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Abstract 

The RNA-binding protein Hu antigen R (HuR) plays a pivotal role in cancer progression, and previous studies have 
demonstrated its involvement in suppressing cell death in cancer. However, the precise mechanisms underlying 
HuR inhibition-induced cell death remain elusive. Here, we investigated the impacts of HuR functional inhibition 
via the small molecule inhibitor KH-3 on cell proliferation, colony formation, and cell death across multiple cancer 
cell lines, with an emphasis on breast and prostate cancers. KH-3 treatment induced apoptotic cell death of various 
cancer cell lines, as well as autophagy-associated cell death and ferroptosis. Remarkably, KH-3-induced cell death 
was partially rescued by an autophagy inhibitor and a ferroptosis inhibitor. The anti-tumor effects of KH-3 were further 
validated in two mouse xenograft models of human prostate cancer. Mechanistically, KH-3 reduced the expression 
of HuR targets involved in apoptosis and ferroptosis suppression, including cFLIP and SLC7A11, respectively. Moreover, 
cFLIP silencing enhanced Caspase-8 activation as well as PARP cleavage in both breast cancer and prostate cancer 
cells. Both KH-3-induced pharmacological HuR inhibition and RNA interference-mediated HuR knockdown reduced 
the expression of SLC7A11. Additionally, KH-3 also reduced XIAP and Survivin, enhancing the activation of multiple 
caspases and leading to apoptosis. This study highlights the critical roles of HuR in programmed cell death regulation, 
advocating HuR inhibition as a promising anti-tumor strategy for cell-death-inducing cancer therapy.
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Background
The RNA-binding protein Hu antigen R (HuR), also 
known as ELAVL1 (embryonic lethal, abnormal vision, 
Drosophila-like protein 1), is a well-characterized human 
RNA binding protein associated with breast cancer [1]. 
HuR binds to the U-and AU-rich elements (AREs), pre-
dominantly located in the 3’-untranslated region (UTR) 
and occasionally in the 5’-UTR of target mRNAs [2]. 
Through binding to target mRNAs using three RNA-
recognition-motifs (RRMs) [3, 4], HuR post-transcrip-
tionally regulates the mRNAs, leading to various effects 
such as mRNA stabilization, upregulation of translation, 
and inhibition of translation of certain target mRNAs [2]. 
By interacting with target mRNAs, HuR promotes the 
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expression of proteins involved in multiple major cancer 
traits, including resistance to cell death [5].

There are three main types of cell death: apoptosis, 
necrosis, and autophagy-associated cell death [6] and 
each mode of cell death exhibits distinct characteristics 
and mechanisms. In addition to these well-established 
types of cell death, other forms have been identified and 
characterized, such as pyroptosis [7], necroptosis [8], fer-
roptosis [9], NETosis [10], and disulfidptosis [11].

HuR plays critical roles in suppressing apoptotic cell 
death by stabilizing the mRNA transcripts that encode 
anti-apoptotic proteins, such as BCL2, and MCL1 [4], as 
well as proteins suppressing pro-apoptotic proteins pro-
tein, such as PIM1, which phosphorylates and inactivates 
apoptotic effector BAD [12]. Moreover, HuR also inhib-
its the translation of apoptosis-associated proteins, such 
as Caspase-2, through the negative interference with 
internal ribosome entry site (IRES)-mediated translation 
[13]. Knockdown of HuR using RNA interference sen-
sitizes adenocarcinoma cells [14] and colorectal cancer 
cells [15] to apoptosis by negatively regulating Caspase-2. 
Additionally, HuR knockout in mice leads to the death of 
mice in embryogenesis [16]. Despite these observations, 
how HuR interferes with the interplay between different 
cell death pathways and characteristics as well as mech-
anisms underlying HuR inhibition-induced cell death 
remain incompletely understood.

Furthermore, HuR may influence cell death by interact-
ing with target mRNAs that are involved in multiple cell 
death modes. The proteins encoded by these mRNAs play 
crucial roles in regulating multiple cell death pathways 
and facilitating the crosstalk between different types of 
cell death pathways. The X-linked inhibitor of apoptosis 
protein (XIAP) has been identified as a HuR target [17]. 
XIAP inhibits the activity of Caspse-9, Caspase-7, and 
Caspase-3 and promotes the degradation of caspases via 
ubiquitinating them [18]. Similarly, HuR interacts with 
the 3’-UTR of Survivin mRNA, leading to an increase in 
the protein level of Survivin [19], which in turn inhibits 
Caspase-9, -7, and -3 [20]. Additionally, HuR stabilizes 
the mRNA encoding BCL2 [5], which suppresses intrin-
sic apoptotic cell death [21], and inhibits necroptosis 
[22]. BCL2 negatively regulates autophagy by prevent-
ing the formation of the pre-autophagosomal structure 
through its interaction with Beclin 1 [23]. Moreover, 
a recent investigation has shown that in gastric can-
cer cells, HuR binds to and enhances the stability of the 
mRNA transcript encoding for the solute carrier family 7 
member 11 protein (SLC7A11) [24], also known as xCT 
or CCBR1, which protects cells from ferroptosis [9].

