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Triple-negative breast cancer (TNBC) is a diverse subtype of breast cancer, constituting about 15–20% of all breast cancer 

cases. This study highlights KLHL29, an under-researched gene within the Kelch-like gene family, as an important tumor 

suppressor that influences chemoresistance in TNBC. Compared to adjacent normal tissues, KLHL29 expression was 

significantly reduced in breast cancer tissues, and lower levels of KLHL29 correlated with poor prognosis. Overexpression of 

KLHL29 inhibited, while its depletion promoted, the growth, migration, and invasion of TNBC cells. Mechanistically, KLHL29 

interacted with the CUL3 E3 ligase, targeting the RNA-binding protein DDX3X for degradation via the proteasome. This 

degradation led to the destabilization of CCND1 mRNA, causing cell cycle arrest in the G0/G1 phase. Notably, combining the 

DDX3X inhibitor RK33 with platinum-based chemotherapy enhanced the suppression of TNBC, particularly in models with 

low KLHL29 and high DDX3X expression. These findings suggest that the KLHL29-DDX3X pathway plays a crucial role in 

TNBC progression and presents a promising strategy to overcome chemoresistance. 
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Introduction 

Breast cancer remains the most prevalent malignancy and 

a leading cause of cancer-related death in women 

worldwide [1]. Triple-negative breast cancer (TNBC) 

accounts for roughly 15–20% of breast cancer diagnoses, 

characterized by the lack of estrogen receptors, 

progesterone receptors, and human epidermal growth 

factor receptor 2 (HER2) [2-4]. TNBC is biologically 

diverse, often exhibiting larger tumor sizes, higher 

grades, and greater metastatic potential [5, 6]. Due to the 

absence of targetable receptors, patients with TNBC do 

not benefit from traditional hormonal or HER2-targeted 

therapies [7]. Recently, novel therapies such as 

immunotherapy, targeted treatments, and antibody-drug 

conjugates have emerged, reshaping TNBC treatment 

[8]. However, standard cytotoxic chemotherapy, based 

on anthracyclines and taxanes, remains the cornerstone 

of treatment, though many patients eventually develop 

resistance [9, 10]. Given the aggressive nature of TNBC 

and the absence of effective treatments and biomarkers, 

understanding the mechanisms behind TNBC 

progression and chemoresistance is an ongoing research 

focus. 

In previous work, we explored the genomic, 

transcriptomic, and proteomic landscape of TNBC in 

Chinese patients from Fudan University Shanghai 

Cancer Center (FUSCC), offering critical molecular 

insights for further clinical research [11, 12]. From this, 

we identified key genes driving TNBC progression, such 

as PDSS1, which facilitates metastasis through the 

CAMK2A-STAT3 pathway [13], and ENSA, which 

enhances cholesterol biosynthesis via STAT3 and 

SREBP2 signaling [14]. Another gene, MARCO, 

contributes to metabolic dysregulation and hypoxic 
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tumor conditions by modulating HIF-1α signaling [15]. 

These findings highlight the molecular mechanisms 

driving TNBC, but in this study, we focus on identifying 

tumor suppressors, particularly KLHL29, an 

underexplored member of the Kelch-like gene family. 

The KLHL gene family encodes evolutionarily 

conserved proteins, typically featuring a BTB/POZ 

domain, a BACK domain, and multiple Kelch motifs 

[16]. These proteins are involved in several cellular 

processes, including mitosis, DNA repair, autophagy, 

and apoptosis, primarily through their interaction with 

the E3 ubiquitin ligase CUL3 [17, 18]. Some KLHL 

proteins are known to play crucial roles in tumorigenesis 

and cancer progression [19-22]. In this study, we show 

that KLHL29 acts as a tumor suppressor in TNBC. Its 

expression is significantly lower in cancerous compared 

to normal tissues, and reduced KLHL29 levels correlate 

with poor patient prognosis. Overexpressing KLHL29 

suppressed TNBC cell proliferation and metastasis, while 

its depletion accelerated disease progression. KLHL29 

regulates the ubiquitination and degradation of the RNA-

binding protein DDX3X via CUL3, which leads to cell 

cycle arrest at G0/G1. Combining platinum-based 

chemotherapy with the DDX3X inhibitor RK33 showed 

promising results in treating TNBC, particularly in 

tumors with low KLHL29 and high DDX3X expression. 

This study uncovers the tumor-suppressive function of 

KLHL29 in TNBC and presents a potential strategy for 

overcoming chemoresistance. 

Materials and Methods  

Clinical specimens and datasets 

Triple-negative breast cancer (TNBC) samples were 

collected from patients undergoing surgical procedures at 

the Breast Surgery Department of the First Hospital of 

China Medical University, all of whom had not received 

prior therapy. Diagnoses were confirmed by expert 

pathologists, and complete follow-up records were 

available. All procedures followed the principles of the 

Declaration of Helsinki and were approved by the 

Institutional Ethics Review Board of the First Hospital of 

China Medical University. Written informed consent was 

obtained from all participants. In addition, publicly 

available datasets, including the FUSCC-TNBC cohort, 

TCGA, and CPTAC, were analyzed to complement the 

study. 

Mouse xenograft studies 

Female NOD/SCID and BALB/c-nude mice aged 4–6 

weeks were sourced from the Department of Laboratory 

Animal Science, Shanghai Medical College of Fudan 

University. To evaluate KLHL29 overexpression, 1 × 

10^6 MDA-MB-231 cells expressing KLHL29 or a 

control vector (pCDH-CMV-MCS-EF1-puro) were 

mixed with 100 μL of PBS:Matrigel (1:1) and 

orthotopically implanted into the mammary fat pads of 

NOD/SCID mice. For KLHL29 knockdown 

experiments, 1 × 10^6 MDA-MB-231 cells stably 

expressing shNC or sh-KLHL29 were injected similarly. 

