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Abstract

The RNA-binding proteins (RBPs) are critical frans factors that associate with specific ¢/s
elements present in mMRNASs whose stability and translation are subject to regulation. The RBP Hu
antigen R (HuUR) is overexpressed in a wide variety of human cancers and serves as a prognostic
factor of poor clinical outcome. HUR promotes tumorigenesis by interacting with a subset of
oncogenic mRNAs implicated in different cancer hallmarks, and resistance to therapy. Reduction
of HuR levels in cancer cells leads to tumor regression in mouse xenograft models. These findings
prompt a working model whereby cancer cells use HUR, a master switch of multiple oncogenic
MRNAS, to drive drug resistance and promote cell survival and metastasis, thus rendering the
tumor cells with high cytoplasmic HUR more progressive and resistant to therapy. This review
summarizes the roles of HUR in cancer and other diseases, therapeutic potential of HUR inhibition,
and the current status of drug discovery on HuR.
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1. Introduction

Post-transcriptional gene regulation shapes the fate of each transcript, starting from pre-
mRNA splicing and maturation, to mRNA nuclear export, and finally mRNA stability

and translation [1-3]. This level of gene regulation is essential for normal development,

but when dysregulated, has many implications in disease conditions, including cancer. Hu
antigen R (HUR) is one of the best-studied RNA-binding post-transcriptional regulators

[2, 4]. It belongs to mammalian embryonic abnormal lethal vision-like (ELAVL) protein
family with other three members (i.e. HuB, HuC, and HuD), so it is also known as HUA

or ELAVL1 [5]. HuR contains three RNA recognition motifs (RRMs) with high degree

of sequence homology and structural similarity to other Hu proteins (Figure 1) [3]. The
first two tandemly arrayed RRMs (RRM1 and RRM2) near the N-terminal directly interact
with target transcripts bearing adenine- and uridine-rich elements (ARE), or uridine-rich
sequences, typically located in the 3”-untranslated region (UTR) [6, 7]. The RRM3 domain
at C-terminal was thought to contribute to HUR multimerization and assembly of HUR
oligomers on target mRNAs [8, 9]. However, recent studies demonstrate that RRM3 is

also involved in RNA recognition and binding [10, 11]. The unconserved hinge region
between RRM2 and RRM3 contains a HUR nucleocytoplasmic shuttling (HNS) sequence,
which is mainly responsible for HuR translocation (Figure 1) [12]. Different from other
three family members, which are mainly cytoplasmic localized neuronal proteins, HUR is
ubiquitously expressed in human tissues and predominantly localized in nucleus of resting
cells [13]. Studies using PAR-CLIP (photoactivatable-ribonucleoside-enhanced crosslinking
and immunoprecipitation) method underscore HUR’s nuclear role of associating with target
pre-mRNA introns and affecting pre-mRNA processing [14]. Notably, HUR can be shuttled
to the cytoplasmic compartment in response to various stimulations, such as stress signals
[15], which, in turn, transports mature target mMRNAs to the cytoplasm since HUR dimers/
oligomers form complex with ARE-containing mRNAs in the nucleus. This translocation
is an important aspect of HUR function of stabilizing and promoting translation of target
MRNA:S.

2. Regulation of HUR expression and function

HuR is a ubiquitous protein and it regulates thousands of transcripts. It is not surprising
that HuUR is found to play essential role in the development biology. Loss of HUR in murine
embryos leads to midgestational lethality due to placental insufficiency, while embryos
with epiblast-specific HUR deletion have defects in skeletal and splenic development [16].
Postnatal global deletion of HUR in mice is also lethal with impaired hematopoietic

and intestinal systems due to the loss of progenitor cells [17]. HUR is also essential

for spermatogenesis, as targeted deletion of HuR specifically in germ cells leads to

male but not female sterility [18]. Interestingly, HUR-overexpressing in transgenic testis
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causes compromised fertility as well [19]. Aberrant expression of HUR can lead to

many pathological conditions. Indeed, HuR abundance has been founded in malignancies
throughout human body and other diseases such as inflammatory diseases. Therefore,
tight regulation of HUR expression is critical for maintaining the normal development and
preventing pathological processes.