In addition, one study proposed that in pancreatic can-
cer cells, HuR interacts with the mRNA encoding the 

cellular FLICE-like inhibitory protein (cFLIP), and silenc-
ing HuR diminishes the mRNA stability of this protein 
[25]. The protein cFLIP acts as a regulator of apoptosis, 
necroptosis, and autophagy [26, 27]. cFLIP exerts its reg-
ulatory functions in an isoform-specific manner, affecting 
both apoptosis and necroptosis [27]. Both heterodimers 
formed between procaspase-8 and  cFLIPL (the long form) 
or  cFLIPS (the short form) function to inhibit the activa-
tion of Caspase-8, thereby suppressing apoptosis [26, 
27]. Furthermore, it has been reported that cFLIP inhib-
its autophagy by preventing the binding of Atg3 to LC3 
[28]. One recent study discovered that HuR is required 
for TNF and IFNγ-induced cell death by enhancing the 
mRNA stability and translation of Caspse-8 [29]. Despite 
these findings, the understanding of the relationship 
between HuR and cFLIP remains limited.

Our group recently reported that HuR functional inhi-
bition using a small molecule inhibitor, KH-3, induces 
intrinsic apoptosis in human triple-negative breast cancer 
(TNBC) cells through the downregulation of BCL2 [30]. 
However, caspase inhibitors only partially rescued cells 
from KH-3-induced cell death [30]. It remains unclear 
whether KH-3 induces other types of cell death. On the 
other hand, multiple HuR targets have been reported to 
be implicated in the regulation of various forms of cell 
death, including apoptosis, necroptosis, and ferroptosis 
[4, 12, 13, 24, 27]. However, the role of HuR in regulat-
ing programmed cell death in cancer cells remains poorly 
understand. Therefore, in this study, we evaluated and 
validated the anti-cancer effects of KH-3 and the induced 
apoptosis in various cancer cell types. We then investi-
gated whether HuR inhibition engaged with other modes 
of cell death. Furthermore, we sought to elucidate the 
signaling axis through which HuR regulates cell death.

Materials and methods
Cell culture and reagents
The following cell lines PC-3, DU145, C4-2B, MDA-
MB-231, MCF7, EMT6, HCT116, and LNCaP, were 
purchased from the American Type Culture Collection 
(Manassas, VA). 2LMP is a subclone generated from 
MDA-MB-231 formed lung metastasis and was kindly 
provided by Dr. Marc Lippman [31]. Cells were cultured 
in DMEM (Corning, cat# 10–017-CV), RPMI-1640 
(Corning, cat# 10–041-CV) (for LNCaP), or Waymouth’s 
MB 752/1 medium (Gibco, cat# 11,220–035) (for EMT6) 
supplemented with 10% (v/v) fetal bovine serum (FBS, 
Sigma Aldrich, cat# F4135), 5% (v/v) L-glutamine (Corn-
ing, cat# 25–005-CI), and 1% (v/v) penicillin–streptomy-
cin (Corning, cat# 30–002-CI). Cells were maintained as 
described in a humidified CO2 incubator at 37℃ with 5% 
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CO2 and used at low generation numbers. Cell lines uti-
lized in this study were regularly monitored to ensure the 
mycoplasma-free cells. All the reagents utilized in this 
study were summarized in Supplementary Table 1.

RNA and protein extraction
After the indicated treatments, cells were harvested for 
RNA extraction using the TRIzol Reagent (Life Tech-
nologies, cat# 15,596) following the manufacturer’s pro-
tocol. Both attached and detached cells were collected, 
washed twice with the pre-cold PBS buffer, and subjected 
to protein extraction using the RIPA buffer, following the 
protocol described before [30]. Tumor tissues of PC-3 
xenografts in this study and MDA-MB-231 xenografts 
treated by KH-3 for four weeks [30] were processed for 
Western Blot following the same protocol.

RT‑qPCR
The total RNA was reversely transcribed into cDNA 
using the commercial High Capacity cDNA Reverse 
Transcription Kit (AppliedBiosystems, cat# 4,368,813) 
following the manufacturer’s protocol. The abundance of 
mRNA was examined using the PowerUP SYBR Green 
Master Mix kit (AppliedBiosystems, cat# A25742) on the 
StepOnePlus Real-Time PCR system (Applied Biosys-
tems). The relative quantification of mRNA normalized 
to the GAPDH was performed using the ΔΔCt assay. All 
the primers used in this study are listed in Supplemen-
tary Table 2.

MTT‑based cytotoxicity assay
Suspended cells in 200 µL medium containing KH-3 or 
vehicle control were seeded into a 96-well plate. After 
maintaining the cells for 4–5 d in a CO2 incubator, the 
cell culture medium was gently removed, and 100 µL 
cell proliferation regent WST-8 was added to each well. 
Following 1–6  h incubation in the CO2 incubator, the 
absorbance wavelength at 450  nm with correction at 
650  nm was measured using a Microplate Reader (Syn-
ergy H4 Hybrid Reade, BioTek). The concentration at 
which 50% inhibition occurred, defined as the IC50, was 
determined by the sigmoid curve fitting using GraphPad 
Prism 8.0 (GraphPad, Inc). The seeding density, main-
taining time, and incubation time for each cell line were 
provided in Supplementary Table 3.

