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Chemotherapy remains the standard treatment for triple-negative breast
cancer (TNBC); however, chemoresistance compromises its efficacy. The
RNA-binding protein Hu antigen R (HuR) could be a potential therapeu-
tic target to enhance the chemotherapy efficacy. HuR is known to mainly
stabilize its target mRNAs, and/or promote the translation of encoded pro-
teins, which are implicated in multiple cancer hallmarks, including che-
moresistance. In this study, a docetaxel-resistant cell subline (231-TR) was
established from the human TNBC cell line MDA-MB-231. Both the
parental and resistant cell lines exhibited similar sensitivity to the small
molecule functional inhibitor of HuR, KH-3. Docetaxel and KH-3 combi-
nation therapy synergistically inhibited cell proliferation in TNBC cells and
tumor growth in three animal models. KH-3 downregulated the expression
levels of HuR targets (e.g., p-Catenin and BCL2) in a time- and dose-
dependent manner. Moreover, KH-3 restored docetaxel’s effects on activat-
ing Caspase-3 and cleaving PARP in 231-TR cells, induced apoptotic cell
death, and caused S-phase cell cycle arrest. Together, our findings suggest
that HuR is a critical mediator of docetaxel resistance and provide a ratio-
nale for combining HuR inhibitors and chemotherapeutic agents to
enhance chemotherapy efficacy.

1. Introduction

Breast cancer is the most common cancer and the sec-
ond leading cause of cancer death among women in

Abbreviation

the United States [1,2]. Currently, the 5-year relative
survival rate for overall breast cancer is 90% [2]. How-
ever, the rate drops to 77% for triple-negative [estro-
gen receptor negative (ER7), progesterone receptor

231-TR, docetaxel-resistant MDA-MB-231 cell subline; ABCC4, ATP-binding cassette sub-family C member 4; BCL2, B-cell lymphoma 2;
CASPASE, cysteine-aspartic proteases; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HuR, Hu antigen R; PARP, poly (ADP-ribose)
polymerases; RNP-IP, ribonucleoprotein immunoprecipitation; RT-gPCR, quantitative reverse transcription PCR; SD, standard deviation; SEM,
standard error of the mean; TNBC, triple-negative breast cancer; TXT, docetaxel; Wnt, wingless-type MMTV integration site family, member 1.
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negative (PR™), and human epidermal growth factor
receptor 2 negative (HER27)] breast cancer [3], which
accounts for 10-15% of the total diagnosed breast
cancer [4]. Compared with other subtypes of breast
cancer, triple-negative breast cancer (TNBC) has
poorer prognostics, partly due to the lack of effective
treatments [5,6]. Chemotherapy is still the primary sys-
temic treatment [7,8] and the most effective treatment
[6] for TNBC. Unfortunately, chemoresistance is a
great obstacle to the successful treatment of breast
cancer. Patients often develop resistance to conven-
tional chemotherapy, and 90% of chemotherapy fail-
ures are during the invasion and metastasis of cancers
related to drug resistance [9]. Therefore, to improve
the survival of patients with TNBC, it is an urgent
and unmet need to overcome chemoresistance and
improve patients’ response to current chemotherapeutics.

The Hu antigen R (HuR) or ELAVL1 (embryonic
lethal, abnormal vision, Drosophila-like protein 1) is a
post-transcriptional RNA-binding protein and is univer-
sally expressed among all proliferating human cells [10].
HuR binds to U- and AU-rich elements (AREs) mainly
in the 3’-untranslated region (UTR) and sometimes in the
5-UTR of target mRNAs [11,12]. The regulatory func-
tions of HuR on mRNAs include stabilization of target
mRNAs, upregulation of the translation of target
mRNAs, and inhibition of the translation of a few target
mRNAs [12]. HuR promotes tumorigenesis by interact-
ing with target mRNAs, whose encoded proteins are
involved in promoting cell proliferation, improving cell
survival, elevating local angiogenesis, evading immune
recognition, and facilitating cancer cell invasion and
metastasis [13]. Although HuR is predominantly located
in the nucleus [14], it can shuttle between the nucleus and
the cytoplasm, mediating different post-transcriptional
processing events [15]. The protein level of HuR, espe-
cially cytoplasmic HuR, is increased in malignancies
compared to normal tissues in a broad type of cancers
[16]. We previously showed that high cytoplasmic HuR
was associated with high-grade malignancy and poor
clinical prognostics in breast cancer [17].

HuR overexpression is a possible mechanism for
acquired chemoresistance in multiple types of cancer.
The increased level of HuR is associated with che-
moresistance in glioma cells [18], pancreatic cancer
cells [19], and colorectal cancer cells [20]. The decrease
in cytoplasmic HuR protein levels reduced the thera-
peutic resistance of ovarian cancer cells [21], and
breast cancer cells [22]; a reduction in HuR expression
resulted in chemo-sensitized colorectal cancer cells [20],
reduced tumor size [17,18], and delayed tumor initia-
tion in vivo [17]. On the contrary, chemotherapeutic
agents, such as mitomycin C, oxaliplatin, cisplatin,
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and carboplatin, or the target therapy drugs such as
ABT-888 (PARP inhibitor), also induced the cytoplas-
mic accumulation of HuR [19]. It seems that there is a
positive feedback loop between HuR and chemoresis-
tance. Therefore, HuR is a potential target for enhanc-
ing chemotherapy efficacy or overcoming chemoresistance.

Docetaxel (TXT), a member of the taxane family, is
currently used as a first-line chemotherapeutic agent
for TNBC. One well-established target of docetaxel is
the antiapoptotic protein BCL2. The antiapoptosis
activity of BCL2 is abrogated by the phosphorylation
induced by docetaxel [23,24]. For the standard chemo-
therapy based on anthracycline-taxanes, 30-40% of
early-stage TNBCs develop metastasis, leading to the
metastatic stage and patient death [25-27]. TNBC cells
develop chemotherapy resistance through multiple
mechanisms [28]. The HORMA domain-containing
protein 1 (HORMADI1) has been reported to promote
docetaxel resistance in TNBC by enhancing DNA
damage tolerance [29]. Hypoxia can induce docetaxel
resistance through the HIF-1o/miR-494/Survivin sig-
naling pathway [30]. Additionally, the kinesin family
member 1 (KIF11) is critical for the proliferation and
self-renewal of docetaxel-resistant TNBC cells [31]. To
improve the antitumor efficacy of docetaxel, the com-
bination of docetaxel with other antitumor agents has
been explored in prostate cancer with all-trans retinoic
acid [24], in gastric cancer with capecitabine [32], and
in TNBC with carboplatin [33], or cisplatin [34]. In
addition, docetaxel was combined with target therapies
in breast cancer [35], such as trastuzumab targeting
HER?2, bevacizumab targeting VEGF. Chemotherapy
is also combined with immunotherapy, such as pacli-
taxel plus pembrolizumab (targeting PD-1) to improve
the survival of patients with advanced TNBC [36].

We recently reported that KH-3, as a small molecule
HuR functional inhibitor, disrupts the interactions
between HuR and its target mRNAs [17]. In the cur-
rent study, we evaluated the antitumor efficacy of the
combination of docetaxel and KH-3, in docetaxel-
sensitive and docetaxel-resistant TNBC cells. The KH-3
single-agent treatment inhibited cell proliferation and
induced apoptotic cell death. The combination of KH-3
with docetaxel inhibited cell proliferation synergistically
in several TNBC cell lines. KH-3 also potentiated the
antitumor efficacy of docetaxel in several preclinical
mouse models. Mechanistically, KH-3 treatment down-
regulated the expression of HuR targets b-Catenin, and
BCL2, which are found to be upregulated in docetaxel-
resistant TNBC cells. We propose that the combination
of HuR inhibitors with docetaxel may be a novel thera-
peutic approach to enhance the chemotherapy efficacy
in TNBC.
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2. Materials and methods

2.1. Cell culture and reagents

The human TNBC cell line MDA-MB-231 (RRID:
CVCL_0062) and the mouse TNBC cell line 4Tl
(RRID: CVCL_0125) and EMT6 (RRID: CVCL_
1923) were purchased from the American Type Culture
Collection (Manassas, VA). The human TNBC cell
line SUM159 (RRID: CVCL_5423) was obtained from
Asterand [37]. Cells were maintained as described
before [17].To obtain docetaxel (TXT) resistant cells,
MDA-MB-231 cells were maintained in the presence
of an intermittently increased concentration of doce-
taxel (CT-0521, ChemieTek, Indianapolis, IN, USA).
After establishing the stable resistant cells (231-TR),
cells were maintained in the presence of 2 nm doce-
taxel. Docetaxel was removed prior to the experimen-
tal procedure. KH-3 was synthesized as described
previously [17]. Cell lines used in this study were regu-
larly monitored to ensure the mycoplasma-free cells.
In addition, cell lines used were regularly monitored
by short-tandem-repeat profiling.

All the primer pairs are listed in Table S1. All the
antibodies used are listed in Tables S2 and S3. Other
chemical reagents used are listed in Table S4.

