Immunofluorescence analysis of MARK2 and mutp53 expression and subcellular localization in
MDA-MB-231 and SUM159 cells (n = 3 biological replicates per group). Nuclei were counterstained with DAPI. (B) Co-immunoprecipitation (Co-IP) assay assessing the inter-
action between endogenous MARK2 and mutp53 in MDA-MB-231 cells. (C) In vitro GST pull-down assay examining the interaction between purified bacterially expressed
His-tagged MARKZ2 and two GST-tagged mutp53 proteins (mutl, R280K mutant; mut2, V157-R158insL mutant). (D) Schematic illustration of the structural domains of hu-
man MARK2. CA, catalytic domain; UBA, ubiquitin-associated domain; KA1, kinase-associated 1 domain. (E) In vitro His pull-down assay to determine the MARK2 domain(s)
responsible for binding mutp53 (R280K). (F) Cycloheximide (CHX; 100 pg/mL) chase analysis of mutp53 protein levels in MARK2-silenced and control MDA-MB-231 cells.
Quantification of mutp53 levels is shown in the lower panels (n = 3 biological replicates per group). (G) Ubiquitination assay of endogenous mutp53 in MARKZ -silenced and
control MDA-MB-231 cells (n = 3 biological replicates per group). MG132 (10 umol-L™") was added 4 h before cell harvest.

incapable of binding to mutp53 in SUM159 and MDA-MB-231
cells led to remarkably reduced, rather than increased, expres-
sion levels of mutp53, THBS1, and HBEGF in tandem with in-
creased levels of CD82 (Figs. 6A and 6B). This finding suggests
that expression of the two MARKZ2-deletion mutants could effect-
ively repress the mutp53 signaling pathway in TNBC cells, prob-
ably functioning as putative dominant-negative inhibitors of
MARK2. Next, we explored the dominant-negative effect of the
two MARK2-deletion mutants on TNBC cell growth. The CCK-8
and colony formation assays revealed that expression of either
MARK2-AUBA or MARKZ2-ASpacer mutant significantly reduced
the growth of SUM159 and MDA-MB-231 cells (Figs. 6C and 6D).
To further confirm the dominant-negative effect in vivo, MDA-MB-
231 cells were transduced with MARK2-AUBA or MARK2-ASpacer
mutant and subjected to xenograft tumor growth assay. Consist-
ent with the in vitro studies, MARK2-AUBA or MARKZ2-ASpacer
mutant-transduced tumor cells exhibited robustly reduced
growth rates during the 26-day period, as evidenced by signific-
ant decreases in xenograft tumor size and mass (Figs. 6E and 6F).
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RT-qPCR analysis revealed that MARK2-AUBA- or MARK2-
ASpacer-transduced xenograft tumors significantly reduced
mRNA levels of THBS1 and HBEGF but increased levels of CD82,
without affecting expression of TP53 (Fig. 6G). Compared to Luci.-
transduced xenograft tumors, MARK2-AUBA- or MARK2-ASpacer-
transduced tumors displayed robustly decreased protein levels of
mutp53 and THBS1, as assessed by immunoblotting analysis (Fig.
6H). To further confirm the functional role of UBA and Spacer do-
mains in mutp53 stabilization, we performed CHX chase assays in
cells overexpressing MARK2-AUBA or ASpacer. Both mutants
failed to maintain mutp53 stability (Fig. 61), with degradation
kinetics similar to those in MARK2-knockdown cells (Fig. 5F).
These results, together with prior Co-IP and ubiquitination data
(Figs. 5D-5G), support that MARK?Z stabilizes mutp53 by directly
binding via its UBA and Spacer domains to block ubiquitin-medi-
ated degradation. Collectively, these findings demonstrate that
MARK2-AUBA and MARKZ2-ASpacer mutants effectively reduce
TNBC cell growth in vitro and in vivo by repressing mutp53 sig-
naling pathway, functioning as potent dominant-negative inhibit-