The regulation of HuUR expression is reported to be controlled at transcriptional, post-
transcriptional, and translational levels (Figure 2). Kang et a/. reported that HuR is a direct
transcription target of nuclear factor kappaB (NF-xB) and NF-xB activates transcription

of HUR to promote gastric tumorigenesis depending on phosphatidylinositol 3-kinase/AKT
signaling [20]. Jeyaraj et al. reported that there are multiple Smad 1/5/8-binding motifs

in the 5-UTR of HuR in renal proximal tubule cells indicating the regulation of HUR
expression by this Smad family of proteins [21]. However, the full range transcriptional
regulation of HuR has not been well defined. HUR gene encodes alternative polyadenylation
variants containing functional AREs, which enables HuR protein autoregulates its mRNA
by binding to the ARE sites [22, 23]. This post-transcriptional regulation is competed with
another RNA-binding protein (RBP) tristetraprolin (TTP), which can also bind to the AREs
of HUR mRNA and promote its degradation [22]. HUR was reported to be a target of RBP
RNPC1 (also known as RBM38), which stabilizes HuR transcript via binding to the 3’-UTR
of HuR [24]. Since the first report of miR-519 repressing HuUR translation in 2008 [25],
several microRNAs have been identified to regulate HUR biosynthesis. Most of them are
tumor-suppressor miRNAs (e.g. miR-16 [26], miR-22 [27], miR-125a [28], miR-125b [29]),
which negatively regulates HUR translation.

The expression and function of HuR are also regulated by multiple post-translational
modifications, including phosphorylation, methylation, ubiquitination, NEDDylation, and
proteolytic cleavage (Figure 1 and 2) [30]. The checkpoint kinase 2 (CHK2) [31], cyclin-
dependent kinases (CDK1 [32] and CDKS5 [33]), and protein kinase C (PKC) family [34,
35] are major kinases that phosphorylate HUR with phosphorylation sites at RRMs, hinge
region, or both, respectively. In general, phosphorylation at RRMs affects the binding
affinity of HUR to target transcripts while phosphorylation at hinge region affects the
subcellular localization of HuR [30]. Coactivator-associated arginine methyltransferase 1
(CARML1) can methylate HUR at R217, which alters both localization and RNA-binding
affinity of HUR [36, 37]. Ubiquitination of HUR by E3 ligases (TRIM21, Pirh2) mainly
promotes HUR degradation [29, 38, 39], while NEDDylation by murine double minute

2 (MDM2) increases HUR protein stability [40]. Notably, Caspase-mediated cleavage of
HuR can shift HUR function from being a prosurvival factor under normal conditions to

a promoter of apoptosis in response to a lethal stress [41]. In two recent studies, poly-ADP-
ribose polymerase 1 (PARP1) was reported to induce PARylation of HUR at D226, resulting
in increased HUR olimerization and binding to pro-inflammatory target mRNASs in response
to inflammatory stimuli [42, 43].

3. HuR expression and implication in cancer

The potential function of HuR in carcinogenesis was first revealed by a study in mice
demonstrating that differences in HuR levels influence the tumorigenicity of a colon
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cancer cell line [44]. This study also provided pioneer discovery of broadly cytoplasmic
HuR abundance in cancer tissues compared with corresponding normal tissues [44]. The
uncoupling of HUR mRNA and protein levels are often observed when comparing normal
and malignant tissues, as HUR protein levels are heighted in most cancer tissues compared
with corresponding normal tissues, whereas its mMRNA levels do not change dramatically
between normal and cancer tissues. The underlining mechanisms of this uncoupling are not
well elucidated but might be related to the alternative HUR mRNA variants that can be auto-
regulated by HuR and other RBPs, and microRNA regulation (discussed above) on HuR
translation without altering HUR mRNA levels. Therefore, it is important to measure HuR
protein levels, particularly cytoplasmic HuR, to investigate the physiological functions of
HuR in cancer. Since the above groundbreaking findings in 2003, there have been numbers
of studies that examine the HuR expression and explore the diagnostic and prognostic
potential of HUR expression in different cancer types.

breast cancer

There are a number of studies, including our own, have examined HUR expression in breast
cancer tissues and correlations between HUR expression and the grade and clinical outcomes
of breast cancer [45-50]. Cytoplasmic HuR is elevated in atypical ductal hyperplasia (ADH)
and in ductal in situ carcinomas (DCIS) when compared to normal controls [48]. More
importantly, almost all studies [45-50] consistently report that positive/high cytoplasmic
HuR is associated with high tumor grade of DCIS and invasive ductal carcinomas (IDC).
Furthermore, positive/high cytoplasmic HuR is an independent prognostic biomarker for
reduced overall survival [46, 47, 49, 50], distant disease-free survival [46, 49, 50],
recurrence-free survival (RFS) [49], and local recurrence-free survival (LRFS) [49] of
breast cancer patients. Several studies also suggest that positive/high cytoplasmic HuR is
associated with estrogen receptor (ER) [47, 49] and progesterone receptor (PR) [47-49]
negativity. However, a study investigated whether cytoplasmic HuR level could be a
predictor for patients’ response to neoadjuvant chemotherapy and found that cytoplasmic
HuR level is not predictive for pathologic complete response to neoadjuvant chemotherapy
[49]. Those studies suggest cytoplasmic HuR as a diagnostic and prognostic marker for
breast cancer but not a predictor for response of breast cancer patients to neoadjuvant
chemotherapy.