2.2. MTT-based cytotoxicity assay

The effect of KH-3 on cancer cell proliferation was
determined by MTT-based cytotoxicity assay as
described previously. Briefly, suspended cells were
seeded into the 96-well plate with 4000 cells per well
for MDA-MB-231 cells and 8000 cells per well for
231-TR cells. After the 4-day incubation in the humid-
ified chamber at 37 °C with 5% CO2, 100 pL cell pro-
liferation regent WST-8 was added (Sigma Aldrich).
After 2-3 h incubation at the chamber, read the absor-
bance at 450 nm with correction at 650 nm wave-
length by the Microplate Reader (Synergy H4 Hybrid
Reade, BioTek). The drug effect was assessed as the
percent of inhibition compared with the untreated con-
trol. The drug concentration causing 50% inhibition
was calculated using the sigmoid curve fitting by
GRAPHPAD PRIsM 8.0 (GraphPad, Inc). The combination
effects of KH3 with docetaxel were determined by
combination treatment MTT assay following the same
protocol.

2.3. Clonogenic assay

Resuspended cells were seeded in the 6-well culture
plate in triplicates with 200 cells per well, and added
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drug to the desired concentration. The solvent,
DMSO, was used as the vehicle control. The cells were
maintained in the humidified chamber, and 0.5 mL
FBS per 2 mL medium was added to each well on day 5.
After 9-14 days of incubation, removed the medium,
washed cells with PBS, and stained the cells with
0.1% crystal violet with great care to avoid disturbing
the attaching cells. The total number of colonies
with over 50 cells per colony was manually counted.
Plating efficiency was calculated by the equation:

. . __ Colony number (treat)
Latmg efﬁc1ency ~ Colony number (control) *

2.4. RNA extraction and the NanoString gene
expression assay

Cells or tissues after the desired treatments were col-
lected. For the general RNA analysis, the total RNA
was extracted by TRIzol Reagent (Life Technologies,
cat# 15596) following the manufacturer’s protocol.
For the NanoString gene expression assay, the total
RNA was extracted using the commercial Zymo
Direct-zol RNA MiniPrep PLUS Kit (Zymo Research,
cat# R2072) following the manufacturer’s protocol.
The prepared total RNA was sent to NanoString
Technologies (Seattle, WA, USA) for the NanoString
nCounter gene expression analysis using the Tumor
Signaling 360 panel. The pathway score was calculated
with NCOUNTER ADVANCED ANALYSIS SOFTWARE (version
2.0.115) by the first principal component of gene
expression data method following the manufacturer’s
user manual. The heatmap of the pathway score was
plotted with Heatmapper using the Euclidean measure-
ment method (http://www.heatmapper.ca/).

2.5. Quantitative reverse transcription PCR
(RT-gPCR)

The total RNA (2 pg) extracted by TRIzol Reagent
was reverse transcribed into cDNA first using the com-
mercial High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, cat# 4368813). The abun-
dance of specific mRNA was detected using the com-
mercial PowerUP SYBR Green Master Mix Kit
(Applied Biosystems, cat# A25742) in the StepOnePlus
Real-Time PCR system (Applied Biosystems). The
amplified products of the primer pair were designed to
be 90-200 bp, and the specificity of the fragments was
verified by the melting curve analysis. The AAC, assay
was performed to calculate the relative quantification
of target mRNA normalized to the housekeeping genes
(GAPDH, ACTB, RNAISSNI, or RNA6-7). All exper-
iments were carried out in triplicates. All the primer
pairs are listed in Table S1.
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2.6. Protein extraction

For total cell lysate, cells were collected, prewashed
twice with cold PBS buffer, and lysed with RIPA buffer
(1% NP-40, 0.5% Sodium deoxycholate, and 0.1% SDS
in PBS) plus the protease inhibitor cocktail (1 tablet/
10 mL for final working concentration, Roche, cat#
11836170001, Mannheim, Germany), and the inhibitor
of serine proteases phenylmethanesulfonyl fluoride
(PMSF) (1 mm final working concentration, Sigma,
cat# P7626-1G). For tumor tissue lysate, a small
amount of pre-frozen tissues was transferred into a
1.5 mL microcentrifuge tube; RIPA buffer was added to
the same tube, and the tissue was ground thoroughly
with a disposable pellet pestle (Thermo Fisher Scientific,
USA, cat# 12-141-368). The lysate was kept on ice for a
total of 30 min, with vortexing for a few seconds at the
highest speed every 10 min. To recover the clean whole-
cell lysate, centrifuged the above reaction mixture for
20 min x 12 000 g at 4 °C, and collected the superna-
tant by pipetting. The commercial kit NE-PER Nuclear
and Cytoplasmic Extraction Reagents (Thermo Scien-
tific, cat#78833) was used to extract the cytoplasmic
protein lysate, following the manufacturer’s protocol.
The protein concentration was determined by the Brad-
ford protein assay using the commercial Protein Assay
Dye Reagent (Bio-Rad, cat# 5000006) following the
manufacturer’s protocol. The prepared protein samples
were stored at —80 °C, pending further examination.

2.7. Western blot assay

A total of 30 pg of protein was electrophoresed by the
commercial SDS/PAGE gel (Genscript Biotech, cat#
MO00657, M00654, Piscataway, NJ, USA). Transferred
the separated proteins to 0.2 pm polyvinylidene difluor-
ide membranes (Bio-Rad, cat# 1620177) and blocked
the membrane with the Odyssey® Blocking Buffer in
TBS (LI-COR Biosciences, cat# 927-50000) overnight
at 4 °C, or with the EveryBlot Blocking Buffer for
(Bio-Rad, cat# 12010020) 30 min at room temperature.
Probed the membrane with a primary antibody fol-
lowed by a fluorescence-labeled/HRP-conjugated sec-
ondary antibody. Detected the target protein-specific
fluorescence/chemoluminescence signal with the Odys-
sey Fc Imaging System (LI-COR Biosciences). All the
antibodies used are listed in Tables S2 and S3.

2.8. Ribonucleoprotein immunoprecipitation
(RNP-IP)

To verify the interaction between HuR protein and its
target mRNAs, the ribonucleoprotein immunoprecipitation
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(RNP-IP) was performed following the previously
described protocol with a few modifications. (a) Cells pre-
treated with KH-3 for 6 h were collected and lysed with
RIPA  buffer containing the RNase inhibitor
(100 unit-mL~! for final working concentration, Invitro-
gen, cat# 10777-019), plus the protease inhibitor cocktail
(Roche, cat# 11836170001), and the inhibitor of serine
proteases phenylmethanesulfonyl fluoride (PMSF). The
whole-cell lysate was obtained following the same protocol
described in protein extraction. (b) The protein lysate was
prewashed with 25 pL of Dynabeads Protein G (Invitro-
gen, cat# 10003D). The mixture of cell lysate and beads
was incubated overnight at 4 °C with gentle rotation to
exclude nonspecific bindings. (c) Collected the supernatant
and determined the protein centration as described in pro-
tein extraction. Normalized the protein concentration to
1-2 mg-mL~" with freshly prepared lysis buffer. Took 50—
100 pL protein lysate and stored it with TRIzol Reagent,
which would be used for the input control. Transferred
1 mg total protein to a new tube, added 1 pg HuR anti-
body, or 1 pg of IgG from the same species of HuR to the
same tube, and incubated for 1 h at 4 °C with gentle rota-
tion. (d) Transferred the supernatant in step 3 to a new
tube, added new beads to the same tube (50 pL-mg "' total
protein), and incubated for 3 h at 4 °C with gentle rotation.
() Washed the beads by discarding the supernatant, resus-
pending with 500 pL washing buffer I, and incubating for
20 min at 4 °C with gentle rotation. Repeated the washing
step with washing buffers ii and iii. (f) Removed the super-
natant, added 0.5-1 mL TRIzol Reagent to the tube, vor-
texed the mixture, and stored the sample at —80 °C,
pending RNA extraction, and RT-qPCR analysis.

2.9. Cell viability detection

The cell viability was determined by the AO/PI stain-
ing assay (Nexcelom Bioscience, cat# CS2-0106-5mL,
Lawrence, MA, USA) following the manufacturer’s
suggested protocol. Briefly, total cells were harvested
by trypsinization and centrifugation and resuspended
with DMEM medium. For AO/PI staining, took
25 pL of AO/PI staining solution to a 1.5 mL Eppen-
dorf tube; added 25 pL of the cell suspension to the
same tube and mixed by pipetting up and down;
immediately loaded 20 pL. mixture into a disposable
counting chamber (SD100 Slides, Nexcelom Biosci-
ences, Lawrence, MA, USA) and analyzed with the
cell counter (Cellometer Vision, Nexcelom Bioscience).

2.10. Time-lapse live-cell imaging

The EVOS cell imaging system (EVOS FL Auto,
Thermo Fisher) was used to monitor the time-lapse
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images of the morphology of cells receiving treatments.
Cells were seeded in a 12-well plate or a 6-well plate.
After overnight culture, cells were treated and trans-
ferred into the on-stage incubation (6% CO,, 37 °C),
maintaining for 96 h. Cell imagines were taken auto-
matedly every 20 min, recorded, and used to generate
movies.