Colony formation assay
Resuspended cells were seeded in 6-well plates at a den-
sity of 200 cells/well. KH-3 or DMSO (vehicle control) 
was added to the medium at the same time. On day 5, 
0.5  mL FBS was added to each well. Cells were main-
tained for 14  days in a humidified CO2 incubator. 

Subsequently, the medium was removed, and the cells 
were gently washed with PBS buffer before being stained 
with crystal violet. The number of colonies (with over 50 
cells/colony) per well was manually counted. The plating 
efficiency was calculated based on the following equa-
tion: plating efficiency =

Colony number (treat)
Colony number (control)

.

Western blot analysis
The protein samples (30  µg) were separated by elec-
trophoresis and transferred onto the polyvinylidene 
difluoride membrane as described before [30]. The 
membrane was then blocked with the EveryBlot Block-
ing Buffer (Bio-Rad, cat# 12,010,020) for 40 min at room 
temperature. Subsequently, the membrane was probed 
with a primary antibody overnight at 4  °C, followed by 
incubation with a fluorescence-labeled or HRP-conju-
gated secondary antibody for 1  h at room temperature. 
Protein-specific fluorescence/ chemiluminescence was 
determined by the Odyssey Fc Imaging System (LI-COR 
Biosciences). All the antibodies used in this study were 
listed in Supplementary Table 4–5.

RNP‑IP
The ribonucleoprotein immunoprecipitation (RNP-IP) 
was performed as described before [30] with a few modi-
fications. Cells were harvested and lysed following the 
same protocol described in the protein extraction sec-
tion, with the addition of the RNase inhibitor to preserve 
RNA integrity. The protein lysate was then subjected to 
the RNP-IP assay. The HuR- or control IgG-bounded 
RNA was extracted from the immunoprecipitated com-
plexes and stored at -80  °C, pending further RT-qPCR 
analysis.

Cell viability assay
Cells were stained with AO/PI solution (Nexcelom Bio-
science, cat# CS2-0106-5  mL) to determine cell viabil-
ity, following the manufacturer’s suggested protocol 
with a few modifications. Briefly, cells were harvested by 
trypsinization and centrifugation and resuspended with 
DMEM medium. Twenty-five µL AO/PI staining solution 
was mixed with 25 µL of the cell suspension by pipetting 
up and down. Twenty µL of the mixture was loaded into 
a counting chamber and the cell viability was determined 
using a cell counter following the users’ guidelines (Cel-
lometer Vision, Nexcelom Bioscience).

DNA and siRNA transfection
The generation of the MDA-MB-231 cell line, which was 
stably transduced with HuR shRNA, has been previously 
described [31]. The initiation of HuR shRNA expression 
was prompted by supplementing the cell culture medium 



Page 4 of 14Wei et al. Cell Communication and Signaling          (2024) 22:580 

with doxycycline (1  μg/mL). To perform siRNA trans-
fection, the siRNA smart pool targeting ELAVL1 (HuR) 
(Dharmacon Reagents, cat# L-003773–00-0005) or 
CFLAR (cFLIP) (Dharmacon Reagents, cat# L-003772–
00-0005) was introduced into cells using Lipofectamine 
3000 Reagent (Invitrogen, cat# L3000-015) according to 
the recommended protocol. The pcDNA3.1-C-(k)DYK 
vector carrying human CFLAR cDNA (transcript vari-
ant 1, mRNA, NM_003879.7) ORF was obtained from 
GenScript and introduced into cells using Lipofectamine 
3000 Reagent as per the suggested protocol. In short, cells 
were seeded on the first day. The following day, the old 
medium was replaced with fresh medium before trans-
fection, and cells were further maintained for 2–3 days. 
Regarding drug treatment, the drug was introduced into 
the medium one day after transfection.

Time‑lapse live‑cell imaging
The EVOS cell imaging system (EVOS FL Auto, Thermo 
Fisher, USA) was utilized to monitor the morphology of 
cells. Briefly, cells were maintained in the on-stage incu-
bation (6% CO2, 37  °C) and images of cells were taken 
automatedly every 20 min.

Animal tumor models
Five-week-old, male athymic NCr-nu/nu mice, or seven 
to eight-week-old male NSG mice were purchased from 
Charles River Laboratories (Wilmington, MA) and Jack-
son Laboratory (Bar Harbor, ME), respectively. Sus-
pended human prostate cancer cell line PC3 cells (1 ×  106 
cells) were injected subcutaneously into the flank of both 
sides of each mouse. Mice were randomized into two 
groups with 12 tumors/group when the average size of 
PC3 xenografts reached around 50  mm3. The anti-tumor 
effects of KH-3 were also tested using a castration-resist-
ant prostate cancer (CRPC) patient-derived xenograft 
(PDX), purchased from Jackson Laboratory (TM00298). 
PDX was implanted into the left flank of each mouse. 
Mice were randomized into two groups with 10 tumors/
group when the average tumor size reached around 
100  mm3. The treatment schedule for the PC3 xeno-
graft model and the PDX model was similar. Each group 

received one of the following treatments after grouping: 
1) KH-3, intraperitoneally (i.p.), QD5 × 3 or 4  weeks; 2) 
vehicle control treatment. Once the treatment was initi-
ated, tumor size and body weight were monitored twice 
a week. The tumor volume was calculated using the 
length and width of the tumor determined by a caliper: 
tumor volume =

Length×Width
2

2
 . All the animal experiments car-

ried out in this study were approved by the Institutional 
Committee for the Use and Care of Animals of the Uni-
versity of Kansas (Authorization # AUS-205–01). Mice 
were housed in a specific pathogen-free animal facility 
with free access to standard diet and water. Cages, bed-
ding, and water were autoclaved before use. Experiments 
would not begin until at least three days after the arrival 
of the animals.