The effects of combining RK33 with cisplatin or 

carboplatin were tested in BALB/c-nude mice implanted 

with MDA-MB-231 cells and divided into four treatment 

groups: vehicle, RK33, platinum drugs, or the 

combination. RK33 (20 mg/kg), cisplatin (3 mg/kg), or 

carboplatin (15 mg/kg) in 200 μL was administered 

intraperitoneally three times per week. All injections 

were performed with the investigator blinded to group 

allocation. Tumor growth was measured using electronic 

calipers in two dimensions, and tumor volumes were 

calculated as: volume = length × width × width × 0.52. 

Mice were euthanized at study endpoints, and tumors 

were collected for downstream analysis. All procedures 

were approved by the Animal Welfare Committee of 

Shanghai Medical College, Fudan University. 

 

Organoid culture 

Patient-derived organoids (PDOs) were generated from 

freshly resected TNBC tissues following established 

protocols [23]. Tumor samples were minced into 1–3 

mm³ pieces and enzymatically digested with collagenase 

and hyaluronidase on an orbital shaker for 1–2 h at 37 °C. 

The resulting suspension was filtered through a 100 μm 

mesh, centrifuged at 1500 rpm for 5 min, and incubated 

in 10 mL TAC buffer for 3 min to remove red blood cells. 

After further washing and centrifugation, cell clusters 

were embedded in type-2 Basement Membrane Extract 

(BME, Trevigen, 3533-010-02) as 40 μL droplets on pre-

warmed 24-well plates and polymerized at 37 °C for 20 

min. Organoids were maintained in breast cancer 

organoid medium under a humidified atmosphere of 5% 

CO2 at 37 °C. Following 3–5 passages, organoids were 

seeded into 384-well plates and cultured for 5 days before 

drug exposure. Drug-treated organoids were incubated 

for 1 week, and viability was assessed using the 

CellTiter-Glo 3D Cell viability assay (Promega, 

#G9683). Images were captured on the final day to 

observe morphological changes. 
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Statistical analysis 

All analyses were conducted using GraphPad Prism 

(v9.4.1), R (v4.0.3), and SPSS (v26.0). Comparisons 

between two groups were performed with Wilcoxon 

rank-sum tests, two-tailed Student’s t tests, or two-way 

ANOVA as appropriate. Spearman correlation was used 

for correlation analyses. Kaplan-Meier survival curves 

were plotted and compared using log-rank tests. 

Multivariate Cox proportional hazard models were 

applied to compute hazard ratios with 95% confidence 

intervals. Data are presented as mean ± SD from at least 

three independent experiments. P < 0.05 was considered 

statistically significant (*p < 0.05; **p < 0.01; ***p < 

0.001; ns, not significant). 

Results and Discussion 

Reduced KLHL29 expression associates with poor 

outcomes in triple-negative breast cancer 

Using multi-omics profiling from the FUSCC TNBC 

cohort [11], we identified KLHL29, a member of the 

KLHL family that has not been extensively studied, as 

significantly underexpressed in TNBC tissues compared 

to adjacent normal breast tissues (Figure 1a). This trend 

persisted across 88 paired samples, showing consistent 

downregulation (Figure 1b). Analysis of TNBC datasets 

from TCGA further confirmed that KLHL29 mRNA 

levels are lower in tumors versus normal tissues (Figures 

1c and 1d). 

Protein-level validation was performed on six pairs of 

primary TNBC and matched non-tumor tissues by 

western blotting. To determine the clinical significance, 

we performed survival analyses. Kaplan–Meier plots 

indicated that patients with basal-like breast cancer 

exhibiting low KLHL29 expression had significantly 

shorter overall survival and relapse-free survival, based 

on the Kaplan–Meier plotter database (Figures 1e–1h). 

Additionally, IHC staining of KLHL29 was performed in 

91 surgical TNBC samples collected at the First Hospital 

of China Medical University (Figure 1i). Tumors with 

weak KLHL29 expression showed worse overall survival 

(Figure 1j) and relapse-free survival (Figure 1k). 

Multivariate Cox regression confirmed that low KLHL29 

levels serve as an independent predictor of poor 

prognosis in TNBC patients. 

Overall, these data highlight that KLHL29 is markedly 

reduced in TNBC at both the mRNA and protein levels, 

and its downregulation is strongly associated with 

unfavorable clinical outcomes. 

 

 

a) 

 

b) 

 

c) 
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d) 

 

e) 

 

f) 

 

g) 

 

h) 

 

i) 
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j) 

 

k) 

Figure 1. KLHL29 expression is reduced in TNBC, and 

its decreased expression correlates with poorer 

outcomes. 

(a) mRNA levels of KLHL29 in 360 TNBC samples 

and 88 adjacent normal tissues from the FUSCC-TNBC 

RNA-seq dataset. 

(b) mRNA levels of KLHL29 in 88 TNBC samples and 

corresponding normal breast tissues from the FUSCC-

TNBC RNA-seq dataset. 

(c) mRNA levels of KLHL29 in 169 TNBC samples 

and 113 adjacent normal tissues from the TCGA TNBC 

RNA-seq dataset. 

(d) mRNA levels of KLHL29 in 13 TNBC samples and 

paired normal tissues from the TCGA TNBC RNA-seq 

dataset. Data presented as mean ± SD. Statistical 

analysis was performed using the Wilcoxon rank-sum 

test. 

(e–h) Kaplan–Meier survival curves for KLHL29 in 

basal-like breast cancer across PAM50 and St Gallen 

subtypes (https://kmplot.com/analysis/), analyzed using 

log-rank tests. 

