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Abstract

Hu Antigen R, also known as ELAVL1 (HuR), is a key posttranscriptional regulator in eukaryotic 

cells. HuR overexpression promotes several malignancies, including head and neck squamous 

cell carcinoma (HNSCC). However, its immune dysfunction-associated tumorigenesis pathways 

remain unknown. We examined HuR’s effects on oral malignancies and immune cell function in 

vitro and in vivo using oral carcinoma cells and transgenic HuR knockout (KO) mice. CRISPR/

Cas9-mediated HuR deletion in mice syngeneic oral cancer cells eliminated colony formation 

and tumor development. HuR-KO tumors had a lower tumor volume, fewer CD4+CD25+FoxP3+ 

regulatory T cells, and more CD8+ T cells, suggesting that HuR may suppress the immune 
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response during oral cancer progression. In contrast, HuR KO oral epithelial tissues are resistant 

to 4NQO-induced oral malignancies compared to control tumor-bearing mice. HuR KO mice 

showed fewer Tregs and greater IFN levels than WT tumor-bearing mice, suggesting anticancer 

activity. Finally, the HuR inhibitor pyrvinium pamoate lowers tumor burden by enhancing CD8+ 

infiltration at the expense of CD4+, suggesting anticancer benefits. Thus, HuR-dependent oral 

neoplasia relies on immunological dysfunction, suggesting that decreasing HuR may boost 

antitumor potential and offer a novel HNSCC therapy.
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1. Introduction

Head and neck squamous cell carcinoma is one of the most prevalent cancers in the 

world (HNSCC). In the US, the HNSCC accounts for about 4% of all cancer cases. A 

statistical forecast indicates that 54,540 people (39,290 males and 15,250 women) are 

expected to receive a head and neck cancer diagnosis in 2023 [1]. Approximately, 11,580 

deaths (eight hundred and forty-four women and eight hundred males) are expected as a 

result of this disease [1]. Additionally, the 5-year survival rate drops to less than 50% 

due to the progression of invasive cancer and the diagnosis of stage III or IV. Thus, it is 

essential to determine the mechanisms and conditions that promote the development of oral 

premalignancy into invasive oral cancer. The immune system’s impairment, which makes 

it unable to stop malignant cell transformation, is linked to the genesis of HNSCC. The 

deregulation of immune cells in the context of oral cancer is caused by several mechanisms. 

Both effector and regulatory T-cells, which can have both pro- and anti-tumorigenic effects 

on various cancer types, including oral cancers, are involved in these mechanisms [2–4]. 

Furthermore, as demonstrated [5], the anticancer response of effector T-cells in HNSCC 

is solely dependent on their ability to circulate and infiltrate the tumor. Additionally, 

certain cancer-related variables render tumor-infiltrating lymphocytes (TILs) dormant, which 

promotes tumor growth by altering the tumor microenvironment. As a result, it has been 

noted that TILs become active as cancer advances. Nevertheless, it has been discovered that 

in HNSCC, TILs are functionally inactive [3]. Studies have shown that higher frequencies 

of CD4 and CD8 memory T-cells are present in people with HNSCC. But in HNSCC, CD4 

memory T cells outnumber CD8 memory T cells and have a significantly greater frequency 

of lifespan [6]. More importantly, the protein factors responsible for the alteration in CD8 

and CD4 levels and the activation of TILs are areas of HNSCC disease progression that have 

not been extensively studied.

Posttranscriptional gene regulation (PTR) is regulated by RNA-binding proteins (RBPs), 

which are frequently linked to various diseases. Hu-Antigen R (HuR) is an mRNA 

stabilizing protein belonging to the ELAV family of proteins. Its function in the immune 

system, cellular senescence, and embryonic development has been studied [7,8]. By 

controlling the stability and translation of mRNAs, which encode proteins involved in 
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immune evasion, metastasis, local angiogenesis, cell proliferation, and survival, HuR plays 

a multifaceted role in the development of cancer [9,10]. HuR is crucial for preserving the 

integrity of the oral epithelium [11], averting cell death [12], and boosting drug resistance 

[13], as we have previously shown. Studies employing in vitro techniques have linked 

HuR to the development of oral cancer [14,15]. Furthermore, there is a significant lack of 

knowledge on HuR’s in vivo carcinogenic potential in oral cancer.