Statistical analysis
Statistical analysis was conducted using Prism software 
8.0 (GraphPad). One-way or Two-way ANOVA test, and 
t-test were performed to determine statistical differences. 
Kaplan–Meier analysis followed by a log-rank test was 
performed to evaluate the tumor growth delay. The spe-
cific statistical analysis method, sample size, and number 
of replicates for each dataset were indicated in the figure 
legend. P < 0.05 was considered statistically significant.

Results
The HuR inhibitor KH‑3 suppressed cell proliferation 
and induced apoptosis and autophagy in cancer cells
To assess the cytotoxicity of the HuR functional small 
molecule inhibitor, KH-3, in different types of can-
cer cells, multiple cell lines from breast cancer (MDA-
MB-231, 2LMP, EMT6) and prostate cancer (PC3, 
DU145, LNCaP, C42B) were utilized. The results of 
the MTT-based cytotoxicity assay showed that KH-3 
potently inhibited cell viability and proliferation, with 
IC50 of 2–4 μM in most of the cell lines (Fig. 1A). Fur-
thermore, colony formation assay demonstrated KH-3 
induced a dose-dependent decrease in colony numbers of 
DU145 and PC3 cells (Fig. 1B) as well as of MDA-MB-231 
cells [30]. The IC50 of KH-3 for suppressing the plating 

(See figure on next page.)
Fig. 1 The HuR inhibitor KH-3 suppressed cell proliferation and induced apoptosis and autophagy in cancer cells. A The cell viability curves 
of breast cancer cells or prostate cancer cells determined by the MTT-based cytotoxicity assay. Cells were treated with KH-3 for 4 days. 
B Representative images of colonies and the colony numbers per well of DU145 and PC-3 cells treated with KH-3. Ordinary one-way ANOVA 
test, ** P < 0.01, **** P < 0.0001. C Plating efficiency of cells treated with KH-3 in panel B. The plating efficiency was calculated by the equation: 
plating efficiency =

Colony number (treat)
Colony number (control) . D Western blot analysis of whole-cell lysates of multiple cell lines. Breast cancer cells (MDA-MB-231, MCF7). Prostate 

cancer cells (DU145, LNCaP, and PC3), and the colon cancer cells (HCT116) were treated with 10 µM KH-3 for 24 h before harvesting. GAPDH 
was used as the loading control. E Western blot analysis of DU145 or PC-3 cells treated with KH-3 (5 µM, 10 µM, and 20 µM) or the drug vehicle 
(DMSO) for 24 h. GAPDH was used as the loading control. All results are presented as mean ± SD of three replicates, unless otherwise specified. All 
experiments were performed in three repeats, and the representative results were shown
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Fig. 1 (See legend on previous page.)
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efficiency was 2.168 μM in DU145 cells and 2.547 in PC3 
cells (Fig. 1C). In addition, based on real-time morphol-
ogy monitoring of MDA-MB-231 cells, KH-3 induced the 
formation of autophagosome after 48 h treatment as indi-
cated by the arrow (Supplementary Fig. 1).

We previously reported that KH-3 induced BCL2-
dependent intrinsic apoptosis in breast cancer cells [30]. 
Interestingly, KH-3 only downregulated the protein lev-
els of BCL2 in MDA-MB-231 and MCF7 cells but not 
in cells from other cancer types (Fig. 1D). On the other 
hand, apoptosis can be initiated through the cleavage 
of Caspase-8, which directly activates downstream cas-
pases, triggering the extrinsic pathway apoptosis path-
way [32]. KH-3 treatment reduced the protein levels of 
cFLIP, XIAP, and Survivin (Fig. 1D). Consequently, apop-
totic cell death protein markers, including the activated 
cleaved forms of Caspase-8, -9, and -3, as well as cleaved 
PARP, were increased in all tested cells (MDA-MB-231, 
MCF7, DU145, LNCaP, PC-3, HCT116) upon KH-3 
treatment (Fig. 1D).

We then confirmed those findings in DU145 and PC-3 
cells with multiple doses of KH-3 treatment (Fig. 1E). At 
the lowest dose of KH-3 (5  μM) treatment, there was a 
reduction in cFLIP, XIAP, and Survivin levels, alongside 
a slight induction of visible cleavage in Caspase-8, Cas-
pase-9, Caspase-3, and PARP in both DU145 and PC3 
cell lines. Higher doses of KH-3 resulted in the depletion 
of cFLIP and XIAP, accompanied by increased cleavage 
of Caspase-8, Caspase-9, Caspase-3, and PARP. Further-
more, KH-3 promoted the conversion of LC3B-I (upper 
band) to LC3B-II (the lipidation form, lower band), indic-
ative of autophagosome formation, in a dose-dependent 
manner (Fig. 1D-E).