(i) Immunohistochemical analysis of KLHL29 

expression in TNBC tissues with representative images 

provided. 

(j, k) Reduced KLHL29 expression is associated with 

poorer overall survival (j) and relapse-free survival (k) 

based on log-rank test results. 

 

KLHL29 inhibits cell growth, migration, and invasion in 

TNBC. 

To explore KLHL29's role in TNBC, we first measured 

its protein levels in several established TNBC cell lines 

(BT549, CAL51, SUM159PT, MDA-MB-231, LM2-

4175, Hs578T, HCC1806) and HEK293T cells using 

Western blotting (Figure 2a). We then introduced 

KLHL29 overexpression into BT549 and CAL51 cells 

via lentiviral vectors, as these cell lines express low 

baseline levels of KLHL29. The successful 

overexpression of KLHL29 was confirmed by Western 

blot and qRT-PCR (Figures 2b and 2c). Viability assays 

demonstrated that ectopic KLHL29 expression 

significantly inhibited TNBC cell proliferation (Figures 

2d and 2e). Colony formation assays indicated that 

KLHL29 overexpression reduced the colony-forming 

capacity of TNBC cells (Figures 2f and 2c). Flow 

cytometry analysis showed that KLHL29 overexpression 

led to increased apoptosis in TNBC cells (Figures 2h 

and 2i). Given the metastatic potential of TNBC, we also 

tested KLHL29's impact on migration and invasion. 

Transwell assays revealed that KLHL29 overexpression 

impaired the migration and invasion abilities of TNBC 

cells (Figures 2j–m). Additionally, we overexpressed 

KLHL29 in the highly aggressive MDA-MB-231 cell 

line. As with BT549 and CAL51 cells, KLHL29 

overexpression suppressed cell proliferation in MDA-

MB-231 cells. We performed xenograft studies using 

MDA-MB-231 cells with or without KLHL29 

overexpression. Tumor growth was significantly reduced 

in the KLHL29-overexpressing group, as assessed by 

tumor size (Figure 2n), growth rate (Figure 2o), and 

weight (Figure 2p). Immunohistochemical analysis 

showed reduced Ki67 staining in KLHL29-

overexpressing tumors compared to controls. These 

results confirm that KLHL29 acts as a tumor suppressor 

and inhibits TNBC progression. 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 

 

i) 
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j) 

 

k) 

 

l) 

 

m) 

 

n) 

 

o) 

 

p) 

Figure 2. KLHL29 restrains TNBC cell growth, 

migration, and invasion. 

(a) Western blot analysis of KLHL29 protein levels in 

TNBC cell lines and HEK293T cells. 

(b, c) KLHL29 expression was validated in BT549 and 

CAL51 cells stably transfected with either pCDH-Flag 

or pCDH-Flag-KLHL29, confirmed by Western blot (b) 

and RT-qPCR (c). 

(d, e) Cell proliferation assays (Cell Counting Kit-8) 

showed that KLHL29 overexpression in BT549 (d) and 

CAL51 (e) cells led to reduced cell growth. 

(f, g) Colony formation assays revealed that 

overexpressing KLHL29 decreased the colony-forming 

capability of both BT549 and CAL51 cells. 

Representative colony images (f) and corresponding 

quantitative data (g) are shown. 

(h, i) Flow cytometry results indicated that KLHL29 

overexpression increased apoptosis in BT549 and 

CAL51 cells, with images of cell apoptosis (h) and 

annexin V-positive cell percentages (i) shown. 

(j–m) Transwell assays revealed that KLHL29 

overexpression diminished migration and invasion of 

BT549 and CAL51 cells. Images of migrated and 

invaded cells (j, l) and quantitative results (K, M) are 

provided. 

(n–p) In vivo experiments with MDA-MB-231 cells 

overexpressing KLHL29 demonstrated reduced tumor 

growth in xenograft models. Tumors were injected into 

NOD/SCID female nude mice (n = 6 per group), with 

representative images (n), tumor growth rates (o), and 

weights (p) presented. **p < 0.01; ***p < 0.001 by two-

tailed Student’s t-test or two-way ANOVA. 

 

KLHL29 depletion accelerates TNBC cell growth, 

migration, and invasion 

Next, we examined the effects of reducing KLHL29 

expression by silencing it with two distinct siRNAs in 

MDA-MB-231 and SUM159PT cells (Figures 3a–3d). 

KLHL29 knockdown significantly enhanced both cell 

proliferation (Figures 3e and 3f) and colony formation 

(Figures 3g and 3h) while reducing apoptosis (Figures 
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3i and 3j) in both cell types. Moreover, KLHL29 

depletion increased the migratory and invasive 

capabilities of these cells (Figures 3k–3n). Stable 

knockdown of KLHL29 also stimulated growth in MDA-

MB-231 cells and reintroducing KLHL29 into these cells 

reversed the effects on proliferation and migration. In 

xenograft models, depletion of KLHL29 resulted in 

significantly larger tumors, with increased tumor size 

(Figure 3o), growth rate (Figure 3p), and weight 

(Figure 3q). Immunohistochemical analysis indicated 

enhanced Ki67 staining in KLHL29-depleted tumors 

compared to controls. These results confirm that the loss 

of KLHL29 promotes TNBC progression. 

 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 
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i) 

 

j) 

 

k) 

 

l) 

 

m) 

 

n) 

 

o) 

 

p) 

 

q) 

Figure 3. Reduction of KLHL29 enhances proliferative, 

migratory, and invasive behaviors in TNBC cells. 

(a, b) Western blotting confirmed effective suppression 

of KLHL29 protein in MDA-MB-231 (a) and 
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SUM159PT (b) cells following transfection with two 

independent KLHL29-targeting siRNAs. 