Our study provides a novel understanding of the complex interactions that occur between 

the development of HNSCC, immune system dysregulation, and the function of HuR in 

the development of oral cancer. Contrary to existing knowledge, our study delves into the 

previously unexplored area of HuR’s in vivo carcinogenic potential in oral cancer, shedding 

light on its multifaceted functions in preserving oral epithelium integrity, averting cell 

death, and boosting drug resistance. The pivotal discovery lies in our demonstration of HuR 

genetic deletion significantly inhibiting tumor development in both xenografts and 4NQO-

induced oral neoplasia, presenting a novel avenue for targeted interventions. Additionally, 

our findings elucidate the unique immunosuppressive function of HuR in the occurrence of 

oral cancer, revealing a distinctive HuR-mediated immune metabolic control crucial for the 

emergence and metastasis of oral malignancies. Thus, this study establishes a foundation for 

further exploration and potential therapeutic strategies targeting HuR to prevent and treat 

oral cancer.

2. Materials and methods

2.1. Immunohistochemistry and western blot analysis

Frozen tissue sections from tongue tumors were cut using a cryostat and fixed in acetone 

for 5 min, washed in PBS for 5 min, and then processed for immunostaining. The primary 

antibodies directed against HuR (1:500, Santa Cruz), were diluted with DAKO antibody 

diluents, added to the slides, and incubated for 60 min at room temperature. A biotinylated 

link antibody plus streptavidin-biotin peroxidase kit (DAKO LSAB + System−HRP) was 

then used along with a 3,3’-diaminobenzidine chromogen and peroxide substrate to detect 

the bound antibody complexes. The slides were briefly counterstained with hematoxylin 

and dehydrated through graded alcohols to xylene. Finally, slides were cover-slipped with 

permanent mounting media and imaged. For Western blotting, protein extracts resolved by 

SDS/PAGE were analyzed as described by us [13].

2.2. Antibodies and cell lines

Most primary antibodies were from Cell Signaling Technologies except anti-HuR (Santa 

Cruz) and anti-β-actin (Sigma-Aldrich). Horseradish peroxidase-conjugated anti-mouse and 

anti-rabbit immunoglobulin Gs were procured from GE Healthcare Biosciences (Uppsala, 

Sweden). Tissue slides stained at CD8α (D4W2Z) XP® Rabbit mAb #98941 (Cell 

signaling technology) scanned at OPAL 480 with secondary rabbit HRP-760-4311 (Roche 

Diagnostics), CD4 #ab183685 (Abcam) scanned at OPAL 520 with rabbit HRP-760-4311 

(Roche Diagnostics). MOC2 cells were a kind gift from Dr. Uppaluri, Harvard University, 

Boston, USA. The cells were cultured in IMDM/F12 (2:1) with 5% FCS, penicillin/
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streptomycin, 1% amphotericin, 5 ng/mL EGF (Millipore), 400 ng/mL hydrocortisone, and 5 

μg/mL insulin as described [16].

2.3. Knockout of HuR in small animals and MOC2 cells

The Institutional Animal Care and Use Committee (IACUC) approved the procedures 

involving mice at the Medical University of South Carolina. An epithelial tissue-specific 

HuR knockout mouse was developed by backcrossing of HuRflox/flox (Strain#:021431, 

JAX) with K14Cre (Strain #018964, JAX) transgenic mouse. Specific HuR sgRNAs (Sigma 

mission; TRC N87 and TRC N93) and control sgRNA were used for the preparation of 

individual lentiviral particles. Cells were transduced with the lentiviral particles at an MOI 

(multiplicity of infection) of 25–50 in a medium supplemented with 8 μg/mL polybrene and 

incubated for 72 h. The puromycin selection of individual KO clones were selected and 

grown on appropriate culture conditions.

2.4. Cell growth, survival assays, xenograft studies, and 4NQO-induced oral 
carcinogenesis

Detailed methods were described in the supplemental methods.

2.5. CD8+ and naive CD4+ T cell isolation and flow cytometry

Naive splenocytes and peripheral lymph nodes (LNs) were isolated from WT and HuR 

KO mice. CD4+ T cells were isolated using murine anti-CD4 (L3T4) MACS MicroBeads 

positive-column purification, following the manufacturer’s protocol (Miltenyi Biotec). Naive 

CD8+ and CD4+ T cells were isolated from peripheral LNs and spleens (SPs) of mice 

using a MACS Mouse Naive CD8+/CD4+ T Cell Isolation Kit, following the manufacturer’s 

protocol.

For cytokine staining, activated CD4+ T cells were restimulated with PMA (50 ng/ml), 

ionomycin(1 μg/ml), and brefeldin A (3 μg/ml) for 5 h in T cell media at a concentration of 1 

× 106 cells per milliliter. Cells (1–5 × 106) were then blocked with 2% normal mouse serum 

and Fc blocker (CD16/32) in 100 μl of FACS buffer for 15 min on ice. Cells were stained 

with surface marker Abs for 30 min on ice and washed with 1 ml of FACS buffer three 

times. Fixation was done with 100 μl of 2% paraformaldehyde in PBS for 15 min at room 

temperature (RT), and cells were washed once with FACS buffer. Cells were permeabilized 

with 100 μl of 0.2% saponin for 10 min on ice, and cytokine Abs (IL-2, IL-4, IL-5, IL-13, 

and IFN-γ) were added and allowed to incubate on ice for 30 min. Cells were washed with 1 

ml of FACS buffer three times and analyzed by flow cytometry.