Taken together, the above results show that HuR inhib-
itor KH-3 suppresses cell proliferation and cell viability, 
as well as induces apoptosis in multiple cancer cell types, 
including breast, prostate, and colon cancer cells. There-
fore, HuR could be a promising anti-cancer therapeutic 
target across a broad range of cancer types.

Fig. 2 KH-3 induced autophagy-associated apoptotic cell death. A Viability of MDA-MB-231 cells treated with 10 µM KH-3 for 48 h. Cells were 
pretreated with 3-MA (1, 10, or 20 mM) for 1 h before KH-3. The cell viability was determined by AO/PI staining assay. Ordinary one-way ANOVA 
test, ** P < 0.01, **** P < 0.0001 (n = 2). B Viability of MDA-MB-231 cells treated with KH-3 for 48 h. Before KH-3 treatment, cells were pretreated 
with 5 mM 3-MA or 40 µM Z-VAD-FMK for 1 h. Ordinary one-way ANOVA test, ** P < 0.01, *** P < 0.001, **** P < 0.0001 (n = 2). C Western blot analysis 
of whole-cell lysates of MDA-MB-231 cells receiving the same treatment for 24 h in panel B. GAPDH was used as the loading control. Results are 
presented as mean ± SD of two replicates. All experiments were performed in three repeats, and the representative results were shown
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Fig. 3 KH-3 attenuated SLC7A11 and induced ferroptosis. A RNP-IP analysis of SLC7A11 mRNA bound by HuR. Whole-cell lysates form MDA-MB-231 
cells underwent RNP-IP, followed by RT-qPCR analysis. RNA enrichment in HuR IP was compared to that in the control IgG IP. Paired t-test test, ** 
P < 0.01 (n = 2). B RT-qPCR analysis on the RNA levels of SLC7A11 in MDA-MB-231 cells treated with 10 μM KH-3 for 8 h,16 h, or 24 h. Two-way ANOVA 
test, *** P < 0.001, **** P < 0.0001, (n = 2). C Western blot analysis of whole-cell lysates of MDA-MB-231 cells treated with 10 µM KH-3 for 16, 24, 40, 
and 48 h. GAPDH was used as the loading control. D‑E Western blot analysis of whole-cell lysates of MDA-MB-231 cells D transfected with HuR 
siRNA and incubated for 72 h or E stably transduced doxycycline inducible HuR shRNA and induced for 72 h. F‑G Viability of MDA-MB-231 cells 
treated with 10 µM KH-3 for 48 h. The cell viability was determined by AO/PI staining assay. F Cells were pretreated with Ferrostatin-1 (Fer-1) 
with indicated concentrations for 1 h before adding KH-3. Ordinary one-way ANOVA test, ** P < 0.01, **** P < 0.0001 (n = 2). G Before KH-3 treatment, 
cells were pretreated with 40 µM Fer-1 or 40 µM Z-VAD-FMK for 1 h. Ordinary one-way ANOVA test, * P < 0.05, ** P < 0.01, **** P < 0.0001 (n = 2). All 
results are presented as mean ± SD. All experiments were performed in three repeats, and the representative results were shown
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KH‑3 induced autophagy‑associated apoptotic cell death
Autophagy-dependent cell death is contextual: while 
autophagy generally promotes cell survival, but it can 
also lead to cell death [33, 34]. As the above data indi-
cate that KH-3 induces autophagy, we then investigated 
whether KH-3-induced autophagy lead to cell death or 
survival by utilizing an autophagy inhibitor, 3-methylad-
enine (3-MA). Cell viability was significantly decreased 
by KH-3 treatment compared to the DMSO vehicle con-
trol in MDA-MB-231 cells. However, the presence of 
3-MA partially restored cell viability in response to KH-3 
(Fig.  2A). The off-target activity of 3-MA is reported 
when using at a high concentration (~ 10  mM) [35]. 
Hence, a lower dose of 3-MA was employed to assess the 
combination effects of autophagy inhibitor (5 mM 3-MA) 
and caspase inhibitor (40  µM Z-VAD) (Fig.  2B). Both 
Z-VAD and 3-MA treatments rescued cells from KH-3 
induced cell death. The combination treatment further 
enhanced cell viability compared to the 3-MA treated 
group, but not to the Z-VAD group.

Western blot analysis was conducted to examine key 
proteins involved in the apoptosis pathway (Fig.  2C). 
The KH-3-induced cleavage of Caspase-8, Caspse-9, 
Caspase-3, and PARP, indicative of apoptotic cell death, 
was attenuated by both 3-MA and Z-VAD. Notably, the 
combination of 3-MA and Z-VAD further diminished the 
cleavage of these proteins induced by KH-3 compared 
to the 3-MA treatment. The KH-3-induced downregu-
lation of BCL2 and cFLIP (Fig. 1D) might contribute to 
autophagy [23, 28].

Together, these data show that KH-3 induced 
autophagy-associated cell death in MDA-MB-231 
cells. The autophagy inhibitor 3-MA partially restored 
cell viability, suggesting that HuR inhibitor KH-3-in-
duced autophagy promotes cell death. Inhibiting both 
autophagy and apoptosis further restored cell viability. 