(c, d) RT-qPCR analysis further validated the decrease 

in KLHL29 transcript levels in MDA-MB-231 (c) and 

SUM159PT (d) cells upon siRNA-mediated silencing. 

(E, F) Cell Counting Kit-8 assays demonstrated that loss 

of KLHL29 markedly increased proliferative capacity in 

MDA-MB-231 (e) and SUM159PT (f) cells. 

(g, h) Clonogenic assays revealed a substantial rise in 

colony formation after KLHL29 knockdown in both cell 

models. Representative colony images (g) and statistical 

quantification (h) are shown. 

(i, j) Flow cytometric evaluation indicated a reduction in 

apoptotic cell populations following KLHL29 depletion. 

Representative apoptosis profiles (i) and proportions of 

annexin V–positive cells (j) are presented. 

(k–n) Transwell-based assays showed that silencing 

KLHL29 significantly elevated migration and invasion 

in MDA-MB-231 and SUM159PT cells, using uncoated 

or Matrigel-coated chambers, respectively. 

Representative microscopic images (k, m) and 

quantitative analyses (l, n) are provided. 

(o–q) In vivo experiments demonstrated that KLHL29 

loss accelerates xenograft tumor development. MDA-

MB-231 cells stably expressing shNC or shKLHL29 

were orthotopically implanted into the mammary fat 

pads of NOD/SCID female nude mice (n = 6 per group). 

Representative tumors (o), tumor growth kinetics (P), 

and excised tumor weights (q) are shown. **p < 0.01; 

***p < 0.001 by two-tailed Student’s t test or two-way 

ANOVA. 

 

KLHL29 directly associates with DDX3X and suppresses 

its abundance 

To uncover the molecular mechanism responsible for 

KLHL29-mediated tumor inhibition in TNBC, 

immunoprecipitation combined with mass spectrometry 

(IP–MS) was employed to identify proteins interacting 

with KLHL29 in BT549 and CAL51 cells (Figure 4a). 

This approach identified 46 candidate binding proteins in 

BT549 cells and 69 in CAL51 cells associated with Flag-

tagged KLHL29 (Figure 4b). Among these candidates, 

the RNA helicase DDX3X—a protein with established 

oncogenic relevance—was consistently detected in both 

cell types (Figure 4c). 

Proteomic data from the FUSCC-TNBC cohort showed 

that DDX3X protein levels were elevated in tumor tissues 

compared with matched non-tumorous samples [12]. 

Analysis of the CPTAC dataset further confirmed that 

DDX3X expression was significantly higher in TNBC 

and basal-like breast cancer relative to other molecular 

subgroups. Immunohistochemical evaluation 

demonstrated that patients exhibiting increased DDX3X 

expression experienced inferior clinical outcomes 

compared with those displaying lower expression levels. 

Multivariate Cox regression analysis identified elevated 

DDX3X as an independent predictor of poor survival in 

TNBC patients. 

Functionally, RNA interference–mediated depletion of 

DDX3X significantly impaired TNBC cell proliferation 

and markedly reduced migratory and invasive 

capabilities. These findings support an oncogenic role for 

DDX3X and suggest that KLHL29 exerts its tumor-

suppressive effects, at least partially, through negative 

regulation of DDX3X, a mechanism explored in 

subsequent experiments.

 

  
a) b) 
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c) d) 

 

 

e) g) 

 
 

h) i) 

 
 

j) k) 

 

 
l) m) 
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Figure 4. KLHL29 associates with DDX3X and reduces DDX3X protein abundance in TNBC cells. 

(a) Schematic overview of the experimental pipeline used to identify KLHL29-binding partners. BT549 and 

CAL51 cells stably expressing pCDH-Flag or pCDH-Flag-KLHL29 were subjected to immunoprecipitation, 

followed by mass spectrometry analysis. 

(b) Venn diagram illustrating the overlap of proteins interacting with KLHL29. A total of 46 interacting 

candidates were detected in BT549 cells, whereas 69 were identified in CAL51 cells. 

(c) Eight shared proteins were identified as common KLHL29 interactors in both BT549 and CAL51 cell lines. 

(d, e) Reciprocal co-immunoprecipitation assays demonstrate interaction between ectopically expressed KLHL29 

and DDX3X. HEK293T cells were co-transfected with Flag-KLHL29 and Myc-DDX3X constructs, followed by 

immunoprecipitation with anti-Flag or anti-Myc antibodies and subsequent immunoblot detection. 

(f) Diagram depicting the series of KLHL29 truncation mutants generated for interaction domain analysis. 

(g) Domain-mapping experiments revealed that DDX3X binds specifically to the Kelch-repeat region of 

KLHL29. HEK293T cells were co-transfected with Myc-DDX3X and individual Flag-tagged KLHL29 fragments 

prior to co-IP and western blot analyses. 

(h) Confocal immunofluorescence images showing partial cytoplasmic co-distribution of Flag-KLHL29 (green) 

and Myc-DDX3X (red) in BT549 and CAL51 cells. Nuclei were visualized by DAPI staining (blue). 

(i) Enforced KLHL29 expression resulted in decreased DDX3X protein levels in BT549 (left), CAL51 (middle), 

and HEK293T (right) cells. 

(j) Suppression of KLHL29 expression caused accumulation of DDX3X protein in MDA-MB-231 (left), 

SUM159PT (middle), and HEK293T (right) cells. 

(k, l) Immunohistochemical staining of KLHL29 and DDX3X in TNBC tissue sections, with representative 

images shown. 

(m) Inverse association between KLHL29 and DDX3X expression in TNBC samples, determined using 

Spearman correlation analysis with two-tailed P values. 