In estrogen receptor positive breast cancer cells, HUR negatively modulates the sensitivity to
tamoxifen treatment by stabilizing the mRNA of ER; in the other hand, acute tamoxifen
treatment induces cytoplasmic HUR accumulation, which in turn stabilizes transcripts
critical for drug resistance [51]. These finding suggests that cytoplasmic HuR level could

be useful in predicting potential response to tamoxifen treatment and HuR inhibition

may overcome acquired tamoxifen resistance. Similarly, anticancer agent doxorubicin also
induces cytoplasmic HuUR accumulation by promoting PKC& mediated HUR phosphorylation
in breast cancer cells. However, this accumulation is necessary for doxorubicin-induced
apoptosis as HUR regulates the mMRNA of doxorubicin target protein TOP2A, and the
selected doxorubicin-resistant cells have a significant HUR and TOP2A downregulation [52,
53]. These findings suggest that cytoplasmic HuR levels may serve as a favorable predictor
for response to doxorubicin treatment. Nevertheless, the above studies were conducted /in
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vitro only, the generality of their findings in animal studies and clinical patients’ samples
remains to be demonstrated.

3.2 HuR in prostate cancer

3.3 HuRin

The analysis of HuR in prostate cancer tissues and non-tumoral glands reveals similar
expression pattern of nuclear HuR but significantly higher cytoplasmic HuR in prostate
cancer tissues compared to normal glands [54, 55]. The cytoplasmic HUR expression is even
higher in castration-resistant prostate cancer (CRPC) tissues compared to that in hormone-
naive prostate cancer tissues [55], suggesting that high cytoplasmic HUR may contribute

to resistance to androgen deprivation therapy. This study also found that cytoplasmic

HuR was associated with Gleason score, T stage, and metastasis at diagnosis of hormone-
naive prostate cancer tissues and was a potential predictor for biomedical recurrence after
radical prostatectomy [55]. Those findings are consistent with the results from a large-scale
tissue microarray (TMA) study with over 12,000 radical prostatectomy specimens. This
TMA study demonstrates that high cytoplasmic HUR not only is linked to adverse tumor
phenotype (high Gleason score, T stage, and lymph node metastasis) but also correlates
with prostate-specific antigen (PSA) recurrence in prostate cancer [56]. Prostate cancer
tissues with elevated cytoplasmic HUR also have higher HuR target transcripts COX-2 [54,
55] and VEGF-A/C [55], and harbor higher frequency of PTEN, 5¢q21, 6915, and 3p13
deletions [56]. Those studies support the view that cytoplasmic HUR promotes prostate
cancer progression and recurrence, and it could be an independent diagnostic and prognostic
marker for malignancy and clinical outcome.

pancreatic cancer

Cytoplasmic HUR abundance had been reported in pancreatic ductal adenocarcinoma
(PDAC) and was associated with poorly differentiated PDAs and higher T stage [57, 58].

In the above two studies, high cytoplasmic HuR was associated with prolonged survival of
patients with gemcitabine treatment and proposed to be a favorable predictor for response
to gemcitabine-based chemotherapy [57, 58]. Mechanistically, cytoplasmic HUR promotes
the stability and translation of its target mMRNA deoxycytidine kinase (dCK), which can
phosphorylate prodrug gemcitabine to active metabolite [57]. However, in two follow-up
studies with larger sample size, cytoplasmic HuR had neither prognostic nor predictive value
for gemcitabine adjuvant therapy [59, 60]. A study in pancreatobiliary type periampullary
adenocarcinoma reported that high HuR cytoplasmic/nuclear ratio was associated with a
significantly reduced five-year overall survival in patients receiving adjuvant gemcitabine,
but not in untreated patients [61]. Except this controversial effect on gemcitabine treatment,
HuR is mainly considered as a modulator of PDAC drug resistance within the elements of
PDAC environment [62]. PDAC-associated stressors (e.g., low glucose and hypoxia) induce
cytoplasmic translocation and activation of HuR, which renders PDAC cells resistance

to cytotoxic chemotherapeutic agents by post-transcriptional regulation of target MRNAS
whose encoded proteins are involved in adaptive survival mechanism, including serine—
threonine kinase PIM1, mitotic inhibitor kinase WEE1, and antioxidant enzyme IDH1
[63-65]. Therefore, targeting HUR has the potential to overcome PDAC chemoresistance.
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3.4 HuR in other types of cancer