Western blot analysis confirmed that KH-3-triggered 
apoptosis was reduced by 3-MA. These findings indicate 
an autophagy-associated apoptotic cell death in parallel 
with other types of apoptotic cell death following treat-
ment with the HuR inhibitor, KH-3.

KH‑3 downregulated SLC7A11 and induced ferroptosis
SLC7A1 is reported to protect cells from ferroptosis 
[9] and facilitate tumor growth [36]. The RNP-IP result 
confirmed the direct binding of HuR to the mRNA tran-
scripts of SLC7A11 in MDA-MB-231 cells (Fig.  3A). 
The mRNA level of SLC7A11 was reduced by KH-3 in 
the early stages of treatment (8  h or 16  h) and showed 
recovery after 24  h of treatment (Fig.  3B). In addition, 
this reduction was also reflected at the protein level and 
exhibited a dose-dependent manner (Fig. 3C).

To confirm that the KH-3 induced reduction in 
SLC7A11 expression levels was HuR dependent we 
employed shRNA and siRNA targeting ELAVL1 (HuR) 
to modulate HuR expression and assess its impact on 
SLC7A11. Both the inducible shRNA and the transient 
siRNA system effectively suppressed HuR protein expres-
sion and reduced the protein level of SLC7A11 in MDA-
MB-231 cells compared to the negative control siRNA 
(siNC) or shRNA (shControl) (Fig.  3D-E). Moreover, 
KH-3 single-agent treatment significantly reduced the 
cell viability in MDA-MB-231 cells, and the presence of 
the ferroptosis inhibitor ferrostatin-1 partially restored 
the cell viability (Fig. 3F-G).

These results show that HuR inhibition, either by the 
small molecule inhibitor KH-3 or through RNA interfer-
ence, reduced the RNA and protein levels of SLC7A11, 
suggesting that HuR is a positive regulator for SLC7A11. 
In addition, SLC7A11 prevents cells from undergoing fer-
roptosis and promotes tumor growth. Therefore, HuR 
inhibition could be a promising approach to induce the 

Fig. 4 KH-3 induced apoptosis via suppressing cFLIP. A Western blot analysis of cells receiving the same treatments from panel A with different 
time frames. MDA-MB-231 cells, DU145 cells and PC3 cells were harvested post 48 h transfection. After 1-day post-transfection, 10 µM KH-3 
or the drug vehicle was added to the medium. GAPDH was used as the loading control. B Cell viability of MDA-MB-23, and DU145 cells transiently 
transfected with cFLIP siRNA. The AO/PI staining assay was used to measure cell viability. Cells were harvested 3 d post-transfection, and cell viability 
was determined by the AO/PI staining assay. Viability of cells transfected with siRNA with a non-targeting sequence was served as the negative 
control (siNC) to provide a baseline reference for the target-specific knockdown. Cell viability of cells treated with 10 µM KH-3 for 48 h was served 
as the positive control. Ordinary one-way ANOVA test, ** P < 0.01, **** P < 0.0001 (n = 2). C Western blot analysis of MDA-MB-231 whole-cell 
lysates. Cells were harvested 24 h after treatment with 10 µM KH-3. Cells were pretreated with Z-IETD-FMK or Z-VAD for 1 h before the KH-3 
treatment. GAPDH was used as the loading control. D Cell viability of MDA-MB-231 cells treated with 10 µM KH-3 for 48 h. Cells were pretreated 
with Z-IETD-FMK (25 µM) for 1 h before adding KH-3. The AO/PI staining assay was used to measure cell viability. Ordinary one-way ANOVA test, ** 
P < 0.01, **** P < 0.0001 (n = 2). E Western blot analysis of the protein levels of cFLIP and other proteins in cell lysates or F cell death ratio determined 
by the AO/PI staining assay of MDA-MB-231 cells. Cells were transiently transfected with control vector or vector containing  cFLIPL ORF. After 24 h 
of transfection, either the vehicle control (DMSO) or 10 µM KH-3 was added to the medium. Cells were then maintained for an additional 24 h 
for the Western blot assay or 48 h for the AO/PI staining assay. Ordinary one-way ANOVA test, ** P < 0.01, *** P < 0.001 (n = 2). GAPDH was used 
as the loading control. Results are presented as mean ± SD. All experiments were performed in three repeats, and the representative results were 
shown

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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death of cancer cells by suppressing the expression of 
SLC7A11 and inducing ferroptosis.

KH‑3 induced apoptosis via suppressing cFLIP
cFLIP knockdown triggers the ligand-independent apop-
tosis, dependent on Caspase-8 and Caspase-7 in the 
breast cancer cell line MCF-7 [37]. To investigate whether 
cFLIP depletion induces apoptosis in other cancer cells, 
the expression of cFLIP was manipulated using siRNA. 
The protein level of cFLIP was significantly decreased 
by sicFLIP compared to siNC (Fig. 4B). The downstream 
proteins of cFLIP-regulated apoptosis, including cleaved 
Caspase-8 and PARP, were noticeably increased in sic-
FLIP compared to siNC in MDA-MB-231, DU145, and 
PC3 cells, (Fig.  4B). The cell viability of MDA-MB-231 
and DU145 cells was significantly decreased by siRNA 
targeting cFLIP (sicFLIP) compared to the negative con-
trol siRNA (siNC) (Fig. 4A).