2.6. Multiplex immunohistochemistry staining protocol, image acquisition and data 
analysis

Optimized multiplex immunofluorescence was performed using the OPAL™ multiplexing 

method. OPAL™ is based on Tyramide Signal Amplification (TSA) using the Roche 

Ventana Discovery Ultra Automated Research Stainer (Roche Diagnostics, Indianapolis, 

IN). Detailed methods were described in supplemental methods.
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2.7. Statistical analysis

The tumor growth was analyzed by comparison analysis using Mann-Whitney U test 

(Nonparametric equivalent of independent samples t-test). For comparison of tumor growth 

in HuR knockdowns, a mixed between-within subject’s analysis of variance comparing 

scramble with the indicated HuR knockdown was performed. Two-sample t tests with equal 

variances were used to assess differences between the means. Results with P-values less than 

0.05 and 0.01 were considered significant.

3. Results

3.1. Silencing HuR augments tumor growth and proliferation in oral carcinoma

High levels of cytoplasmic HuR expression are associated with increased cell survival and 

oral cancer growth and proliferation [12,14]. Despite this, how HuR exploits the tumor 

microenvironment to advance oral neoplasia remains poorly studied. Hence, we employed 

syngeneic MOC2 oral carcinoma cells to investigate the relationship between HuR and the 

tumor microenvironment. We first knocked out HuR with two distinct guide RNAs and 

then selected stably knockout clones for further analysis (Fig. 1A). HuR is necessary for 

cancer cell survival, as evidenced by the fact that its deletion (KO) considerably slowed 

the growth of cancer cells relative to WT cells (Fig. 1B). Next, we quantified the rate at 

which HuR-deficient cells formed colonies. Fig. 1C shows that HuR knockout cells failed 

to form colonies, indicating that HuR plays a crucial role in clonogenicity and unregulated 

cell division. Finally, we implanted wild-type (WT) and HuR KO cells in C57BL/6J mice 

flanks to determine the WT and HuR KO cell’s tumor-forming efficiency. HuR KO cell 

tumorigenicity was evaluated by tracking tumor development over 18 days and taking 

measurements daily or every other day. We observed that HuR is essential for developing 

oral tumors (Fig 1D), since WT cells generated larger tumors than the two HuR KO tumor 

cells. Altogether, our findings demonstrate that HuR is an essential protein for the growth of 

oral tumors [17].

3.2. HuR represses T-cell infiltration in oral tumors

The immune cell infiltration defines the oncogenicity of tumor growth and proliferation. 

Both CD4+ and CD8+ T cell effector subsets play an important role in shaping an anti-tumor 

immune response [18]. Thus, to determine if HuR downregulation played any role in the 

immune infiltration in the oral tumors, we used the tumors that were collected from the 

MOC2 syngeneic tumor experiment detailed in Fig. 1E, and characterized for CD8+ and 

CD4+ T cell infiltration by immunofluorescence and flow cytometry. The data in Fig. 2A 

confirms the HuR loss in HuR KO tumors. Compared to WT tumors, HuR is significantly 

reduced in HuR KO tumors, as seen by the immunohistochemistry (IHC) panel. The same 

panel of tissues were stained with antibodies against CD8, and CD4 antigens, respectively. 

We observed that WT tumors are characterized by a high level of HuR expression as well 

as considerable infiltration of CD4+ T cells noted by the positive immunofluorescence 

staining in Fig. 2A. Further FACS-based analysis showed that the distribution of the CD4 

and CD8 T cell fraction was not much different in the spleen and tumor-draining lymph 

nodes harvested from the mice implanted with the WT vs. HuR-KD MOC2 tumors (Fig. 2B, 

upper and middle panel). However, significantly higher numbers of both CD4+ and CD8+ 
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tumor-infiltrating T cells were obtained from the HuR-KD tumors than from WT tumors 

(Fig. 2B, lower panel). Since CD4+ T cells could also harbor pro-tumorogenic regulatory 

T cell (Treg) subsets characterized by the expression of FoxP3 [19], we determined if 

there are differences in Treg that correlate to the expression of HuR in the tumors. Fig. 