Increased cytoplasmic HUR was found in colon carcinomas compared to adenomas and
normal colon mucosa [44, 66]. Furthermore, cytoplasmic HuR correlated with COX-2
expression, lymphatic invasion, the presence of a lymph node metastasis, and tumor
grade in colorectal cancer [66, 67]. However, cytoplasmic HUR was not a prognostic
factor for overall survival of patients with colorectal adenocarcinomas [66]. Similarly,
cytoplasmic HuR accumulation was found in non-small cell lung cancer tissues (NSCLC)
compared to benign human lung tissues [68] and was associated with high tumor grade,
poor differentiation and lymph node metastasis [68, 69]. Cytoplasmic HUR also positively
correlated with lymphatic microvessel density (LVD), or microvessel density (MVD) and
negatively correlated with relapse-free survival and overall survival [69]. Total HUR and
cytoplasmic HuR levels were increased in glioma tissues as compared to normal brains
and positively correlated with tumor grade [70]. Overexpression of HUR could promote
chemoresistance to standard glioma therapies in glioma cells, and vice versa [71]. Anti-
apoptotic Bcl-2 family members were identified to be regulated by HuUR in glioma cells.
Silencing HuR led to transcript destabilization and reduced protein translation [71]. In
ovarian carcinoma, both nuclear and cytoplasmic HuUR were increased as compared with
borderline tumors or normal ovaries [72]. The elevated cytoplasmic HUR was associated
with increased COX-2 expression, histological grade and mitotic activity, and with reduced
progression-free survival as well as overall survival [72]. A later study reported that nuclear
HuR in ovarian carcinoma was also associated with tumor grade and an unfavorable
indicator for disease-free survival [73]. These findings suggest a more complex model for
HUR in ovarian cancer rather than limited to cytoplasmic accumulation.

4. Targeting HUR in cancer

In early reports, upregulated HUR in brain and colon cancer was linked to the enhanced
expression of COX-2, VEGF, TGF-, IL-8, and other cancer-associated proteins [74, 75].
Subsequent studies identified numerous HuR-related mMRNAs that regulate and contribute
to almost every hallmark of cancer [76-78], supporting a profound impact of HuR on
tumorigenesis and progression. In parallel, HUR, especially cytoplasmic HuR, is broadly
overexpressed in many types of human cancer and the elevated cytoplasmic HuR is
associated with advanced tumor grade and poor clinical outcome as reviewed in Section 3.
Therefore, HUR has drawn considerable attention as a cancer therapeutic target and hundreds
of studies have explored the therapeutic potential of HuR inhibition, which will be reviewed
below. In principle, there are three major strategies used for inhibition of HUR: inhibition of
HuR expression, inhibition of HUR cytoplasmic translocation, and inhibition of HUR-RNA
interaction (Figure 3).

4.1 Genetic inhibition of HUR expression

Silencing HuR expression using RNA interference (e.g., SiRNA and shRNA) and CRISPR
technologies has demonstrated the feasibility of inhibiting tumor growth /7 vivoin several
types of cancer. Our own work in breast cancer cells indicate that knocking down HuUR
delays tumor formation and inhibits tumor growth while knocking out HuR results in no
tumor formation in MDA-MB-231 cells and reduced tumor formation in SUM159 cells

Adv Drug Deliv Rev. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu and Xu

4.2

Page 7

[50]. Similarly, HuR-deficient pancreatic cancer cells are unable to engraft tumors in vivo
while HuR overexpression in those HuR-null cells restores the tumor formation [79]. Both
knocking down and knocking out HuR in colorectal cancer cells inhibit tumor growth [44,
79]. Knocking down HuR in primary glioma cells attenuates tumor initiation, growth and
invasiveness in a brain orthotopic model [71]. Ovarian cancer cells with HUR knockdown
form much smaller tumors [80]. These findings in broad cancer types fully support the
pivotal function of HUR in tumorigenesis and set the fundamentals for genetic inhibition of
HuR as a potential cancer therapeutic strategy.