To investigate whether KH-3 induced-cell death was 
Caspase-8-dependent, a Caspase-8-specific inhibi-
tor, Z-IETD-FMK, was employed to inhibit the activ-
ity of Caspase-8. KH-3-induced cleavage of Caspase-8 
was nearly depleted by Z-IETD-FMK, and the pan-cas-
pase inhibitor Z-VAD-FMK; the cleavage of PARP was 
depleted by Z-VAD-FMK but only partially attenuated 
by Z-IETD-FMK (Fig. 4D). The use of Z-IETD-FMK par-
tially rescued MDA-MB-231 cells from KH-3-induced 
cell death (Fig. 4C). These data indicate the contribution 
of other caspase activities to the induction of apoptosis 
by KH-3 but also suggest the partial Caspase-8 depend-
ence of KH-3-induced apoptosis.

The overexpression of cFLIP (FLIP OE) slightly allevi-
ated the KH-3-induced cleaved-PARP (Fig.  4E) but had 
no effects on KH-3-induced downregulation of BCL2, 
Survivin, and XIAP, the increases in LC3B-II, and the 
cleavage of Caspase-8 (Fig.  4E). Additionally, KH-3-in-
duced cell death was partially decreased by cFLIP overex-
pression (Fig. 4F).

Taken together, our results suggest that KH-3 induces 
apoptosis by suppressing cFLIP. Additionally, cFLIP 
downregulation as well as alternative mechanism(s) are 

involved in KH-3-induced Caspase-8 activation. On the 
other hand, it is evident that KH-3 affects other HuR tar-
gets (such as BCL2, and XIAP) to regulate cell death.

KH‑3 suppressed the growth of prostate cancer xenografts
Previously, we reported that KH-3 suppressed the 
tumor growth of breast cancer [30, 31]. In the current 
study, we examined the in  vivo anti-tumor efficacy of 
KH-3 in prostate cancer using the PC3-derived xeno-
graft model and the prostate cancer patient-derived 
xenograft (PDX) model. The growth of PC3 xenografts 
was significantly suppressed by KH-3 compared to the 
control treatment (Fig. 5A). At 14 days post-treatment, 
the average tumor size in the KH-3 treatment group 
was 55.40% of the control group (Fig.  5B). Kaplan–
Meier analysis revealed an increase in the median day 
for individual tumors to reach 500  mm3 in the KH-3 
group compared to the control group, with median 
days of 14 and 17, respectively (Fig.  5C). The body-
weight of mice from panel A was shown in Fig. 5D. The 
images of all tumor tissues collected at the end of the 
experiment and immunohistochemistry H&E staining 
of representative tumor tissues were presented in Sup-
plementary Fig. 3. In PC3 xenografts, KH-3 treatment 
downregulated cFLIP and induced the cleavage of Cas-
pase-3, and PARP (Supplementary Fig. 4A). We also did 
Western blot analysis of MDA-MB-231 xenografts gen-
erated from a previous study [30], which showed that 
KH-3 downregulate cFLIP and XIAP (Supplementary 
Fig. 4B).

Furthermore, the results of the prostate cancer PDX 
(confirmed with high HuR expression, Supplementary 
Fig.  5) model showed that KH-3 treatment significantly 
inhibited the tumor growth (Fig.  5E), resulting in over 
50% suppression after four-week treatment (Fig.  5F) as 
compared to that of the control treatment. The median 
day for tumors to reach 500  mm3 was significantly 
delayed from 20 days in the control group to 30.5 days in 
the KH-3 treatment group (Fig. 5G). The body weight of 
mice from panel E was shown in Fig. 5H.

(See figure on next page.)
Fig. 5 KH-3 suppressed the growth of prostate cancer xenografts. A Growth curves of PC3a xenografts treated with or without KH-3. KH-3 
was administered by i.p. injection, 5 times/week × 3 weeks. Two-way ANOVA test, ** P < 0.01, **** P < 0.0001, n = 12. B Size of individual tumors 
for pane A at 14 days post-treatment. The ratio of the average tumor size of the treated group normalized to the control group is defined as tumor 
growth inhibition (T/C %). Multiple t test, ** P < 0.01, n = 12. C Kaplan–Meier analysis of required days for tumor size to reach 500 mm3 from panel A. 
Log-rank test, *** P < 0.001, n = 12. D Average mice bodyweight bearing PC3a xenografts and receiving KH-3 single-agent treatment or the control 
treatment. E Growth curves of prostate cancer PDX treated with or without KH-3. KH-3 was administered by i.p. injection, 5 times/week × 4 weeks. 
Two-way ANOVA test, * P < 0.05, **** P < 0.0001, n = 10. F Size of individual tumors for panel E at 25 days post-treatment. Multiple t test, **** 
P < 0.0001, n = 10. G Kaplan–Meier analysis of required days for tumor size to reach 500 mm3 from panel E. Log-rank test, **** P < 0.0001, n = 10. 
H Average mice bodyweight bearing prostate PDX xenografts and receiving KH-3 single-agent treatment or the control treatment. All other results 
are presented as mean ± SEM
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Fig. 5 (See legend on previous page.)
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These results demonstrate that KH-3 effectively sup-
presses the growth of prostate cancer models. In PC3 
xenografts, KH-3 reduced tumor size by 55% compared 
to the control and delayed tumor growth. Similarly, in 
the prostate cancer PDX model, KH-3 treatment resulted 
in more than 50% tumor suppression and extended the 
required time for tumors to reach 500  mm3 by 10 days. 
These findings highlight the in vivo anti-tumor efficacy of 
KH-3, supporting its potential as a therapeutic agent for 
prostate cancer treatment.