 

 

To verify the physical association between KLHL29 and 

DDX3X, reciprocal co-immunoprecipitation 

experiments were performed, confirming that 

exogenously expressed KLHL29 forms a complex with 

exogenous DDX3X in HEK293T cells (Figures 4d and 

4e). Interaction between the endogenous proteins was 

additionally observed in MDA-MB-231 cells. Because 

KLHL29 contains a BTB/POZ domain, a BACK domain, 

and six Kelch-repeat motifs, a panel of deletion mutants 

was generated to identify the region responsible for 

DDX3X binding (Figure 4f). These analyses 

demonstrated that the Kelch-repeat region of KLHL29 

(M4, amino acids 585–875) mediates the interaction with 

DDX3X (Figure 4g). Consistent with this finding, 

confocal microscopy confirmed partial cytoplasmic 

overlap of KLHL29 and DDX3X signals in BT549 and 

CAL51 cells (Figure 4h), supporting a direct protein–

protein interaction. 

Given that many KLHL family members function as 

substrate adaptors within CUL3-based E3 ubiquitin 

ligase complexes [24, 25], we next examined whether 

KLHL29 modulates DDX3X protein stability. 

Immunoblot analysis revealed that increasing KLHL29 

expression led to a marked reduction in DDX3X protein 

abundance (Figure 4i), whereas KLHL29 depletion 

produced the opposite effect (Figures 4j). In contrast, 

manipulation of KLHL29 levels did not alter DDX3X 

transcript abundance indicating regulation occurs post-

transcriptionally. Examination of TNBC clinical samples 

further demonstrated a negative relationship between 

KLHL29 and DDX3X protein expression by IHC 

analysis (Figures 4k–4m). Functional rescue assays 

showed that overexpression of DDX3X significantly 

counteracted the suppressive effects of KLHL29 on 

TNBC cell proliferation, migration, and invasion,  

indicating that KLHL29 restrains TNBC progression 

through inhibition of DDX3X. 

 

KLHL29 drives ubiquitin-mediated proteasomal 

degradation of DDX3X 

Intracellular protein turnover is primarily governed by 

the ubiquitin–proteasome pathway and the autophagy–

lysosome system [26]. To identify the degradation route 

of DDX3X, TNBC cells were treated with the 

proteasome inhibitor MG132 or the autophagy inhibitor 

bafilomycin A1 (Baf-A1). DDX3X protein accumulated 

progressively following MG132 exposure but showed no 
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appreciable change after Baf-A1 treatment (Figures 5a–

5d), indicating dependence on the proteasome. 

Moreover, MG132 fully abolished the KLHL29-induced 

reduction of DDX3X protein levels (Figure 5e–5g), 

whereas Baf-A1 failed to restore DDX3X expression 

under KLHL29-overexpressing conditions. These 

observations demonstrate that KLHL29-mediated 

DDX3X degradation occurs via the ubiquitin–

proteasome system rather than autophagy. 

Consistently, ectopic KLHL29 expression markedly 

increased ubiquitination of DDX3X (Figure 5h). 

Cycloheximide chase experiments further revealed that 

KLHL29 significantly shortened the half-life of DDX3X 

protein in BT549 (Figure 5i and 5j), CAL51 (Figures 

5k and 5l), and HEK293T (Figures 5m and 5n) cells. 

Together, these findings establish that KLHL29 

promotes proteasome-dependent degradation of DDX3X 

through ubiquitin-mediated mechanisms. 

 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 

 

h) 
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i) 

 

j) 

 

k) 

 

l) 

 

m) 

 

n) 

Figure 5. KLHL29 facilitates the proteasomal 

degradation of DDX3X via ubiquitination. 

(a, b) In BT549 (a) and CAL51 (b) cells, treatment with 

20 μM MG132 at the indicated time points caused a 

progressive increase in DDX3X protein. 

(c, d) Exposure to 200 nM Bafilomycin A1 (Baf-A1) 

over the same time points did not affect DDX3X levels 

in BT549 (c) or CAL51 (d) cells. 

(e–g) The presence of MG132 blocked the decrease of 

DDX3X mediated by KLHL29 in BT549 (e), CAL51 

(F), and HEK293T (g) cells. Cells transfected with 

either empty vector or Flag-KLHL29 plasmid were 

incubated with DMSO or 20 μM MG132 for 6 hours 

prior to protein extraction and western blotting. 

(h) KLHL29 overexpression increased the 

ubiquitination of DDX3X. HEK293T cells were 

transfected with the indicated plasmids and treated with 

20 μM MG132 for 6 hours before analysis. 

(i–n) Cycloheximide (CHX) chase assays showed that 

DDX3X protein half-life was significantly reduced 

when KLHL29 was overexpressed in BT549 (I), CAL51 

(K), and HEK293T (m) cells. Cells were treated with 

100 μg/mL CHX and collected at the indicated intervals. 

Relative quantifications (DDX3X/TUBULIN) are 

presented in panels J, L, and N. Statistical significance: 

***p < 0.001 by two-tailed Student’s t test. 

 

CUL3 E3 ligase is essential for KLHL29-mediated 

DDX3X turnover 

Kelch-like proteins frequently act as adaptors for the 

CUL3 E3 ubiquitin ligase through their BTB domain, 

targeting substrates for proteasomal degradation [24]. To 

determine whether CUL3 participates in KLHL29-

dependent DDX3X degradation, reciprocal co-

immunoprecipitation experiments were performed. 

KLHL29 was found to associate with CUL3 (Figures 6a 

and 6b), with th0e interaction localized to the BTB 

domain (Figure 6c). Endogenous KLHL29–CUL3 

interaction was also confirmed in MDA-MB-231 cells. 
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RNA-seq analyses from FUSCC-TNBC and TCGA 

datasets revealed that CUL3 expression was significantly 

lower in TNBC tumors relative to adjacent normal tissue. 