Therapeutic efficacy of genetic HuR inhibition has been examined in several tumor

models by delivering HUR siRNA intratumorally or systemically. Intratumor injection

of HuR siRNA resulted in ~60% tumor growth inhibition in a renal cell carcinoma
xenograft model [81]. In an ovarian cancer xenograft model, treatment with folic acid
(FA)-derivatized DNA dendrimer nanocarriers containing HUR siRNA via intraperitoneal
injection suppressed tumor growth and ascites formation along with increased survival time
of mice [80]. Muralidharan et al. reported to use a transferrin receptor-targeted liposomal
nanoparticle system to deliver HUR siRNA in lung cancer models [82]. Both intratumoral
and intravenous administration of HUR siRNA encapsulated liposomes inhibited tumor
growth in subcutaneous models. Mice treated with HuR siRNA encapsulated liposomes
intravenously had fewer tumor modules in the experimental lung metastasis model [82].
These animal studies provide a proof-of-concept for genetic inhibition of HUR expression
as an effective means of cancer therapy. Even so, targeted delivery of HUR siRNA to
specific tumor tissue will be essential to avoid systemic toxicity considering the ubiquitous
expression and multi-facet roles of HuR in normal tissues. This would be the most
challenging issue of moving forward such strategy for clinical development.

An attempt to deliver both HUR siRNA and cisplatin using folate receptor-targeted
dendrimer nanoparticles as a means of in combination of HUR inhibition with chemotherapy
has been reported [83]. Co-delivery had a greater therapeutic effect than individual agent did
in lung cancer cells /in vitro. However, the feasibility has not yet been established in vivo.

Inhibition of HUR cytoplasmic translocation

As reviewed above, several post-translational modifications can regulate HuR subcellular
translocation. Several transport machinery components, including chromosome region
maintenance 1 (CRM1, also known as exportin 1), transportin 1 and 2, and importin a1,

are involved in HuR nuclear cytoplasmic shuttling as well [76, 84]. In addition, HUR RRM3
involved dimerization/multimerization is also necessary for HUR subcellular trafficking.
Since the pioneer study of identification of small molecule MS-444 as a HUR inhibitor

via inhibiting HUR dimerization and disrupting HUR cytoplasmic trafficking [85], several
inhibitors of HUR cytoplasmic translocation have been reported by affecting one or more
mediators of HuR translocation [32, 86-89]. Below are a few examples whose therapeutic
efficacy has been demonstrated in cancer models by targeting HUR translocation.

MS-444, a microbial extract, was identified as an interior of HUR-ARE interaction
through HTS, and then found to inhibit HUR dimerization and trafficking as well [85].
Treatment with MS-444 inhibited tumor growth together with decreased COX-2 expression

Adv Drug Deliv Rev. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu and Xu

4.3

Page 8

in colorectal cancer xenograft models [90] and diminished the number of small intestinal
tumors generated in APCMIN mice, a model for familial adenomatosis polyposis and colon
cancer [91]. In contract, HUR inhibition by MS-444 in AOM/DSS mice, a model of
inflammatory bowel disease and inflammatory colon cancer, enhanced DSS-induced weight
loss and increased tumor multiplicity, size, and invasiveness [91]. A recent study reported
that MS-444 could attenuate ectopic HuR accelerated Renca allograft tumor progression
and improve the survival of syngeneic mice [92]. These differential therapeutic effects of
MS-444 may be due to the opposite aspects of HUR in different disease models, suggesting
with caution to choose diseases for HuUR inhibition.

Pyrvinium pamoate (PP) is an FDA-approved drug to treat pinworms. It was found to inhibit
cytoplasmic HuR accumulation by activating AMPK/importin a1 cascade and activation

of CDK1, which phosphorylates HUR at Ser202 and leads to nuclear retention of HuR.
Pyrvinium pamoate has been shown to potentiate the efficacy of cisplatin in primary bladder
cancer xenograft models [88]. A phase I trial was initiated last July to determine the safety
and tolerability of pyrvinium pamoate, dosed orally, in patients with PDAC that are surgical
candidates. This clinical study is still ongoing. One possible issue of pyrvinium pamoate as
a HuR inhibitor is the poor target specificity and significant off-target effects, since it hits
many other targets besides the HuR.

A new class of HuR dimerization inhibitors were reported recently, which were identified
through high throughput screening (HTS) followed by structural optimization [89]. The
lead compound SRI-42127 was established after several round of optimization of hit
compound A-92, an inhibitor of the general control nonderepressible-2 kinase, with
improved inhibitory potential of HUR dimerization and reduced kinase inhibition. It had
favorable attributes to central nervous system penetration and inhibited tumor growth in a
primary patient-derived glioblastoma xenograft model [89]. This is the first study to show
therapeutic efficacy of a HUR inhibitor in brain tumor.

Inhibition of HUR—RNA interaction

HuR binds to its target mMRNAS at ARE sites and regulates the stability and translation of
those mRNAs. Therefore, inhibition of HUR-RNA interaction by competitively binding to
HuR blocks HuR function on target mRNAs. So far, most small molecules interfering with
HuR-RNA interaction were originally identified through HTS of chemical libraries utilizing
biochemical assays, such as RNA electrophoretic mobility gel shift assay (EMSA) [93],
fluorescent polarization assay (FPA) [94], amplified luminescent proximity homogenous
assay (ALPHA) [95], which use recombinant HuR protein and labeled ARE oligos derived
from target mRNAs. The small molecules reported to affect the binding of HUR to RNA are
summarized in Table 1.