2.11. Cell cycle analysis by flow cytometry

MDA-MB-231 cells were treated with 5 or 10 pum
KH-3. All floating and adhering cells were harvested
by trypsinization, then centrifuged for 5 min x 200 g at
4 °C, and resuspended with 0.5 mL DPBS with 0.5%
(v/v) fetal bovine serum. Cells were fixed in a final con-
centration of 75% ethanol by dropwise adding 1.5 mL
pre-cold ethanal while gently vortexing the sample. The
cells were stored at —20 for more than 24 h, pending
the propidium iodide (PI) DNA staining. The fixed cells
were washed once with 2 mL DPBS with 0.5% (v/v)
fetal bovine serum, and pelleted by centrifuging for
5 min X 400 g at 4 °C. Finally, the cells were resus-
pended with 0.5 mL PI staining solution (50 pg-mL™'
PI, 100 pg-mL~' RNAse) and incubated for 30 min at
room temperature in the dark. Stained cells were ana-
lyzed by the BD Accuri C6 Plus flow cytometer (BD
Science). A total of 1 x 10° events (FL2 > 80 000) for
each sample were counted and calculated by the FLowJo
software using the Watson model (Version 10.8.1).
Each experiment was performed in triplicate.

2.12. Synergism analysis

To assess the synergistic effects of the combination,
the synergy score of two compounds was calculated
using the SYNERGYFINDER web tool (http://www.
synergyfinder.org/) with the HSA method. The combi-
nation MTT-based assay with a fixed mole ratio of
KH-3 to docetaxel was performed, and the combina-
tion index (CI) was calculated by Compusyn [38].

2.13. Animal tumor models

Four- to six-week-old female athymic NCr-nu/nu mice
or 6-8-week-old female BALB/c mice purchased from
Charles River Laboratories (Wilmington, MA, USA)
were used to assess the in vivo combination effects of
KH-3 and docetaxel. Suspended MDA-MB-231 cells
(0.85 x 10° cells), 231-TR cells (1.0 x 10° cells), or
mouse TNBC EMT6 cells (0.15 x 10° cells) in
exponential-stage growth were injected into the third
mammary fat pad of each mouse. When the size of
MDA-MB-231 xenografts reached around 30-50 mm?,
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mice were randomized into four groups with 10
tumors/group. Each group received one of the follow-
ing treatments intraperitoneally (i.p.) or intravenously
(i.v.): (a) KH-3, i.p., 50 mg-kg™', QD5 x 4 weeks; (b)
KH-3,i.p., 50 mg-kg ™', QD5 x 4 weeks, plus docetaxel,
iv., 10 mg-kg ' (Ist week), 7.5 mg-kg™' (2nd week),
5 mgkg ™' (3rd week), QW x 3 weeks; (c) docetaxel,
iv., 10 mgkg™" (Ist week), 7.5 mg-kg™' (2nd week),
5 mg-kg~' (3rd week), QW x 3 weeks; (d) no treatment.
For 231-TR xenografts, the same grouping and the
treatment schedule were performed with an increased-
dose schedule of docetaxel (10 mg-kg™', QW).

For EMT6 allografts, a similar grouping and a mod-
ified treatment schedule were performed, (a) KH-3, i.p.,
40 mg-kg ™", QD5 X 4 weeks; (b) KH-3,
i.p., 40 mgkg~', QD5 x 4 weeks, plus docetaxel, i.v.,
10 mg-kg™' (Ist week), 7.5 mgkg™' (2nd week),
QW x 2 weeks; (c) docetaxel, i.v., 10 mgkg™" (Ist
week), 7.5 mg-kg™' (2nd week), QW x 2 weeks; and
(d) no treatment. From the first day of treatment, the
tumor size and body weight was monitored twice a
week. The tumor volume was calculated based on the
equation: Tumor volume = M. All the animal
experiments performed in this research were approved
by the Institutional Committee for the Use and Care of
Animals of the University of Kansas (Authorization #
AUS205-2). Mice were maintained under a specific
pathogen-free animal facility with a 12 h on/12 h off
light cycle. Cages and beddings were autoclaved before
use. Mice were provided with free access to standard
diet and sterile water. All experiments were started at
least 3 days after the animals arrived at the animal
room facility.

2.14. Statistical analysis

One-way or two-way ANOVA test was used to deter-
mine the significant differences by prism software 8.0
(GraphPad). For animal experiments, Kaplan—-Meier
analysis followed by a log-rank test was used to assess
the tumor growth suppression by Prism software 8.0.
The applied statistical analysis for each data set was indi-
cated in the figure legends. P < 0.05 is considered to be
statistically significant. All in vitro experiments, unless
otherwise specified, were repeated at least three times.

3. Results
3.1. HuR functional inhibitor KH-3 inhibited
TNBC cells proliferation and reduced cell viability

The cytotoxicity of KH-3 in TNBC cells was investi-
gated using the cell line MDA-MB-231 (231) and its
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derived docetaxel (TXT) resistant cell-subline (231-
TR). The MTT-based cytotoxicity assay was per-
formed to compare the sensitivity of MDA-MB-231
and 231-TR to docetaxel or KH-3 (Fig. 1A,B). The
1C50 of docetaxel for 231-TR cells was 9.48 nm, which
was over 10-fold higher than the IC50 for MDA-MB-
231 (0.69 nm) (Fig. 1A), indicating the docetaxel resis-
tance of 231-TR cells. In contrast, 231-TR showed a
slightly higher IC50 than KH-3: it showed an IC50 of
7.04 pm compared with 3.31 pum of the parental cell
line (Fig. 1B).

To evaluate the effects of KH-3 on cell proliferation,
the clonogenic assay was performed. The colony num-
ber decreased with the increased concentration of doc-
etaxel, or KH3 alone (Fig. 1C,D and Fig. S1A,B). The
IC50 of docetaxel in inhibiting the plating efficiency of
231-TR cells was 2.78 nm compared with 0.21 nm of
parental cells (Fig. 1E). The IC50 of KH-3 in inhibit-
ing the plating efficiency was 3.35 and 4.89 pm for
MDA-MB-231 and 231-TR cells respectively (Fig. 1F).
To further validate the proliferation inhibition effects
of KH-3, the growth curve was calculated. The dou-
bling times for MDA-MB-231 and 231-TR cells were
17.84 and 23.65 h respectively, which were extended
by KH-3 treatment in a dose-dependent manner
(Fig. 1G).

3.2. KH-3 showed synergy with docetaxel in
vitro

To investigate whether KH-3 sensitized TNBC cells to
the chemotherapy drug, the cytotoxic effect of the
combination treatment of KH-3 and docetaxel was
determined by MTT assay in multiple TNBC cells
(Fig. 2A). The cell viability curves all shifted to the left
when the concentration of KH-3 was increased, sug-
gesting that KH-3 enhanced the efficacy of docetaxel.
And the combination treatment displayed synergistic
effects (Fig. 2B). On the one hand, 231-TR cells
showed a higher synergy score than the parental
MDA-MB-231 cells (Fig. 2B), indicating that HuR
may be critical for driving cell proliferation and cell
survival, especially for chemoresistant cells. In
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addition, the fixed molar ratio (KH-3 to docetaxel)
combination MTT assay (Fig. S2A,B) was performed
to estimate the combination effects using the combina-
tion index (CI). The results validated that the combi-
nation of two drugs was synergistic in MDA-MB-231
cells and 231-TR cells (Fig. S2C). More interestingly,
SUMI159 and 4T1 cells showed intrinsic docetaxel
resistance compared with MDA-MB-231 (Fig. 2A); the
combination treatment was synergistic in both cell
lines (Fig. 2B), supporting that combination treatment
is a promising approach to overcome docetaxel
resistance.

A clonogenic assay was performed to assess the
combined effects of KH-3 and docetaxel on inhibiting
cell proliferation (Fig. 2C,D and Fig. S3A,B). For the
231-TR cells, docetaxel was increased by 10-fold to
achieve a similar inhibition level on relative plating
efficiency compared with MDA-MB-231 cells. A suble-
thal dose of KH-3 showed no significant effects on the
plating efficiency. However, when together with doce-
taxel, KH-3 significantly suppressed the plating effi-
ciency of both cell lines more than any single-agent
treatment (Fig. 2C,D). Taken together, these data
demonstrate the synergistic effects of KH-3 and doce-
taxel combination on inhibiting cell proliferation in
TNBC cells.