Overexpressing CUL3 enhanced DDX3X proteasomal 

degradation, which could be blocked by MG132 

treatment (Figures 6d–6f). Conversely, knocking down 

CUL3 prevented KLHL29 from reducing DDX3X 

protein levels. Furthermore, ectopic CUL3 increased 

DDX3X ubiquitination, an effect that was potentiated by 

simultaneous KLHL29 overexpression (Figure 6g). 

 

 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

g) 
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h) 

 

i) 

 

j) 

 

k) 

 

l) 

 

m) 

 

n) 

 

o) 
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p) 

Figure 6. The BTB motif of KLHL29 mediates CUL3-

dependent DDX3X degradation. 

(a, b) In HEK293T cells, co-immunoprecipitation assays 

demonstrate that exogenous KLHL29 forms a complex 

with Myc-CUL3 after transfection with Flag-KLHL29 

and Myc-CUL3 plasmids. 

(c) Mapping experiments reveal that the BTB domain is 

essential for KLHL29 to engage with CUL3. 

(d–f) Overexpression of CUL3 reduces DDX3X protein 

in BT549 (D), CAL51 (e), and HEK293T (f) cells, and 

this effect is reversed by 20 μM MG132 applied for 6 

hours. Cells transfected with empty vector or HA-CUL3 

were analyzed by western blotting. 

(g) KLHL29 amplifies CUL3-mediated ubiquitination 

of DDX3X. 

(h, i) The KLHL29 variant lacking the BTB domain 

(KLHL29-ΔBTB) retains binding to DDX3X in 

HEK293T cells transfected with Myc-DDX3X and 

Flag-KLHL29-ΔBTB or Flag-KLHL29. 

(j, k) KLHL29-ΔBTB is unable to interact with CUL3 

in HEK293T cells co-transfected with HA-CUL3 and 

Flag-KLHL29-ΔBTB or Flag-KLHL29. 

(l) Only intact KLHL29 promotes CUL3-DDX3X 

association when co-expressed with Myc-DDX3X and 

HA-CUL3; KLHL29-ΔBTB cannot. 

(m–o) KLHL29-ΔBTB fails to decrease DDX3X 

protein in BT549 (M), CAL51 (N), and HEK293T (O) 

cells. 

(p) KLHL29-ΔBTB does not enhance DDX3X 

ubiquitination. 

 

To determine the functional contribution of the BTB 

motif, a deletion mutant (KLHL29-ΔBTB) was 

generated. Despite retaining DDX3X binding (Figures 6 

and 6i), KLHL29-ΔBTB cannot recruit CUL3 (Figures 

6j and 6k), indicating that the BTB motif is critical for 

connecting DDX3X to the ubiquitin ligase. In contrast, 

full-length KLHL29 robustly increases CUL3-DDX3X 

interaction (Figure 6l), lowers DDX3X levels (Figures 

6m–6o), and promotes ubiquitination (Figure 6p). Only 

full-length KLHL29 effectively inhibits TNBC cell 

proliferation, migration, and invasion. These results 

show that the BTB domain enables KLHL29 to target 

DDX3X for degradation through CUL3, suppressing 

TNBC progression. 

 

KLHL29–DDX3X axis regulates TNBC cell cycle 

progression 

DDX3X, an RNA-binding protein, regulates 

transcription, pre-mRNA splicing, and mRNP assembly 

[27, 28]. To explore its molecular role in TNBC, 

transcriptomic profiling was performed. Gene set 

enrichment analysis (GSEA) linked DDX3X to cell 

cycle-related pathways in MDA-MB-231 and 

SUM159PT cells (Figure 7a). KEGG and GO analyses 

showed enrichment of cell cycle genes upon DDX3X 

depletion. Using ssGSEA on the FUSCC-TNBC dataset, 

KLHL29 expression correlated with dysregulation of cell 

cycle genes (Figure 7b), suggesting a KLHL29–DDX3X 

regulatory axis. 

Flow cytometry confirmed these predictions. Silencing 

DDX3X caused G0/G1 accumulation in MDA-MB-231 

and SUM159PT cells (Figures 7c and 7d). Likewise, 

KLHL29 overexpression led to G0/G1 arrest (Figures 

7e, and 7e), whereas KLHL29 knockdown accelerated 

G1/S transition (Figures 7g and 6h). Re-introducing 

DDX3X reversed the G0/G1 arrest induced by KLHL29 

(Figures 7i and 7j), demonstrating that KLHL29 

controls TNBC cell cycle progression through DDX3X. 

 

 

a) 
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k) 

 

l) 

 

m) 

 

n) 

 

o) 

 

p) 

 

q) 

 

r) 

 

s) 

 

t) 

 

u) 

Figure 7. Regulation of TNBC cell cycle by the 

KLHL29–DDX3X pathway 

(a) GSEA shows that knockdown of DDX3X in MDA-

MB-231 cells leads to enrichment in pathways related to 

cell cycle control. 
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(b) ssGSEA analysis indicates a correlation between 

KLHL29 transcript levels and cell cycle gene 

expression in the FUSCC-TNBC dataset. 

(c, d) Flow cytometric quantification using PI staining 

demonstrates that silencing DDX3X causes 

accumulation of cells in G0/G1 phase in MDA-MB-231 

(c) and SUM159PT (d) lines. Percentages in G1, S, and 

G2/M phases are reported. 

(e, f) Forced KLHL29 expression in BT549 (e) and 

CAL51 (f) cells similarly triggers G0/G1 phase 

accumulation. 

(g, h) Conversely, KLHL29 knockdown reduces the 

G0/G1 population in MDA-MB-231 (g) and 

SUM159PT (H) cells. 