Taken our own work as an example, we established an FPA using full-length HuR protein
and a 16-nt ARE-containing fluorescein-labeled RNA oligo from HuR target Msil mRNA.
We then applied HTS of ~6,000 compounds using this FPA and identified a class of
coumarin-derived compounds as inhibitors of HUR-RNA interaction [94]. Among them,
the most potent inhibitor CMLD-2 disrupted HUR interaction with Bcl-2, Msil, and XIAP
mRNA and induced apoptosis in colorectal cancer cells [94]. The follow up studies
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show that CMLD-2 exhibits cytotoxicity towards lung cancer cells and thyroid cancer
cells [96, 97]. A recent study reported that CMLD-2 suppressed the expression of HUR
target ARID1A, which plays an important role in HuR-driven resistance to radiation in
breast cancer cells [98]. We carried out another HTS of ~2,000 compounds using the
same FPA and identified benzothiophene hydroxamate KH-3 as a potent inhibitor of
HuR-RNA interaction [50]. KH-3 inhibited breast cancer cell proliferation and invasion
in vitro, mimicking genetic HUR knockout by CRISPR. KH-3 suppressed tumor growth
in an orthotopic breast cancer xenograft model as well as reduced lung metastasis and
improved survival of mice in experimental breast cancer metastasis models [50]. In the
study of pancreatic cancer, KH-3 attenuated pancreatic cancer cell viability, epithelial-to-
mesenchymal transition (EMT), migration/invasion /n vitro and suppressed tumor growth
and metastasis in an orthotopic pancreatic cancer xenograft model [99]. Mechanistically,
KH-3 interfered with HUR-FOXQ1 interaction in breast cancer cells and HuR-Snail
interaction in pancreatic cancer cells. KH-3 demonstrated HuR specificity, as cancer cells
with HuR knockout were much less sensitive to KH-3 compared to the parental cells, and
xenografts with HUR knockout were not responsive to the KH-3 treatment.

Natural product dihydrotanshinone-I (DHTS) is another disruptor of HUR-RNA interaction
that has been evaluated /7 vivo, which inhibited tumor growth in a HuR-dependent
colorectal cancer xenograft model [100]. DHTS was identified to interfere with the RNA
binding of HUR via AlphaScreen-based HTS of a set of anti-inflammatory compounds and
the following study indicate that inhibition of RNA loading on HUR by DHTS confines
HuR into the nuclear compartment at early time points [101]. Inspired by DHTS structure, a
series of ortho-quinones (tanshinone mimics) were designed and synthesized. Among them,
two compounds turned out to be more effective than DHTS in disrupting HuUR binding to
RNA in cells [102]. However, the anti-tumor activity of these two compounds in cancer
models has yet to be determined.

4.4 Monitoring HUR functional inhibition — a potential companion assay

In modern drug discovery/development for molecularly targeted therapies, molecular target
validation is critical for the success of any precision medicine. It is essential to be able

to monitor whether a lead compound hits the supposed molecular target in the relevant
disease model /n vivo. It is increasingly recognized that such real-time target validation
assays would significantly facilitate the drug discovery and development process, and help
recruit patients that will respond to the molecular therapy and to monitor tumor response and
patient outcome: a companion assay.

Liquid biopsy is emerging as an alternative to invasive tissue biopsy and promises

to revolutionize disease diagnosis, surveillance, and prognosis of treatment [103-105].
Extracellular vesicles (EVs), including exosomes, present a promising paradigm of liquid
biopsy [106, 107]. Exosomes (~40-150 nm in diameter) are formed within cytoplasmic
multivesicular bodies (MVBs) and released into the extracellular space when MVBs fuse
with cell membrane [108, 109]. Exosomes have been identified in most bodily fluids
[110-112] and they consolidate certain biomolecules (e.g., proteins and RNAs) from parent
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cells, serving as nature’s way of enriching cancer biomarkers [107, 113-115]. Thus, there is
a recent surge of interest in exploring exosomes as liquid biopsy biomarkers of tumors.

We recently reported that human breast cancer cells with HuUR knockout showed
significantly reduced exosome secretion, as well as the exosomal matrix metalloprotease-14
(MMP-14), together with the diminished metastatic potential [116]. We used a microfluid
3D-printed NanoChip to measure the exosomal MMP14 in blood/plasma samples, was able
to detect /n vitro cell invasiveness and monitor the /7 vivo tumor metastasis in animal tumor
models [116]. This pioneering study provides the feasibility to develop the NanoChip as a
Companion Assay in Liquid Biopsy for cancer patient screening, diagnosis and treatment
response prognosis, especially to the HuR-targeted therapies.