3.3. 231-TR cells showed the upregulated
expression levels of HuR targets involved in cell
proliferation and survival

The above data indicate that KH-3 chemo-sensitizes
TNBC cells to docetaxel. However, the molecular
mechanism of action (MOA) behind this sensitization
was unknown. We conducted a gene profiling analysis
using the Tumor Signaling 360 panel of the Nano-
String nCounter gene expression platform. The heat-
map of pathway scores revealed changes in pathway
regulation between parental MDA-MB-231 cells and
231-TR cells (Fig. 3A). Interestingly, the apoptosis
pathway was downregulated and the Wnt signaling
pathway was upregulated in 231-TR cells compared
with parental MDA-MB-231 cells (Fig. S4A). The

Fig. 1. HuR functional inhibitor KH-3 inhibited TNBC cell proliferation and reduced cell viability. (A) The cell viability curves determined by
the MTT-based cytotoxicity assay of MDA-MB-231 and 231-TR cells treated with docetaxel or (B) KH-3. (C, D) The colony number deter-
mined by the clonogenic assay of MDA-MB-231 and 231-TR cells treated with (C) docetaxel or (D) KH-3. Ordinary one-way ANOVA test,
*P < 0.05, **P < 0.01, ***P < 0.001, ***P < 0.0001 (n = 3). (E) The relative plating efficiency of cells treated by docetaxel in panel C. (F)
The relative plating efficiency of cells treated by KH-3 in panel D. Plating efficiency was calculated by the equation:
Plating efficiency :Wm. (G) The growth curve of viable cells determined by trypan blue solution staining assay. Cells were
treated with DMSO (vehicle control) or KH-3 (5 or 10 pm) at time zero. All results are shown as mean + SD of three replicates, unless other-

wise specified.
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Fig. 2. KH-3 showed synergy with docetaxel in vitro. (A) The cell viability curves determined by the MTT-based cytotoxicity assay of MDA-
MB-231 cells, 231-TR cells, SUM159 cells, and 4T1 cells treated with docetaxel plus KH-3. (B) Synergy score plots of the combination of
KH-3 plus docetaxel in panel A. (C) The relative plating efficiency of MDA-MB-231 cells and (D) 231-TR cells receiving KH-3/docetaxel single-
agent treatment, or the combination treatment. Representative colony imagines were shown in panels C, D. Ordinary one-way ANOVA test,
*P < 0.05, **P < 0.01, ***P < 0.001, *#=P < 0.0001. All results are shown as mean + SD of three replicates, unless otherwise

specified.

genes BCL2 and CTNNBI are key regulators of the
apoptosis and the Wnt Signaling pathway, respectively.
The mRNA transcripts of both genes are direct HuR
targets [18,39], which was also confirmed by the immu-
noprecipitation (RIP)-sequencing in our previous study
[17]. The mRNA of ABCC4, encoding the multidrug
resistance-associated protein 4 (MRP4), was also a
direct HuR target based on the RIP-sequencing [17]
and RNP-IP (Fig. S4E).

The mRNA levels of BCL2, CTNNBI, and ABCC4
were increased in 231-TR cells compared with the
parental cells (Fig. S4B). Compared with MDA-MB-
231 cells, 231-TR cells had increased cytoplasmic
protein levels of HuR and BCL2, and p-Catenin (the
protein product of CTNNBI), but the whole-cell
protein level of HuR remained similar (Fig. 3B). This
suggests that the increased HuR cytoplasmic accumula-
tion, subsequently the enhanced levels of target proteins,
may be critical for docetaxel resistance. Additionally,
docetaxel induced HuR cytoplasmic translocation in a
time-dependent manner (Fig. S4C). The results of RNP-
IP indicated that BCL2 and CTNNBI remained to be
HuR targets in 231-TR cells (Fig. 3C). Notably, KH-3
could interrupt the interactions between HuR and
mRNAs of BCL2, or CTNNBI (Fig. 3C). Therefore, a
possible mechanism of action of KH-3 in chemo-
sensitization is to regulate BCL2 and B-Catenin.

3.4. KH-3 attenuated the expression levels of
p-Catenin and BCL2

To further investigate the regulation of KH-3 on
the expression of HuR-downstream targets BCL2 and
B-Catenin, both mRNA and protein levels were exam-
ined. KH-3 significantly downregulated the mRNA
levels of BCL2, CTNNBI, and ABCC4 in MDA-MB-
231 cells and 231-TR cells (Fig. 3D). A similar trend
of downregulation was detected using different house-
keeping genes (ACTB, RNAISSNI, and RNU6-7) for
normalization (Fig. S4F). Western blot analysis was
performed to measure the protein level changes of
BCL2, p-Catenin, and proteins involved in down-
stream events of the BCL2-regulated caspase activa-
tion. The time-course analysis showed that the protein
level of B-Catenin was decreased after 16 h of KH-3

treatment and recovered later in both cell lines
(Fig. 3E). Loss of BCL2 was detected after 24 h of
KH-3 treatment in 231 cells, and 16 h of KH-3 treat-
ment in 231-TR cells (Fig. 3E). The downstream pro-
teins of the BCL2-regulated caspase activation,
including Caspase-9, Caspase-3, and PARP, were
cleaved in a time-dependent manner (Fig. 3E). The
cleavage peaked at 24 h for time points tested in both
cell lines. In addition, KH-3 did not alter the protein
level of HuR. These results demonstrate that KH-3
downregulates BCL2 and p-Catenin and induces the
caspase activation/PARP inactivation in a time-
dependent manner, subsequently leading to apoptotic
cell death.

To test the potency and specificity of KH-3 in inhi-
biting BCL2 and p-Catenin, cells were treated for 24 h
with a range of doses of KH-3 (Fig. S4D). The lowest
dose, 2.5 pM, did not reduce the protein levels of
p-Catenin and BCL2 or induce the visible cleavage of
Caspase-9, Caspase-3, and PARP in both cell lines.
When the dose was increased to 5 pm, a slight decrease
in B-Catenin and trace cleavage of Caspase-9, Caspase-3,
and PARP were detected. For both cell lines, the loss
of pB-Catenin was evident by 10 pm KH-3 treatment;
the noticeable cleavage of Caspase-9, Caspase-3, and
PARP was detected. The protein levels of BCL2 were
readily downregulated by 10 pm KH-3 treatment in 231-
TR cells. Together, the data indicate the dose-dependent
activity of KH-3 in downregulating p-Catenin and
BCL2.

3.5. KH-3 induced apoptosis in TNBC cells

Real-time monitoring of the morphology of MDA-MB-
231 cells receiving KH-3 treatment showed that cells
stopped generating daughter cells (Fig. 4A), reconfirm-
ing the proliferation suppression activity of KH-3. On
the contrary, the lysed cell, as indicated by the arrow,
displayed a typical apoptotic cell death: cell shrinkage,
and membrane blebbing (Fig. 4A). To confirm that KH-
3 could induce apoptosis, two caspase inhibitors were
used to inhibit the activity of caspases. The Caspase-1-,
3-, 8-, and 9-specific inhibitor Q-VD-Oph and the pan-
caspase inhibitor Z-VAD-FMK significantly attenuated
the KH-3-induced cell death (Fig. 4B).
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Fig. 3. KH-3 attenuated the expression of p-Catenin and BCL2. (A) Heatmap of pathway scores of MDA-MB-231 cells and 231-TR cells. (B)
Western blot analysis of whole-cell lysates or cytoplasmic lysates from MDA-MB-231 cells and 231-TR cells. The a-Tubulin was used as the
loading control. (C) RNP-IP analysis of HuR bound mRNAs interacted by KH-3 in 231-TR cells. Cell lysates of 231-TR pretreated by KH-3 or
vehicle control (DMSO) for 6 h were subjected to RNP-IP followed by RT-gPCR analysis to measure the abundance of mRNAs. The enrich-
ment of MRNAs in control IgG and HuR IP with KH-3 treatment was compared with HuR IP with the vehicle control treatment. Two-way
ANOVA test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (n = 2). (D) Quantitative RT-PCR analysis on the mRNA levels of
BCL2, CTNNB1, and ABCC4 in MDA-MB-231 cells and 231-TR cells treated by KH-3 for 6 h. Two-way ANOVA test, ***P < 0.001,
wrkkP < 0.0001 (n = 2). (E) Western blot analysis of whole-cell lysates from MDA-MB-231 cells or 231-TR cells treated with KH-3 (10 pm)
for the indicated times. GAPDH was used as the loading control. All results are shown as mean + SD. All results were performed for three

repeats, unless otherwise specified.

To further validate the apoptotic cell death, the
genomic DNA fragments (sub-G1) generated by endo-
nucleolytic cleavage during apoptosis were examined.
The cell cycle analysis revealed that the percentage of
sub-G1 was 0.2%, 5.8%, and 11.3% in the DMSO,
KH-3 (5 pm), and KH-3 (10 pm) treated samples,
respectively (Fig. 4C and Fig. S5). KH-3 treatment
resulted in a definitive accumulation in the sub-Gl
phase versus control treatment (Fig. 4D). On the
contrary, the percentage of cells in the S phase was
31.3%, 52.9%, and 50.7% in the DMSO control,
KH-3 (5 pm), and KH-3 (10 pm) treated groups,
respectively (Fig. 4C). Therefore, the KH-3 treatment
resulted in a significant accumulation of cells in the S
phase. Subsequently, the protein level of the cyclin-
dependent kinase inhibitor p21 was evidently increased
by 24 h treatment of KH-3 in MDA-MB-231 cells
(Fig. 4E). The induction or overexpression of p2l is
related to S-phase arrest [40,41]. These findings indi-
cate that KH-3 induces the sub-G1 phase accumula-
tion and causes the S-phase arrest.

To examine the action of caspase inhibitors in rescu-
ing cells from death, we analyzed the protein level
changes caused by KH-3 with or without caspase
inhibitors. For both cell lines (Fig. 4F), Q-VD-Oph
attenuated the cleavage of Caspase-9 and abrogated
the detectable cleavage of Caspase-3 and PARP; in
addition, Z-VAD-FMK treatment abrogated the
detectable cleavage of Caspase-3 and attenuated the
cleavage of PARP but showed no effects on inhibiting
the cleavage of Caspase-9. Taken together, the caspase
inhibition rescued cells from KH-3-induced cell death,
identifying the caspase activation as a major mecha-
nism of the chemo-sensitization activity of KH-3.