(i, j) Restoration of DDX3X rescues the G0/G1 arrest 

induced by KLHL29 overexpression in BT549 (i) and 

CAL51 (j) cells. 

(k, l) RT-qPCR confirms that CCND1 mRNA is 

decreased following DDX3X depletion in MDA-MB-

231 (k) and SUM159PT (l). 

(m, n) KLHL29 overexpression also downregulates 

CCND1 transcripts in BT549 (m) and CAL51 (n) cells. 

(o) RIP assays verify direct binding of DDX3X to 

CCND1 mRNA in MDA-MB-231 and HEK293T cells 

transfected with Myc-DDX3X. 

(p, q) Treatment with Actinomycin D (5 μg/ml) 

demonstrates that either DDX3X depletion (p) or 

KLHL29 overexpression (Q) destabilizes CCND1 

mRNA. 

(r, s) RK33 treatment lowers DDX3X and CCND1 

transcript levels in MDA-MB-231 (R) and SUM159PT 

(s) cells. 

(t, u) Flow cytometry indicates that RK33 triggers 

G0/G1 arrest in both MDA-MB-231 (t) and SUM159PT 

(u). 

*p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant 

(two-tailed Student’s t test). 

 

Mechanistically, transcriptomic data and RT-qPCR 

validation reveal that DDX3X knockdown suppresses 

CCND1, CCNE1, and CCNA2, key cyclins promoting 

G1/S transition [29] (Figure 7k and 7l). KLHL29 

overexpression similarly reduces expression of these 

cyclins (Figures 7m and 7n). RIP experiments show 

DDX3X binds directly to CCND1 mRNA (Figure 7o), 

stabilizing it. Both DDX3X knockdown and KLHL29 

overexpression accelerate CCND1 mRNA decay in the 

presence of Actinomycin D (5 μg/ml); (Figures. 7p and 

7q). RK33, a DDX3X-targeting inhibitor with activity in 

breast, lung, and sarcoma models [30–32], significantly 

diminishes DDX3X and CCND1 expression (Figure 7r 

and 7s) and induces G0/G1 arrest (Figures 7t and 7u), 

highlighting the KLHL29–DDX3X axis as a critical 

regulator of cell cycle genes in TNBC. 

 

Combination therapy: RK33 plus platinum agents 

suppresses TNBC growth 

Platinum chemotherapy remains standard for TNBC, 

with the G1/S checkpoint critical for DNA damage 

response and drug sensitivity [33, 34]. We tested whether 

inhibiting DDX3X enhances platinum sensitivity via cell 

cycle modulation. RK33 treatment significantly reduced 

TNBC cell viability, with DDX3X depletion or KLHL29 

overexpression increasing IC50. Organoids derived from 

TNBC patients with high DDX3X or low KLHL29 

showed heightened RK33 sensitivity. 

Combination treatments with RK33 plus cisplatin or 

carboplatin inhibited TNBC proliferation more than 

single agents (Figures 8a–8D). CI analysis confirmed 

synergistic interactions (CI < 1) across multiple cell lines 

for RK33 plus cisplatin (Figures 8e–8l), and similar 

synergy was observed for carboplatin. 

 

 

a) 

 

b) 
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s) 

Figure 8. RK33 combined with cisplatin suppresses 

TNBC progression both in vitro and in vivo 

(a–d) Single-agent treatment with either RK33 or 

cisplatin reduces proliferation of MDA-MB-231 (a), 

SUM159PT (b), BT549 (c), and CAL51 (d) cells 

relative to vehicle control, as measured by Cell 

Counting Kit-8 assays. Notably, simultaneous exposure 

to RK33 and cisplatin more strongly inhibits TNBC cell 

growth compared with either drug alone. 

(e, f) Synergistic suppression of MDA-MB-231 cell 

proliferation is observed when RK33 is combined with 

cisplatin, as confirmed by cell viability assays (e) and 

Chou-Talalay CI analysis (f). 

(g, h) SUM159PT cells exhibit similar synergistic 

growth inhibition with the RK33/cisplatin combination. 

(i, j) BT549 cells are also more effectively suppressed 

by the combination treatment. 

(k, l) CAL51 cells show synergistic growth inhibition 

under RK33 plus cisplatin treatment. 

(m–p) In vivo, the co-administration of RK33 and 

cisplatin strongly reduces the growth of orthotopically 

implanted MDA-MB-231 xenografts in BALB/c female 

nude mice (n = 7 per group). Representative tumor 

images (m), tumor growth curves (n), tumor weights 

(o), and mouse body weights (p) are presented. 

(q, r) TNBC patient-derived organoids (PDOs) treated 

with the RK33/cisplatin combination show pronounced 

growth suppression. Representative organoid images 

post-treatment (q) and quantification of viability via 

CellTiter-Glo 3D assays (r) are displayed. 

(s) Schematic model: KLHL29 recruits the CUL3 E3-

ligase, promoting ubiquitination and proteasomal 

degradation of DDX3X, resulting in G0/G1 cell cycle 

arrest. Pharmacological inhibition of DDX3X with 

RK33 sensitizes TNBC to platinum chemotherapy. 

 

To validate the translational relevance, MDA-MB-231 

xenografts in BALB/c-nude mice were treated with 

vehicle, RK33, platinum agents (cisplatin or carboplatin), 

or the combination. While single-agent treatments 

partially inhibited tumor growth, the RK33/platinum 

combination led to more pronounced tumor suppression, 

as indicated by tumor volume, growth rate, and weight 

(Figures 8m–8o). Treatment was well tolerated, as body 

weights remained similar to controls (Figure 8p). PDO 

assays further corroborated the enhanced anti-TNBC 

efficacy of the combination therapy (Figure 8q and 8r). 