4.5 Challenges for HUR inhibition in cancer

As discussed above, all three strategies of HUR inhibition consistently show efficacy in terms
of tumor growth inhibition in a variety types of cancer, supporting HuR as a promising
therapeutic target of cancer. Nevertheless, many challenges need to be overcome before
moving these strategies forward for clinical application. Although genetic inhibition is
effective and specific, the SiRNA-based therapy is mainly hindered from the low stability,
low efficiency, and poor site-specific delivery. Optimization of delivery formulations is a
direction to overcome these limitations. Furthermore, nanoparticle delivery of HuR siRNA
has recently been described as mentioned above. Further studies are needed to confirm the
mechanisms of action besides the therapeutic efficiency. In contract, target specificity is the
key for small molecule inhibitors of either HUR cytoplasmic translocation or HUR-RNA
interaction. The potential off-targets of these reported HUR inhibitors are not well studied
to date. Besides that, the physicochemical properties of an inhibitor influence its efficacy
in vivo greatly. Therefore, evaluation of the specificity, drug-likeness, and safety of small
molecule inhibitors of HUR is critical for moving this strategy to clinical studies.

5. HuR in other diseases

Many studies have demonstrated that HuR is implicated in several other diseases besides
cancer. Cytoplasmic HuR accumulation was found in failing human myocardium as
compared with health tissues [117]. Here cytoplasmic HUR was elevated similarly in a
mouse model of transverse aortic constriction (TAC) to induce left ventricular pressure
overload. Cardiomyocyte-specific HuR-deletion could reduce left ventricular hypertrophy,
dilation, and fibrosis while preserve cardiac function in this model. Treatment with HUR
inhibitor KH-3 phenocopied the HuUR deletion and improved the survival of mice [117].
Another study found that cardiomyocyte-specific HUR-deletion aggravated isoproterenol-
induced cardiac remodeling [118]. These findings suggest a controversy role of HUR in
pathological cardiac hypertrophy.

Muscle wasting, a syndrome also known as cachexia, is often seen in patients with cancer,
AIDS, and chronic obstructive pulmonary diseases. Under normal condition, HUR promotes
muscle fiber formation. However, HuR switches to an inducer of muscle loss under these
disease conditions. A recent study show that muscle-specific HUR knockout mice had high
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exercise endurance with increasing in the proportion of oxidative type | fibers, which
prevented cancer cachexia-induced muscle atrophy [119].

The positive regulation of a number of proinflammatory cytokines and chemokines by HUR
has been linked to many chronic disease such as chronic kidney disease. In an experimental
nephritis model, total and cytoplasmic HUR levels were increased in glomerular cells of
disease rat along with increased profibrotic markers [120]. Disease rat treated with KH-3
showed reduction in glomerular HUR levels and profibrotic markers in our recent study
[120]. The syndromes of proteinuria, podocyte injury, and glomerulosclerosis were also
ameliorated by KH-3 treatment [120]. The involvement of HUR in various liver diseases
has been demonstrated but mechanisms of HuR in different liver diseases is controversy.
Contrary to previous evidences that targeting HUR may present beneficial effects against
non-alcoholic fatty liver disease (NAFLD) development [121], a recent study using a
hepatocyte-specific HuR-deficient mouse model indicates that HuR is a gatekeeper of liver
homeostasis and prevents NAFLD-related fibrosis and hepatocellular carcinoma [122].

Obesity and its complications (type 2 diabetes, cardiovascular diseases) are associated with
remodeling of adipose tissue. Two recent studies, which investigated the role of adipose
HuR, found that adipose-specific HUR knockout mice showed diet induced obesity along
with insulin resistance due to decreased expression of adipose triglyceride lipase (ATGL)
[123], and adipose-specific HUR knockout mice had spontaneous cardiac hypertrophy and
fibrosis [124]. Both studies suggest a protective role of HuR in adipose.

6. Conclusion and perspectives

In summary, differing from the more complicated findings in other diseases, the published
studies have demonstrated that the HuR is an attractive target for developing novel
molecularly targeted cancer therapy. Recent studies already show some exciting leads in
HuR inhibitors and the proof-of-concept of HuR-targeted therapy in various animal tumor
models and other disease models. However, so far there are no HuR inhibitors approved by
FDA, nor in any clinical trials, HUR remains “undruggable”. More coordinated efforts and
investments are needed to achieve a better and deeper understanding of the HUR biology
as well as HUR drug discovery / development. Molecularly targeted drugs are often used

in combination with chemotherapy and/or radiation therapy in the clinic. Considering some
controversy findings of HUR’s impact on some chemotherapeutic agents (e.g. gemcitabine,
doxorubicin), the combination of HUR inhibitors with these agents should be designed
rationally based on the molecular profiling of the cancer. The latter is consistent with the
current effort towards the evidence-based precision medicine.