M. Zhang et al.

Chinese Journal of Natural Medicines 24 (2026) 414-426

A
GFP-MARK?2 GFP-MARK2 B SUMI59 MDA-MB-231
E 5 2 5 21 « GFP-Luci. 21 o GFP-Luci.
z 58 I3 & * MARK2-AUBA  MARK2-AUBA
5 £ 29 & 2 9 . MARK2-ASpacer MARK2-ASpacer
3
- — — ) q— 100 kD3 >
GFP | ’ |—»— 4 |> a 5
- — —-— <zt . .
Mutp53|--—-—’-‘||--.._. | 53 kDa 2
THBSI|—-. ‘ ||.-.—| 170 kDa z
p-Actin | o ” | 43 kDa
o LLLETM TTIEE [ 0 LI (e A8
9 ) of V) VR oF o
SUM159 MDA-MB-231 LT ¥ o) T g V’ ¢
C D
-+ GFP-Luci. ;- GFP-Luci : GFP-Luci. MARK2-AUBA MARK2-ASpacer
- MARK2-AUBA || -= MARK2-AUBA || 120 0
MARK2-ASpacer MARK2-ASpacer o
20 2
_ 301 sumiso MDA-MB-231 Z| 60
2 2 : —
) 1.5 7 2
S E 9 _ﬂ
S 20 2
= 1.0 2 1007
g = : P
=} o [=}
510 ] 5
2 0.5 £ 50
= 1
O T
= [l |
0 0 s o 1L
1 3 5 7 1 3 5 7 9 NS
d d R
E F G,
300 37« GFP-Luci.
-+ GFP-Luci. « MARK2-AUBA :
- MARK2-AUBA ” MARK2-ASpacer
e MARK2-ASpacer '; " § ‘g
£ 200 — E 53
o
£ g 24
2 g Z5
g g ERe)
¢ E -5
8 = B #
£ 100 —_ = &e
=1
e
<
. o
11 13 15 17 19 21 23 26 0.5 cm
Post inoculation/d
. GFP-MARK2 .
GFP-Luci. AUBA ASpacer . MDA-MB-231
CHX (hrs 0 1 2 3 8
Tumors 1 2 31 2 3 1 2 3 (brs)
o o
Mutp53 |6 - - 53 kDa
Mutp53 53 kDa . - MAR2-AUBA-GFP
F-Actin | Se——— 43 kDa
THBSI1 170 kDa

MDA-MB-231 xenograft tumor lysates

Fig. 6 Ectopic expression of MARK2-AUBA or MARK2-ASpacer mutants reduces TNBC progression by inhibiting the mutp53 signaling pathway. (A, B) Immunoblotting (A)
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ant.

ors of MARKZ.
4. Discussion

In this study, we systematically investigated the roles of
MARK family members in triple-negative breast cancer, with a
particular focus on their functional interplay with mutant p53.
Consistent with this notion, silencing MARK2 expression mark-
edly suppressed TNBC progression and attenuated mutp53-asso-
ciated signaling, whereas perturbation of other MARK family
members produced distinct or minimal effects. This specificity is
supported by previous knockout mouse studies: while MARK1/
3/4-deficient mice are generally viable, MARK-knockout mice
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exhibit embryonic lethality and obvious dwarfism and subfertil-
ity in female mice, reflecting a broader role in cell fate regulat-
ion **. MARKs, a cytoplasmic serine/threonine protein kinase
family, function as conserved regulators of cellular polarity and
microtubule dynamics through the phosphorylation of microtu-
bule-associated proteins “**’. In addition, MARKs are known to
regulate the output of other cytoplasmic signaling pathways
linked to cell proliferation and differentiation, including Wnt,
AMPK, Hippo, and MAPK “** Using confocal immunofluores-
cence combined with nucleocytoplasmic separation experimenta-
tion, we unexpectedly observe that MARKZ is predominantly ex-
pressed in the nucleus (with much higher levels than in the cyto-
plasm), where it colocalizes and physically interacts with
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mutp53; however, MARK1 and MARK3 are exclusively expressed
in the cytoplasm of TNBC cells, without binding with mutp53. The
differential cellular localization of MARKZ2 versus other MARK
family members may explain the observations that only MARK2
could bind with and stabilize mutp53 protein in the nucleus of
TNBC cells, and elevated expression of MARK2 as well as en-
hanced MARKZ/mutp53 signaling promote TNBC progression
and are associated with poor clinical outcomes in TNBC patients
harboring mut7P53. Of note, elevated expression of MARK?Z is not
associated with poor prognosis in all three subtypes of breast
cancer patients bearing wtTP53, which may be attributed to the
lack of ability to regulate wtp53 expression by MARKZ.