Discussion
Understanding the mechanisms underlying cell death 
upon HuR inhibition in various cellular contexts pro-
vides valuable insights into the therapeutic potential 
of targeting HuR in cancer as well as other pathologies. 
Our current study explored the anti-tumor effects of 
HuR functional inhibition, with a specific focus on cell 
death, using a small molecule inhibitor KH-3. The results 
demonstrated that KH-3 induced apoptotic cell death 
in multiple cancer cells as well as autophagy-associated 
cell death and ferroptosis  (Fig.  6). Additionally, KH-3 

inhibited tumor growth in two xenograft models of 
human prostate cancer.

This study reveals that HuR inhibitor, KH-3, induces 
apoptosis in multiple cancer cells derived from breast, 
prostate, or colon cancers. Apoptosis can be triggered 
through the intrinsic pathway tightly regulated by BCL2 
or the extrinsic pathway initiated by the death recep-
tor [32, 38]. Therapeutics targeting BCL2, such as BH3 
mimics, which neutralize the anti-apoptotic function of 
BCL2, have been applied to cancer treatment [39]. How-
ever, cancer cells with high levels of BCL2 such as PC3 
and CL-1, often exhibit resistance to apoptosis [34]. Our 
findings indicate that the HuR inhibitor KH-3 downregu-
lated cFLIP, leading to the activation of Caspse-8, which 
triggers extrinsic apoptosis, as well as BCL2-regulated 
intrinsic apoptosis in various cancer cells. Additionally, 
KH-3 attenuated protein levels of XIAP and Survivin, 
resulting in the activation of Caspase-9 and Caspase-3. 
Therefore, targeting HuR offers an advantage in antican-
cer strategies: HuR inhibition may induce both intrinsic 
and extrinsic apoptosis, thereby overcoming BCL2-medi-
ated treatment resistance to cell death.

Fig. 6 Proposed working model for the cell death induced by the HuR functional inhibition
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Our study demonstrates, for the first time, that HuR 
inhibition downregulates the expression of SLC7A11 in 
breast cancer. SLC7A11 is considered a therapeutic target 
for cancer treatment [36]. A recent study has shown that 
HuR binds to and increases SLC7A11 mRNA stability in 
gastric cancer cells [24]. SLC7A11 alleviates the ferrop-
tosis-induced ROS and iron accumulation [24], thereby 
protecting cells from ferroptosis [9] and promoting 
tumor growth [36]. Our results indicate that inhibiting 
HuR, either through pharmacological means using KH-3 
or through RNA interference, reduces SLC7A11 expres-
sion, suggesting that HuR inhibition could be a promising 
approach to target SLC7A11. However, further investi-
gations are needed to elucidate the downstream events 
associated with KH-3-induced SLC7A11 inhibition.

Our findings show that KH-3 suppressed the protein 
levels of cFLIP, and cFLIP knockdown induces apopto-
sis not only in breast cancer cells in this study and one 
previous study [37] but also in prostate cancer cells. HuR 
binds to the mRNA transcripts of cFLIP, XIAP, and Sur-
vivin, regulating either their translation levels or mRNA 
stability [17, 19, 25]. The procaspase-8-cFLIPL heterodi-
mer leads to the restricted active Capase-8, which inhib-
its apoptosis and cleaves RIPK1 [27]. However,  cFLIPL 
overexpression did not significantly attenuate the KH-
3-induced cleavage of Caspase-8, suggesting the possible 
involvement of alternative mechanism(s) employed by 
KH-3 to activate Caspase-8, which needs to be deter-
mined by further investigation. Notably, KH-3 treat-
ment caused the loss of XIAP and BCL2, and enhanced 
autophagy, compromising the anti-apoptosis effect of 
 cFLIPL overexpression. These results indicate that the 
HuR inhibitor KH-3 induces Caspase-8-mediated apop-
totic cell death, partially through downregulating cFLIP.

Conclusion
The current study demonstrates the critical role of 
HuR in suppressing programmed cell death, par-
ticularly through post-transcriptionally upregulating 
cFLIP, XIAP, Survivin, and SLC7A11. These findings 
underscore the potential of HuR inhibition as a prom-
ising anti-tumor strategy for inducing cell death in can-
cer therapy. By unraveling the intricate mechanisms 
through which HuR modulates key factors involved in 
cell survival, this study lays a strong foundation for fur-
ther exploration of HuR-targeted therapies aimed at tip-
ping the balance toward cell death in cancer cells. This 
proof-of-concept study underscores the importance 
of targeting HuR as a viable approach to enhance the 
efficacy of cancer treatments focused on inducing pro-
grammed cell death.
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