Co-development of HuR inhibitors with a Companion Assay, which provides a convenient
and reliable way for target validation /in vivo, would facilitate the drug development and
approval process. For example, the reported NanoChip may be further developed as a
Companion Assay in Liquid Biopsy for cancer patients screening in future clinical trials of
HuR inhibitors, as well as prognosis for treatment response. This drug + companion assay
approach has been very successful in the past and welcomed by the pharmaceutical industry
and FDA.
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Figure 1:
Schematic structure of HUR. HuR protein consists of 326 amino acids (aa). It has three

conserved RNA recognition motifs (RRMs) and an unconserved hinge region containing
HuR nucleocytoplasmic shuttling (HNS) sequence. The amino acid positions of these
regions are indicated. RRM1 and RRM2 are responsible for recognizing and binding to
AREs of mRNA targets. RRM3 is involved in binding to poly(A) tail of mMRNA targets

and HUR multimerization on mRNA targets. The hinge domain mainly controls the nuclear
and cytoplasmic shuttling of HuR. The major post-translational modified amino acids along
with the corresponding enzymes are indicated as well, with phosphorylated amino acids and
corresponding kinases in black and other modified amino acids and enzymes in grey.
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translational
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Map of the regulators of HUR at different levels. Transcriptional factor NF-xB and Smad
family proteins regulate the transcription of HUR. RNA-binding protein RNPC1 (green,
up-regulation) and TTP (red, down-regulation) oppositely regulate the stability of HUR
MRNA, while HuR also autoregulates its own mRNA. MicroRNAs that bind to HUR mRNA
and suppress the translation of HUR are listed in red rounded rectangle. Post-translational
regulators of HUR are listed in rectangles, with enzymes modulating HUR localization and
binding affinity in grey rectangles, MDM2 upregulating HuR expression in green rectangle,

and E3 ligases promoting HUR degradation in red rectangle.
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Figure 3:
Schematic diagram of strategies for targeting HUR. There are three major strategies used

for inhibition of HuR: inhibition of HuR expression by RNA interference, inhibition of
HuR cytoplasmic translocation and inhibition of HUR-RNA interaction by small molecular
compounds. Company assay can be used in parallel to monitor the outcomes of targeting
HuR.
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Table 1.
Published small molecules that interfere with HUR-RNA interaction.
ID Structure Binding Source Ref
affinity
(1C50)
Quercetin 1.40uM RNA EMSA screening of 179 chemicals [93]
b-40 0.38uM
b-41 6.21uM
Mitoxantro ne NA AlphaScreen-based HTS of a chemical library of ~2000 small [95]
molecules
CMLD-1 4.0uM FP-based HTS of ~6000 compounds from CMLD library and a [94]
library of FDA-approved drugs
CMLD-2 2.4uM
Dihydrotanshinone-1 0 68nM AlphaScreen-based HTS of 107 anti-nflammatory compounds [101]
X
99
C10 1 on NA FP-based HTS of 1597 compounds from NCI diversity set V [125]
" library
S0 o OH 07~ “NH,
é/l\n/.;/lv\/’N‘gH
o on M
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ID Structure Binding Source Ref
affinity
(1C50)
AZA-9 RS 1.2uM FP-based HTS of ~2000 compounds from the NCI library and [126]
i T ‘j"‘“‘r’ R inhouse compounds
g 0
[+]
6a O 12.8nM (Ki) rationally designed new chemicals [102]
o]
(0]
g8
N0
S
i
S0
6n 15nM (Ki)
o
I R
\‘, N.o
§ BT
S e
o]
Compound 4 OH NA rationally designed new chemical [127]
Q "
L
*ohe
cl
KH-3 3.54uM FP-based HTS of ~2000 compounds from the NCI library and [50]
Vi inhouse compounds
VP12/14 ['\ N\ L NA rationally designed new chemicals [128]
FN o- =,
\_éj}o
o
/
VP12/110 f"\:(%_ NA
| 5 %, o =
= H \_{O /r<\_«>
Compound 2 OH 105uM rationally designed new chemicals [129]
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N Ny
@) =
cl
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ID Structure Binding Source Ref
affinity
(1C50)
Compound 3 oH 92uM

HOQI j\ﬂj\
Q/ o

cl

NA: not available
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