3.6. KH-3 restored the TNBC response to
docetaxel in 231-TR cells by inhibiting cell
proliferation and facilitating docetaxel-induced
apoptosis

We sought to further reveal the molecular mechanisms
of action behind the chemo-sensitization activity of

KH-3. For the KH-3 alone or combined treatment
with docetaxel for 24 h, the attenuated protein level of
B-Catenin was detected in MDA-MB-231 cells com-
pared with the vehicle control (Fig. 5A, left); on the
contrary, the increased protein level of p-Catenin in
231-TR cells was depleted to the ‘baseline level’ of
parental MDA-MB-231 cells treated by DMSO
(Fig. 5A, left). Altogether, KH-3 synergizes docetaxel
antitumor activity by suppressing the protein level of
B-Catenin at the early stage of treatment.

BCL2 is an antiapoptotic protein and tightly regu-
lates the intrinsic apoptosis pathway. Docetaxel did
not alter the overall protein level of BCL2 in both cell
lines (Fig. 5A). But for the KH-3 alone or combined
with docetaxel treatment for 24 h, the loss of BCL2
was evident in MDA-MB-231 cells, and near complete
depletion was detected in 231-TR cells (Fig. 5A, left).
KH-3 continued depleting the protein level of BCL2 in
231-TR cells receiving KH-3 treatment alone for 40 h
(Fig. 5A, right). It appeared that 231-TR cells
responded to KH-3 better than MDA-MB-231 cells.
The better response of 231-TR cells to KH-3 reempha-
sizes the critical roles of HuR in mediating
chemoresistance.

We also analyzed proteins engaging in the down-
stream events of BCL2-regulated caspase activation.
For 24 h treatment, no detectable cleavage of Caspase-
9, Caspase-3, and PARP was detected in docetaxel
sing-agent treatment, but the cleavage was detected in
KH-3 alone and the combination treatment (Fig. 5A,
left). For 40 h treatment in MDA-MB-231 cells, doce-
taxel single-agent treatment induced the cleavage of
Caspase-9, Caspase-3, and PARP (Fig. 5A, right). For
40 h treatment in 231-TR cells, the cleavage of
Caspase-9, Caspase-3, and PARP was undetectable in
docetaxel treatment alone; but the cleavage was
induced by KH-3 treatment alone and further
enhanced by the combination treatment (Fig. S5A,
right), suggesting that KH-3 may overcome the HuR-
mediated resistance to chemotherapy-induced apopto-
sis. The working model of chemotherapy sensitization
by the HuR functional inhibitor KH-3 is shown in
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Fig. 4. KH-3 induced apoptosis in TNBC cells. (A) Representative time-lapse images of the morphology of MDA-MB-231 cells treated by KH-
3 (10 pm) or DMSO (vehicle control). The white arrow indicates one representative cell undergoing apoptotic death. 40x microscope magnifi-
cation. Scale bar 100 pm. (B) The viability of MDA-MB-231 cells treated by KH-3 (10 pm) for 24 or 48 h. Cells were pretreated with Z-VAD-
FMK (40 pm) or Q-VD-Oph (40 pm) for 1 h before the KH-3 treatment. The cell viability was determined by AO/PI staining assay. Ordinary
one-way ANOVA test, *P < 0.05, *#P < 0.01, ***P < 0.001, ****P < 0.0001 (n = 2). (C) The histograms of cell cycle analysis in MDA-MB-
231 cells. Cells treated with DMSO (vehicle control), KH-3 (5 pm), or KH-3 (10 um) for a total of 40 h were harvested, stained with Pl, and
analyzed by flow cytometry. The experiment was performed for three replicates, and similar results were observed. The representative
results were shown. (D) Quantification of the cell cycle analysis for the treatment groups in panel C. Two-way ANOVA test, **P < 0.01,
kP < 0.001, ****P < 0.0001. (E, F) Western blot analysis of whole-cell lysates of cells treated by KH-3 (10 pm) for 24 h with 1 h pretreat-
ment of Z-VAD-FMK (40 pm) (E) or with 1 h pretreatment of Z-VAD-FMK (40 pm) or Q-VD-Oph (40 pm) (F). GAPDH was used as the loading
control. Results were performed for three repeats, and the representative results were shown. All results are shown as mean + SD of

three replicates, unless otherwise specified.

Fig. 5B. These findings support that KH-3-mediated
downregulating BCL2 may be a key event engaging in
overcoming docetaxel resistance.

3.7. The combination of KH-3 and docetaxel
showed synergy in delaying tumor growth and
improving animal survival

To determine the in vivo combination efficacy of KH-3
and docetaxel, the mammary fat pad xenograft
models of MDA-MB-231 and 231-TR were utilized.
The tumor growth curves of MDA-MB-231 xenografts
showed that the combination therapy significantly sup-
pressed the tumor growth compared with docetaxel
single-agent therapy (Fig. 6A). Moreover, at 25 days
post-therapy, when the mice from the control group
reached the endpoint of euthanasia, the combination
of KH-3 and docetaxel showed a significantly
enhanced tumor growth inhibition compared with the
control, and KH-3 single-agent therapy (Fig. 6B).
According to the Kaplan—Meier analysis of the time
required for individual tumors to reach 200 mm®
(Fig. 6C), the median day for KH-3, docetaxel, and
KH-3 plus docetaxel therapy was delayed by 4, 14,
and 21 days, respectively. The body weight of mice
from all groups tended to increase (Fig. S6A). Doce-
taxel alone significantly inhibited the growth of MDA-
MB-231 xenografts at 15 days post-therapy (Fig. 6A),
and a higher dose of docetaxel showed no significant
growth suppression on 231-TR xenografts (Fig. 6D).
However, tumor growth was significantly inhibited by
KH-3 alone, which was further inhibited by the combi-
nation therapy (Fig. 6D).

We expanded the efficacy study using the mouse
syngeneic tumor model of EMT6, which is resistant to
docetaxel treatment, to mimic the clinical intrinsic
resistance. The combination therapy significantly sup-
pressed the tumor growth compared with any single-
agent therapy at the end of the treatment (Fig. 6E).

Although docetaxel alone showed no significant effects
on inhibiting tumor growth, the KH-3 alone and the
combination treatment significantly inhibited the
tumor growth (Fig. 6F). In addition, the KH-3 or doc-
etaxel alone delayed the median survival day of mice
from 19 to 22 days, and the combined treatment fur-
ther delayed the death to 26 days (Fig. 6G).

The results of the western blot analysis on the total
protein lysates from 231-TR xenografts showed that
docetaxel alone did not induce the cleavage of PARP.
However, KH-3 alone or KH-3 plus docetaxel induced
the cleavage of it (Fig. 6H). In addition, KH-3 induced
the cleavage of Caspase-9 in MDA-MB-231 xenografts
(Fig. S6C). These data further support the role of
HuR functional inhibitors, such as KH-3, as a doce-
taxel sensitizer, especially in the docetaxel-resistant
TNBC cells.

4. Discussion

The primary systemic treatment for TNBC remains
chemotherapy, but chemoresistance greatly impairs the
efficacy of this approach. In order to improve the sur-
vival and prognosis of TNBC patients, there is an
urgent clinical need to increase the effectiveness of che-
motherapy and search for new therapeutic agents. In
recent decades, advances have been achieved in the
systemic target therapy for TNBC such as PARP
inhibitors, antiandrogen agents, antibody-drug conju-
gates, and immune-checkpoint inhibitors [7,42], pro-
viding new options when patients no longer responded
well to chemotherapy drugs. However, the resistance
to the PARP inhibitor, the lack of the androgen recep-
tor (45-88% in TNBC) [42], or the rare expression of
PD-L1 in noninflamed tumor cells [43] all dampen the
therapeutic efficacy and limit the application of those
approaches in TNBC. The standard of care treatment
of TNBC is still chemotherapy [7], thus enhancing the
efficacy of chemotherapy is the focus of the current

1974 Molecular Oncology 17 (2023) 1962-1980 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



L. Wei et al.
A 24h 40 h
MDA-MB-231 231-TR MDA-MB-231 231-TR
KH-3 - - + + - -+ + - -+ o+ - -+ o+
Docetaxel - + - + - * - ¥ - E e -+ - 4+

B-Catenin | = == = —

p—

S v ——

HuR inhibition sensitizes chemotherapy

HUR | = owee e wv e e ———— -
Casp3 | sepenee ww®w |@ SRR | Uil length
Casp3 | S | | o |Cleaved (19/17 kD)

GAPDH | wwwmw s v o v v v | | o v v e e e s |
PARP | SetaeeEs e -E!!E a'a-- Full length
LR = < Cleaved
Casp9 [wneniii® - o - I | Ui length
s Tt TR e el
BCL2 == = | [==== ==—=]
GAPDH | wwewewew e em ww | | - - |

®)

MDA-MB-231 cells

ﬁucleus

| . /Ocation / N \/

S
\/ BCL2 B-Catenin
BAX éProllferation ﬂ,;
CytC
release
| Apoptosis i
CASP9 i__?_fi____j?_j
Cytoplasm \ T
CASP3 j
Sensitization

231-TRcells

Nucleus

X@

BCL2 B-Catenin
- ARasEETE T
BAX i Proliferation ﬂ
l \
CytC
release
I pwenry
1
CASP9 | ;

Re-sensitization

Molecular Oncology 17 (2023) 1962-1980 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

1975



HuR inhibition sensitizes chemotherapy

L. Weij et al.

Fig. 5. KH-3 restored the efficacy of docetaxel in 231-TR cells by inhibiting cell proliferation and facilitating docetaxel-induced apoptosis. (A)
Western blot analysis of whole-cell lysates of cells treated by DMSO (vehicle control), docetaxel (5 nm), KH-3 (10 pm), or the combination of
docetaxel and KH-3 for 24 or 40 h. GAPDH was used as the loading control. The experiment was repeated three times and representative
western blot results from one experiment were shown. (B) Proposed working model of chemotherapy sensitization by the HuR functional

inhibitor KH-3.

study. We exploited mechanisms of acquired docetaxel
resistance in TNBC cells and revealed that the HuR
function inhibitor (KH-3) would interrupt these mech-
anisms. The combination treatment of KH-3 and doce-
taxel inhibited the proliferation of TNBC cells and
facilitated docetaxel-induced apoptosis.