These findings demonstrate that RK33 plus platinum 

chemotherapy efficiently suppresses TNBC in both cell 

lines and preclinical models. 

To assess whether RK33-mediated sensitization depends 

on G1/S cell cycle control, RK33 was combined with 

paclitaxel. Cell viability assays showed that RK33 plus 

paclitaxel inhibited TNBC proliferation more than RK33 

alone. However, CI analysis revealed no synergistic 

effect (CI > 1) across multiple TNBC cell lines, 

indicating that G1/S checkpoint modulation is critical for 

RK33 combination efficacy. 

Triple-negative breast cancer (TNBC) progression and 

resistance to chemotherapy are driven by complex gene 

regulatory networks. In this study, we identify the 

KLHL29-DDX3X signaling pathway as a critical 

regulator of TNBC growth and treatment response. 

KLHL29 is expressed at significantly lower levels in 

TNBC tissues compared with matched normal tissues, 

and reduced KLHL29 correlates with poor clinical 

outcomes (Figure 1). Functional assays reveal that 

KLHL29 overexpression suppresses, whereas its 

depletion accelerates, TNBC proliferation and metastatic 

behaviors (Figures. 2 and 3). Mechanistically, KLHL29 

serves as an adaptor connecting the CUL3 E3-ligase to 

DDX3X, enhancing DDX3X degradation via the 

proteasome, which subsequently decreases cyclin 

expression and triggers G0/G1 cell cycle arrest (Figures. 

4–7). Because TNBC typically features low KLHL29 and 

high DDX3X, pharmacological inhibition of DDX3X 

with RK33 in combination with platinum agents results 

in synergistic anti-tumor activity in vitro and in vivo 

(Figure 8). 

KLHL29 is part of the KLHL protein family, which 

generally contains a BTB/POZ domain, a BACK domain, 

and six Kelch repeats. These proteins regulate diverse 

cellular processes by interacting with specific substrates. 

In the CUL3-KLHL ubiquitin ligase complex, the BTB 

domain engages CUL3, while the Kelch repeats recruit 

target proteins [24]. Using mass spectrometry and co-

immunoprecipitation assays, we identified the RNA 

helicase DDX3X as a previously unrecognized KLHL29 
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partner (Figures 4a–4h). KLHL29 recruits CUL3 to 

trigger DDX3X ubiquitination and proteasomal 

degradation, as evidenced by multiple lines of support 

(Figures 4–6). First, KLHL29 interacts with CUL3 in 

TNBC and HEK293T cells (Figures 6a–6c). Second, 

KLHL29 increases the CUL3-DDX3X interaction 

(Figure 6l). Third, CUL3 promotes DDX3X 

ubiquitination and proteasomal breakdown, further 

augmented by KLHL29 overexpression (Figures 6d–

6g). Fourth, the BTB domain is essential for CUL3 

recruitment, as KLHL29 lacking this domain (KLHL29-

ΔBTB) cannot bind CUL3, enhance CUL3-DDX3X 

interaction, or drive DDX3X degradation (Figures 6h–

6p). Finally, KLHL29 levels inversely correlate with 

DDX3X expression in patient samples (Figures 4k–4m). 

Collectively, these findings highlight KLHL29 as a 

previously unrecognized tumor suppressor in TNBC. 

DDX3X, a member of the DEAD-box helicase family 

[35], participates broadly in RNA metabolism, including 

transcription, splicing, and mRNP assembly [36–40]. Its 

function in cancer is context-dependent, with oncogenic 

or tumor-suppressive roles depending on tumor type [28, 

41–43]. In TNBC, DDX3X is overexpressed relative to 

adjacent normal tissue, and high expression correlates 

with poor prognosis. Functional experiments show that 

DDX3X acts as an oncogene: overexpression reverses 

the inhibitory effects of KLHL29 on TNBC proliferation 

and migration. The oncogenic activity of DDX3X is 

partly mediated by its ability to upregulate cyclin genes 

and promote G1/S cell cycle progression (Figure 7c–7n). 

In particular, DDX3X binds CCND1 mRNA, stabilizing 

the transcript (Figures 7o–7q). Knockdown of DDX3X 

or inhibition with RK33 leads to G0/G1 arrest (Figures 

7c–7j, 7t and 7u), suggesting that DDX3X is a viable 

therapeutic target in TNBC. 

Platinum-based chemotherapy is a key treatment for 

TNBC in neoadjuvant and metastatic settings [44–46]. 

Cell cycle control strongly influences platinum 

sensitivity [33, 34, 47], and cyclin overexpression, such 

as CCND1 or CCNE1 amplification, can mediate 

resistance [48–50]. Prior studies indicated that ~50% of 

TNBC cases exhibit CCND1 and CCNE1 amplification 

or overexpression [28], supporting the rationale for 

targeting DDX3X to reduce cyclin expression and 

enhance chemosensitivity. Indeed, combination therapy 

with RK33 and cisplatin or carboplatin synergistically 

inhibits TNBC growth in vitro, xenografts, and PDO 

models (Figure 8). Highlighting a promising 

combinatorial strategy for tumors with low KLHL29 and 

high DDX3X/cyclins. 

Conclusion 

In conclusion, KLHL29 functions as a tumor suppressor 

in TNBC by recruiting CUL3 to promote DDX3X 

ubiquitination and proteasomal degradation, repressing 

cyclin gene expression and inducing G0/G1 arrest. 

TNBC cells with low KLHL29 and high DDX3X are 

sensitized to platinum therapy via RK33-mediated 

DDX3X inhibition. These findings offer a mechanistic 

basis for developing novel combination therapies 

targeting the KLHL29-DDX3X axis. 
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