Given that the majority of TNBC patients harbor TP53 muta-
tions, efforts aimed at targeting MARK2 /mutp53 signaling path-
way may exert unexpected therapeutic benefit in this neoplastic
state. Here we have discovered two potent protein-based inhibit-
ors of MARK2, MARK2-AUBA and MARK2-ASpacer mutant pro-
teins that could effectively reduce TNBC progression through
blocking MARK2-driven mutp53 signaling. Notably, both mutants
lack the ability to bind mutp53 and rescue its stability, as con-
firmed by domain-specific CHX chase assays. This evidence dir-
ectly links the physical MARK2-mutp53 interaction via the UBA
and Spacer domains to mutp53 protein stabilization. Given that
these domains are poorly conserved among the MARK family
(Supplementary Figs. S6D-S6E), this structural uniqueness likely
explains the specificity of MARK2 in mutp53 regulation. Thus, a
non-viral, lipid nanoparticle (LNP)-based mRNA delivery of
MARK2-AUBA or MARK2-ASpacer is worthy of further develop-
ment and utilization for the treatment of TNBC with an activated
MARK2 /mutp53 signaling.

We demonstrated that ectopic expression of WT MARKZ2 or
KD mutant stabilized mutp53 protein and thereby enhanced the
proliferation of TNBC cells in a comparable fashion, suggesting
that MARK2 promotes TNBC progression independently of its
kinase activity. Selective small-molecule inhibitors of MARK fam-
ily members are currently not available due to the high sequence
homology in the catalytic domain across the four family mem-
bers (Supplementary Fig. S6E). Recently, a small-molecule cata-
lytic inhibitor of MARK3/4 (the compound has a relatively lower
inhibitory activity against MARK1/2) has been reported to re-
duce glioma growth in a subcutaneous model by inducing G,/M
cell cycle arrest and cell apoptosis *°, which is inconsistent with
our observation that genetic inhibition of MARK3 and (or) MARK4
expression has no impact on TNBC cell growth or migration, sug-
gesting that their roles are likely context-dependent and not es-
sential in mutp53-driven TNBC. MARK1, interestingly, exhibited a
tumor-suppressive effect in our assays, asits knockdown in-
creased TNBC cell proliferation. This is consistent with some pri-
or reports suggesting MARKI may play a role in maintaining epi-
thelial polarity and suppressing oncogenic transformation > °',
Given the high specificity and selectivity of RNAi-mediated knock-
down of targeted genes, we presume that the compound exerts
its inhibitory effect on tumor growth probably through targeting
other uncharacterized molecules rather than MARK3/4 Kkinase
activity. Actually, in a preliminary study, we discovered that a
previously reported pan-MARK inhibitor ** fails to affect TNBC
cell growth. Further, we designed a PROTAC wherein an E3 lig-
and cereblon (CRBN) was linked to the compound ligand through
an oxygen bond and found that treatment of TNBC cells with this
PROTAC indeed triggered ubiquitin-dependent degradation of
MARK1, MARK2, and MARK3, but still had no obvious impact on
the growth of TNBC cells. We believe that this may be due to the
concurrent inhibition of MARK1/2/3 expression, because MARK2
inhibition reduces TNBC cell proliferation while MARKI inhibi-
tion enhances cell proliferation. Therefore, it is necessary to de-
velop a specific and effective PROTAC for mutTP53-bearing TN-
BC, in which a newly designed ligand that binds a unique pocket
within the UBA or Spacer domain of MARKZ, regions showing less
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than 50% sequence homology with the other three MARK family
members, is linked to CRBN through an oxygen bond.

5. Conclusion

In summary, this study identifies MARKZ as a critical and spe-
cific regulator of tumor progression in triple-negative breast can-
cer harboring TP53 mutations. Elevated MARKZ2 expression cor-
relates with poor clinical outcomes in TP53-mutant TNBC pa-
tients, whereas genetic silencing of MARK2 suppresses tumor
growth both in vitro and in vivo. Mechanistically, MARK2 pro-
motes TNBC progression by directly interacting with and stabiliz-
ing mutant p53 protein, thereby sustaining mutp53-dependent
oncogenic signaling. Notably, this pro-tumorigenic function of
MARK? is independent of its kinase activity and instead relies on
its UBA and Spacer domains, which are structurally divergent
from other MARK family members. Collectively, these findings es-
tablish MARK?2 as a non-redundant driver of mutp53 signaling in
TNBC and highlight the MARKZ-mutp53 axis as a promising
therapeutic vulnerability for TP53-mutant breast cancer.
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