Cell proliferation was attenuated by KH-3 single-
agent treatment. The Wnt-p-Catenin signaling pathway
regulates cell proliferation. When the Wnt-signal is on,
the cytoplasmic p-Catenin protein is stabilized and pre-
vented from proteasomal degradation; p-Catenin is
translocated to the nucleus where it binds to LEF/
TCF transcription factor and upregulates the expres-
sion of Wnt target genes involved in promoting the
cell proliferation [44]. The expression of B-Catenin was
downregulated by KH-3 in a time- and dose-dependent
manner. Further studies are needed to determine
whether the antiproliferation activity of KH-3 is ful-
filled via inhibiting p-Catenin.

KH-3 causes apoptosis via a series of caspase activa-
tion events. BCL2 is an antiapoptotic protein; it main-
tains the integrity of the mitochondrial membrane by
binding to and inhibiting the function of pro-apoptotic
proteins BAK/BAX, thus preventing the inside cyto-
chrome c from releasing [45]. Otherwise, the released
cytochrome ¢ forms the apoptosome with Caspase-9
and Apaf-1 [46]. Therefore, anticancer reagents target-
ing BCL2-regulated apoptosis expand treatment
options for cancers. BH-3 mimics are a class of anti-
cancer reagents by neutralizing BCL2 homolog and
releasing its inhibition on BAX/BAK [47]. Instead of
arresting the function of BCL2, KH-3 downregulates
the protein level of BCL2 in a time- and dose-
dependent manner. Caspase inhibitors only partially
rescued cells from KH-3-induced cell death, suggesting
other cell death mode(s) that is/are independent of cas-
pase activity. Our findings demonstrate a mechanism
of action of KH-3 possibly whereby inhibiting BCL2
as an early event to trigger apoptosis.

The combination of KH-3 and docetaxel showed
synergistic effects on reducing cell proliferation and
tumor growth. The docetaxel single-agent treatment
did not alter the protein level of B-Catenin and BCL2.
However, KH-3 treatment reduced their expression at
the early stage of the treatment. Therefore, KH-3
enhances the efficacy of docetaxel by inhibiting

cell proliferation via attenuating the expression of
p-Catenin. On the other hand, KH-3 restored the anti-
tumor activity of docetaxel via inducing apoptosis trig-
gered by BCL2-regulated caspases activation in
docetaxel-resistant cells (Fig. 5B). The roles of BCL2
[48] and p-Catenin [28,49] involved in chemoresistance
have been identified a long time ago by different
research groups. Cell cycle analysis indicates that KH-
3 causes S-phase arrest, preventing cells from entering
mitosis. It has been reported that docetaxel caused cell
death via inducing mitotic catastrophe [50]. It is possi-
ble that KH-3 and docetaxel target different subpopu-
lations of cells to induce synergistic effects, which
needs to be determined by further studies. These
results indicate a critical mechanism for docetaxel
resistance in TNBC cells associated with increased
cytoplasmic HuR accumulation and HuR-regulated
expression of BCL2, and B-Catenin (Fig. 5B).

Triple-negative breast cancer cells may employ mul-
tiple mechanisms simultaneously to acquire chemore-
sistance [28]. The ATP-binding cassette (ABC)
transporters are one of the important mechanisms.
The multidrug-resistant protein-1 (ABCC1/MRPI1)
confers taxane resistance, and other ABC transporters
share overlapping substrate specificity with it [28]. The
mRNA levels of ABCCI, ABCC4, and ABCC6 were
increased at least twofold (Fig. S4B, and data not
shown) in 231-TR cells compared with MDA-MB-231
cells. KH-3 treatment did not downregulate the
mRNA levels of ABCCI, or ABCC6, except for
ABCC4 (Fig. 3D, and data not shown). And ABCC4
was subsequently identified as a target of HuR, based
on the RIP-sequencing [17]. The possible schematic of
how KH-3 overcomes MRP4-mediated chemoresis-
tance was shown in Fig. 5B. Further investigation will
determine whether KH-3 interferes with drug trans-
porter activity.

5. Conclusions

The results of this study highlight the crucial role of
HuR in promoting docetaxel resistance, specifically,
through its post-transcriptional upregulating BCL2
and p-Catenin, thereby providing a rationale for
enhancing chemotherapy efficacy via the combination
of HuR inhibitors and chemotherapeutic agents.
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Fig. 6. Combination of KH-3 and docetaxel showed synergy in suppressing tumor growth in vivo. (A) Growth curves of tumors in the MDA-
MB-231 xenograft model with indicated treatments. Two-way ANOVA test, **P < 0.01, ***P < 0.001, ****P < 0.0001, n = 10. (B) The size
of individual tumors from panel A at 25 days post-treatment. Tumor growth inhibition (T/C %) defined as the ratio of the mean tumor size of
the treated to the control group, was calculated, and listed in the figure. One-way ANOVA test, **P < 0.01, ***P < 0.001, n = 10. (C)
Kaplan—Meier analysis of days required when individual tumor size reached 200 mm?® from panel A. Log-rank test, ***P < 0.001,
#xxxP < 0.0001, n=10. (D) Growth curves of tumors in the 231-TR xenograft model with indicated treatments. Two-way ANOVA test,
*P < 0.05, **P < 0.01, ***P < 0.001. n = 8. (E) Growth curves of tumors in the EMT-6 allograft model with indicated treatments. Two-
way ANOVA test, *#P < 0.01, ****P < 0.0001, n = 20 for the control, n = 10 for the KH-3 and the KH-3 + TXT, and n = 9 for the TXT trea-
ted group. (F) The size of individual tumors from panel E at 15 days post-treatment. One-way ANOVA test, *P < 0.05, ***P < 0.001. (G)
Kaplan-Meier analysis of survival days of mice from panel E. Log-rank test, *P < 0.05, **P < 0.01, ****P < 0.0001. (H) Western blot analy-
sis of tissue lysates of the 231-TR xenograft from panel D. GAPDH was used as the loading control. All other results are shown as
mean + SEM, unless otherwise specified.

Acknowledgments References

1 DeSantis CE, Ma J, Gaudet MM, Newman LA, Miller
KD, Goding Sauer A, et al. Breast cancer statistics,
2019. CA Cancer J Clin. 2019;69:438-51. https://doi.org/
10.3322/caac.21583

2 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer
statistics, 2022. CA Cancer J Clin. 2022;72:7-33. https://

We thank Dr. Josephine Chandler for kindly providing
the instruments for the cell cycle analysis. This study
was supported in part by the National Institutes
of Health grants ROl CAI191785, CA243445, and
DK119131, Department of Defense Breast Cancer

Research Program Breakthrough Level II grant doi.org/10.3322/caac.21708

BC151845, Midwest Biomedical Accelerator Consor- 3 Society AC. Breast cancer facts & figures 2019-2020.
tium (MBArC), an NIH Research Evaluation and Atlanta, GA: American Cancer Society, Inc; 2019.
Commercialization Hub (REACH), and Kansas Bio- 4 Dawson SJ, Provenzano E, Caldas C. Triple negative
science Authority Rising Star Award (to LX); the breast cancers: Clinical and prognostic implications. Eur
Susan G. Komen Carcer Catalyst Research grant J Cancer. 2009:45(Suppl 1):27-40. https://doi.org/10.
CCR18548252 (to XW); the National Cancer Institute 1016/s0959-8049(09)70013-9

Cancer Center Support Grant P30 CA168524. 5 Costa RLB, Gradishar WIJ. Triple-negative breast

cancer: current practice and future directions. J Oncol

Pract. 2017;13:301-3. https://doi.org/10.1200/jop.2017.

023333

The authors declare no conflict of interest. 6 Plevritis SK, Munoz D, Kurian AW, Stout NK, Alagoz
O, Near AM, et al. Association of screening and
treatment with breast cancer mortality by molecular

Conflict of interest

Author contributions subtype in US women, 2000-2012. JAMA.
XW and LX contributed to the conceptualization, 2018;319:154-64. https://doi.org/10.1001/jama.2017.
19130

supervision, funding acquisition, review, revision, and
approval of the manuscript. LW contributed to the
investigation, methodology, validation, original draft
preparation, editing, and revision of the manuscript.
QZ, CZ, LH, YZ, AMA, JA, and DRW contributed
to the investigation, methodology, review, and editing
of the final manuscript. All authors have read and
approved the final version of this manuscript.

7 Bianchini G, De Angelis C, Licata L, Gianni L.
Treatment landscape of triple-negative breast cancer —
expanded options, evolving needs. Nat Rev Clin Oncol.
2022;19:91-113. https://doi.org/10.1038/s41571-021-
00565-2

8 Schmid P, Adams S, Rugo HS, Schneeweiss A, Barrios
CH, Iwata H, et al. Atezolizumab and nab-paclitaxel in
advanced triple-negative breast cancer. N Engl J Med.
2018;379:2108-21. https://doi.org/10.1056/

Data accessibility NEJMoal809615

9 Mansoori B, Mohammadi A, Davudian S, Shirjang S,
The data generated in this study are available within Baradaran B. The different mechanisms of cancer drug
the paper and Supplementary information. Derived resistance: a brief review. Adv Pharm Bull. 2017;7:339—
data supporting the findings of this study are available 48. https://doi.org/10.15171/apb.2017.041
upon reasonable requests from the corresponding 10 Peng SSY, Chen CYA, Xu N, Shyu AB. RNA
author. stabilization by the AU-rich element binding protein,
1978 Molecular Oncology 17 (2023) 1962-1980 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.


https://doi.org/10.3322/caac.21583
https://doi.org/10.3322/caac.21583
https://doi.org/10.3322/caac.21708
https://doi.org/10.3322/caac.21708
https://doi.org/10.1016/s0959-8049(09)70013-9
https://doi.org/10.1016/s0959-8049(09)70013-9
https://doi.org/10.1200/jop.2017.023333
https://doi.org/10.1200/jop.2017.023333
https://doi.org/10.1001/jama.2017.19130
https://doi.org/10.1001/jama.2017.19130
https://doi.org/10.1038/s41571-021-00565-2
https://doi.org/10.1038/s41571-021-00565-2
https://doi.org/10.1056/NEJMoa1809615
https://doi.org/10.1056/NEJMoa1809615
https://doi.org/10.15171/apb.2017.041

L. Wei et al.

11

12

13

14

15

16

17

18

19

20

21

22

23

Molecular Oncology 17 (2023) 1962-1980 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

HuR, an ELAYV protein. EMBO J. 1998;17:3461-70.
https://doi.org/10.1093/emboj/17.12.3461

Brennan CM, Steitz JA. HuR and mRNA stability.
Cell Mol Life Sci. 2001;58:266—77. https://doi.org/10.
1007/p100000854

Srikantan S, Gorospe M. HuR function in disease.
Front Biosci (Landmark Ed). 2012;17:189-205.
Abdelmohsen K, Gorospe M. Posttranscriptional
regulation of cancer traits by HuR. Wiley Interdiscip
Rev RNA. 2010;1:214-29. https://doi.org/10.1002/wrna.4
Myer VE, Fan XC, Steitz JA. Identification of HuR as
a protein implicated in AUUUA-mediated mRNA
decay. EMBO J. 1997;16:2130-9. https://doi.org/10.
1093/emboj/16.8.2130

Hinman MN, Lou H. Diverse molecular functions of
hu proteins. Cell Mol Life Sci. 2008;65:3168-81. https://
doi.org/10.1007/s00018-008-8252-6

Lopez de Silanes I, Fan J, Yang X, Zonderman AB,
Potapova O, Pizer ES, et al. Role of the RNA-
binding protein HuR in colon carcinogenesis.
Oncogene. 2003;22:7146-54. https://doi.org/10.1038/sj.
onc.1206862

Wu X, Gardashova G, Lan L, Han S, Zhong C,
Marquez RT, et al. Targeting the interaction between
RNA-binding protein HuR and FOXQ1 suppresses
breast cancer invasion and metastasis. Commun Biol.
2020;3:193. https://doi.org/10.1038/s42003-020-0933-1
Filippova N, Yang X, Wang Y, Gillespie GY,
Langford C, King PH, et al. The RNA-binding protein
HuR promotes glioma growth and treatment resistance.
Mol Cancer Res. 2011;9:648-59. https://doi.org/10.1158/
1541-7786.Mcr-10-0325

Lal S, Burkhart RA, Beeharry N, Bhattacharjee V,
Londin ER, Cozzitorto JA, et al. HuR
posttranscriptionally regulates WEEL: implications for
the DNA damage response in pancreatic cancer cells.
Cancer Res. 2014;74:1128-40. https://doi.org/10.1158/
0008-5472.Can-13-1915

Cai J, Wang H, Jiao X, Huang R, Qin Q, Zhang J,

et al. The RNA-binding protein HuR confers
oxaliplatin resistance of colorectal cancer by
upregulating CDC6. Mol Cancer Ther. 2019;18:1243-54.
https://doi.org/10.1158/1535-7163.Mct-18-0945

Li W, Luo L, Shi W, Yin Y, Gao S. Ursolic acid
reduces Adriamycin resistance of human ovarian cancer
cells through promoting the HuR translocation from
cytoplasm to nucleus. Environ Toxicol. 2021;36:267-75.
https://doi.org/10.1002/tox.23032

Hostetter C, Licata LA, Witkiewicz A, Costantino CL,
Yeo CJ, Brody JR, et al. Cytoplasmic accumulation of
the RNA binding protein HuR is central to tamoxifen
resistance in estrogen receptor positive breast cancer
cells. Cancer Biol Ther. 2008;7:1496-506.

Haldar S, Jena N, Croce CM. Inactivation of Bcl-2 by
phosphorylation. Proc Natl Acad Sci USA.

Federation of European Biochemical Societies.

24

25

26

27

28

29

30

31

32

33

34

HuR inhibition sensitizes chemotherapy

1995;92:4507-11. https://doi.org/10.1073/pnas.92.10.
4507

Nehmé A, Varadarajan P, Sellakumar G, Gerhold M,
Niedner H, Zhang Q, et al. Modulation of docetaxel-
induced apoptosis and cell cycle arrest by all- trans
retinoic acid in prostate cancer cells. Br J Cancer.
2001;84:1571-6. https://doi.org/10.1054/bjoc.2001.1818
Carey LA, Dees EC, Sawyer L, Gatti L, Moore DT,
Collichio F, et al. The triple negative paradox: primary
tumor chemosensitivity of breast cancer subtypes. Clin
Cancer Res. 2007;13:2329-34. https://doi.org/10.1158/
1078-0432.Ccr-06-1109

Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn
HK, Sawka CA, et al. Triple-negative breast cancer:
clinical features and patterns of recurrence. Clin Cancer
Res. 2007;13:4429-34.

Haffty BG, Yang Q, Reiss M, Kearney T, Higgins SA,
Weidhaas J, et al. Locoregional relapse and distant
metastasis in conservatively managed triple negative
early-stage breast cancer. J Clin Oncol. 2006;24:5652—7.
Nedeljkovic M, Damjanovic A. Mechanisms of
chemotherapy resistance in triple-negative breast
cancer-how we can rise to the challenge. Cell.
2019;8:957. https://doi.org/10.3390/cells8090957

Zong B, Sun L, Peng Y, Wang Y, Yu Y, Lei J, et al.
HORMADI promotes docetaxel resistance in triple
negative breast cancer by enhancing DNA damage
tolerance. Oncol Rep. 2021;46:138. https://doi.org/10.
3892/0r.2021.8089

Li H, Sun X, LiJ, Liu W, Pan G, Mao A, et al.
Hypoxia induces docetaxel resistance in triple-negative
breast cancer via the HIF-1o/miR-494/Survivin signaling
pathway. Neoplasia (New York, NY). 2022;32:100821.
https://doi.org/10.1016/j.n0.2022.100821

Jiang M, Zhuang H, Xia R, Gan L, Wu Y, Ma J, et al.
KIF11 is required for proliferation and self-renewal of
docetaxel resistant triple negative breast cancer cells.
Oncotarget. 2017;8:92106-18. https://doi.org/10.18632/
oncotarget.20785

Park YH, Ryoo BY, Choi SJ, Kim HT. A phase 11
study of capecitabine and docetaxel combination
chemotherapy in patients with advanced gastric cancer.
Br J Cancer. 2004;90:1329-33. https://doi.org/10.1038/
sj.bjc.6601724

Sharma P, Lopez-Tarruella S, Garcia-Saenz JA, Ward
C, Connor CS, Gémez HL, et al. Efficacy of
neoadjuvant carboplatin plus docetaxel in triple-
negative breast cancer: combined analysis of two
cohorts. Clin Cancer Res. 2017;23:649-57. https://doi.
org/10.1158/1078-0432.Ccr-16-0162

Fan Y, Xu BH, Yuan P, Ma F, Wang JY, Ding XY,

et al. Docetaxel-cisplatin might be superior to
docetaxel-capecitabine in the first-line treatment of
metastatic triple-negative breast cancert. Ann Oncol.
2013;24:1219-25. https://doi.org/10.1093/annonc/mds603

1979


https://doi.org/10.1093/emboj/17.12.3461
https://doi.org/10.1007/pl00000854
https://doi.org/10.1007/pl00000854
https://doi.org/10.1002/wrna.4
https://doi.org/10.1093/emboj/16.8.2130
https://doi.org/10.1093/emboj/16.8.2130
https://doi.org/10.1007/s00018-008-8252-6
https://doi.org/10.1007/s00018-008-8252-6
https://doi.org/10.1038/sj.onc.1206862
https://doi.org/10.1038/sj.onc.1206862
https://doi.org/10.1038/s42003-020-0933-1
https://doi.org/10.1158/1541-7786.Mcr-10-0325
https://doi.org/10.1158/1541-7786.Mcr-10-0325
https://doi.org/10.1158/0008-5472.Can-13-1915
https://doi.org/10.1158/0008-5472.Can-13-1915
https://doi.org/10.1158/1535-7163.Mct-18-0945
https://doi.org/10.1002/tox.23032
https://doi.org/10.1073/pnas.92.10.4507
https://doi.org/10.1073/pnas.92.10.4507
https://doi.org/10.1054/bjoc.2001.1818
https://doi.org/10.1158/1078-0432.Ccr-06-1109
https://doi.org/10.1158/1078-0432.Ccr-06-1109
https://doi.org/10.3390/cells8090957
https://doi.org/10.3892/or.2021.8089
https://doi.org/10.3892/or.2021.8089
https://doi.org/10.1016/j.neo.2022.100821
https://doi.org/10.18632/oncotarget.20785
https://doi.org/10.18632/oncotarget.20785
https://doi.org/10.1038/sj.bjc.6601724
https://doi.org/10.1038/sj.bjc.6601724
https://doi.org/10.1158/1078-0432.Ccr-16-0162
https://doi.org/10.1158/1078-0432.Ccr-16-0162
https://doi.org/10.1093/annonc/mds603

HuR inhibition sensitizes chemotherapy

35 Cortes J, Roché H. Docetaxel combined with targeted
therapies in metastatic breast cancer. Cancer Treat Rev.
2012;38:387-96. https://doi.org/10.1016/j.ctrv.2011.08.001

36 Cortes J, Rugo HS, Cescon DW, Im SA, Yusof MM,
Gallardo C, et al. Pembrolizumab plus chemotherapy in
advanced triple-negative breast cancer. N Engl J Med.
2022;387:217-26. https://doi.org/10.1056/NEJM0a2202809

37 Neve RM, Chin K, Fridlyand J, Yeh J, Bachner FL,
Fevr T, et al. A collection of breast cancer cell lines for
the study of functionally distinct cancer subtypes.
Cancer Cell. 2006;10:515-27. https://doi.org/10.1016/j.
ccr.2006.10.008

38 Chou TC. Drug combination studies and their synergy
quantification using the Chou-Talalay method. Cancer
Res. 2010;70:440-6. https://doi.org/10.1158/0008-5472.
Can-09-1947

39 Cao C, Sun J, Zhang D, Guo X, Xie L, Li X, et al.
The long intergenic noncoding RNA UFCI, a target
of MicroRNA 34a, interacts with the mRNA
stabilizing protein HuR to increase levels of p-catenin
in HCC cells. Gastroenterology. 2015;148:415-26.¢18.

40 Radhakrishnan SK, Feliciano CS, Najmabadi F,
Haegebarth A, Kandel ES, Tyner AL, et al. Constitutive
expression of E2F-1 leads to p21-dependent cell cycle
arrest in S phase of the cell cycle. Oncogene.
2004;23:4173-6. https://doi.org/10.1038/sj.onc.1207571

41 Zhu H, Zhang L, Wu S, Teraishi F, Davis JJ, Jacob D,
et al. Induction of S-phase arrest and p21
overexpression by a small molecule 2[[3-(2,3-
dichlorophenoxy)propyl] aminoJethanol in correlation
with activation of ERK. Oncogene. 2004;23:4984-92.
https://doi.org/10.1038/sj.onc. 1207645

42 Barton VN, Gordon MA, Richer JK, Elias A. Anti-
androgen therapy in triple-negative breast cancer. Ther
Adv Med Oncol. 2016;8:305-8. https://doi.org/10.1177/
1758834016646735

43 Hegde PS, Karanikas V, Evers S. The where, the when,
and the how of immune monitoring for cancer
immunotherapies in the era of checkpoint inhibition.
Clin Cancer Res. 2016;22:1865-74. https://doi.org/10.
1158/1078-0432.Ccr-15-1507

44 Barker N, Clevers H. Mining the Wnt pathway for
cancer therapeutics. Nat Rev Drug Discov. 2006;5:997—
1014. https://doi.org/10.1038/nrd2154

L. Weij et al.

45 Brunelle JK, Letai A. Control of mitochondrial
apoptosis by the Bcl-2 family. J Cell Sci. 2009;122:437—
41. https://doi.org/10.1242/jcs.031682

46 Willis S, Day CL, Hinds MG, Huang DCS. The Bcl-2-
regulated apoptotic pathway. J Cell Sci. 2003;116:4053—
6. https://doi.org/10.1242/jcs.00754

47 Labi V, Grespi F, Baumgartner F, Villunger A.
Targeting the Bcl-2-regulated apoptosis pathway by
BH3 mimetics: a breakthrough in anticancer therapy?
Cell Death Differ. 2008;15:977-87. https://doi.org/10.
1038/cdd.2008.37

48 Reed JC. Regulation of apoptosis by bcl-2 family
proteins and its role in cancer and chemoresistance.
Curr Opin Oncol. 1995;7:541-6. https://doi.org/10.1097/
00001622-199511000-00012

49 Yuan S, Tao F, Zhang X, Zhang Y, Sun X, Wu D. Role
of Wnt/f-catenin signaling in the chemoresistance
modulation of colorectal cancer. Biomed Res Int.
2020;2020:9390878. https://doi.org/10.1155/2020/9390878

50 Morse DL, Gray H, Payne CM, Gillies RJ. Docetaxel
induces cell death through mitotic catastrophe in
human breast cancer cells. Mol Cancer Ther.
2005;4:1495-504. https://doi.org/10.1158/1535-7163.
Mct-05-0130

Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. Representative colony images of cells treated
by KH-3 or docetaxel.

Fig. S2. Fixed-ratio combination MTT.

Fig. S3. Representative colony images of cells treated
by KH-3 and docetaxel.

Fig. S4. KH-3 downregulated BCL2, B-Catenin, and
ABCCA4.

Fig. S5. Cell cycle analysis of cells treated by KH-3.
Fig. S6. Additional results for in vivo studies.

Table S1. Primers used for the RT-qPCR.

Table S2. Primary antibody.

Table S3. Secondary antibody.

Table S4. Reagents.

1980 Molecular Oncology 17 (2023) 1962-1980 © 2023 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.


https://doi.org/10.1016/j.ctrv.2011.08.001
https://doi.org/10.1056/NEJMoa2202809
https://doi.org/10.1016/j.ccr.2006.10.008
https://doi.org/10.1016/j.ccr.2006.10.008
https://doi.org/10.1158/0008-5472.Can-09-1947
https://doi.org/10.1158/0008-5472.Can-09-1947
https://doi.org/10.1038/sj.onc.1207571
https://doi.org/10.1038/sj.onc.1207645
https://doi.org/10.1177/1758834016646735
https://doi.org/10.1177/1758834016646735
https://doi.org/10.1158/1078-0432.Ccr-15-1507
https://doi.org/10.1158/1078-0432.Ccr-15-1507
https://doi.org/10.1038/nrd2154
https://doi.org/10.1242/jcs.031682
https://doi.org/10.1242/jcs.00754
https://doi.org/10.1038/cdd.2008.37
https://doi.org/10.1038/cdd.2008.37
https://doi.org/10.1097/00001622-199511000-00012
https://doi.org/10.1097/00001622-199511000-00012
https://doi.org/10.1155/2020/9390878
https://doi.org/10.1158/1535-7163.Mct-05-0130
https://doi.org/10.1158/1535-7163.Mct-05-0130

	Outline placeholder
	mol213478-aff-0001
	mol213478-aff-0002
	mol213478-aff-0003
	mol213478-aff-0004
	mol213478-aff-0005
	mol213478-aff-0006
	mol213478-aff-0007
	mol213478-aff-0008
	mol213478-aff-0009
	mol213478-fig-0001
	mol213478-fig-0002
	mol213478-fig-0003
	mol213478-fig-0004
	mol213478-fig-0005
	mol213478-bib-0001
	mol213478-bib-0002
	mol213478-bib-0003
	mol213478-bib-0004
	mol213478-bib-0005
	mol213478-bib-0006
	mol213478-bib-0007
	mol213478-bib-0008
	mol213478-bib-0009
	mol213478-bib-0010
	mol213478-fig-0006
	mol213478-bib-0011
	mol213478-bib-0012
	mol213478-bib-0013
	mol213478-bib-0014
	mol213478-bib-0015
	mol213478-bib-0016
	mol213478-bib-0017
	mol213478-bib-0018
	mol213478-bib-0019
	mol213478-bib-0020
	mol213478-bib-0021
	mol213478-bib-0022
	mol213478-bib-0023
	mol213478-bib-0024
	mol213478-bib-0025
	mol213478-bib-0026
	mol213478-bib-0027
	mol213478-bib-0028
	mol213478-bib-0029
	mol213478-bib-0030
	mol213478-bib-0031
	mol213478-bib-0032
	mol213478-bib-0033
	mol213478-bib-0034
	mol213478-bib-0035
	mol213478-bib-0036
	mol213478-bib-0037
	mol213478-bib-0038
	mol213478-bib-0039
	mol213478-bib-0040
	mol213478-bib-0041
	mol213478-bib-0042
	mol213478-bib-0043
	mol213478-bib-0044
	mol213478-bib-0045
	mol213478-bib-0046
	mol213478-bib-0047
	mol213478-bib-0048
	mol213478-bib-0049
	mol213478-bib-0050

	mol213478-supitem