2C shows that while there were no differences in the percentage of Treg’s that could 

be tracked in spleen or lymph nodes of the mice with WT or HuR-D tumors (Fig. 2C, 

upper and middle panel), there was indeed a significant reduction in Treg’s at the tumor 

site itself when HuR was silenced (Fig. 2C, lower panel). Importantly, the decrease in 

pro-tumorigenic myeloid-derived suppressor cells (MDSC) [20] was also noted in the HuR-

KD tumors as compared to WT tumors (Fig. 2D). This data establishes that inhibiting the 

expression of HuR also reduces the pro-tumorigenic phenotype by creating a conducive 

tumor microenvironment where the differentiation of lymphoid and myeloid population to 

Treg’s or MDSC is constrained.

3.3. Epithelial tissue-specific HuR knockout disintegrates the oral epithelium

Due to hematopoietic organ shrinkage, intestinal villi loss, and obstructive enterocolitis, a 

global knockout (KO) of HuR in mice is embryonically fatal [21]. To further understand 

how HuR influences oral carcinogenesis, we have created epithelial tissue-specific HuR 

knockout mice. We have inbred HuRflox/flox, and Keratin-14Cre mice (Fig. 3A), and the 

progeny were screened for HuR KO by PCR. This allowed us to determine the HuR KO 

in epithelial tissues precisely. Exons 2–5 are excluded by the lack of a 400–570 bp flox 

gene, as seen in Fig. 3B, proving that HuR exons with K14Cre have been knocked out. 

We took samples of the oral mucosa, skin, and tail tissues and checked the expression 

of HuR to evaluate the loss of HuR in epithelial tissues. The loss of HuR in all KO 

tissues compared to WT tissues is depicted in Fig. 3C, demonstrating that epithelial-specific 

KO of HuR is successful and that the mice have no further abnormalities in normal 

phenotype. By employing immunohistochemistry (IHC), we further revealed that the loss 

of HuR is exclusive to the keratin-14-expressing epithelium. According to the findings, 

the constitutive epithelial deletion of HuR in the basal epithelium of the tongue tissue 

exhibits basal epithelium disintegration and shows hyperplasia-like phenotype (Fig. 3D). A 

second warranty is necessary to understand why the lack of HuR in the normal mouse basal 

epithelial layer encourages the breakdown of the epithelium and lesions to appear. Next, 

IHC was used to examine further and validate the presence of HuR in the basal epithelial 

layer using the basal epithelial marker protein TAp63 (Fig. 3D). Additionally, mouse oral 

mucosa has been found to have HuR depletion (Fig. S1). Together, these results show that 

HuR is highly expressed in the basal epithelial layer, and HuR KO oral epithelium degrades 

and exhibits hyperplastic lesions in the basal epithelial layer, demonstrating that HuR is 

necessary to preserve basal epithelial layer cellularity and integrity.

3.4. HuR aids the progression of oral tumors

An experimental 4NQO-induced mouse oral carcinogenesis model revealed that 

carcinogenesis is a multistep process similar to human oral squamous cell carcinoma 

[22,23]. The establishment of numerous lesions under 4NQO increases the formation of 

malignant SCC, which resembles the genesis and progression of human oral cancer [24]. 

The initial pathological stage is flat squamous dysplasia, ranging from moderate to severe 
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(Fig. S2). After 4NQO, which is discontinued at 16 weeks, tumors were collected on or 

after 28 weeks [25]. The second stage is papillary squamous tumors (papillomas), followed 

by the third, carcinoma in situ (non-invasive squamous cell carcinoma (SCC), and the 

fourth, invasive SCC. To identify the point at which HuR contributes to the promotion of 

oral cancer, we treated the WT (HuRflox/flox x K14Cre− (n = 17) and HuR KO (n = 12) 

with 4NQO and examined the lesions in the tongue following 4NQO removal (schema 

shown in Fig. 4A). As demonstrated in Fig. 4B, the total incidence of oral tumors are 

59% in WT mice (10/17) and 0% in HuR-KO mice (0/12) (two-tailed P-value 0.0001). 

Mice tongue tissues were obtained and examined for tumor development using cross-eye 

inspection and IHC. As demonstrated in Fig. 4C, WT mice treated with 4NQO developed 

oral SCC and invasive oral SCC according to tumor size. Surprisingly, HuR-KO mice 

treated with 4NQO did not develop oral SCC and had hyperplastic lesions in the tongue 

tissues, as demonstrated by H&E staining (Fig. 4C). In addition, HuR-KO mice were 

resistant to developing oral carcinoma for a more extended period (>48 weeks) than WT 

mice (28 weeks), demonstrating that the absence of HuR prevented the growth of oral 

malignancies despite the presence of hyperplastic lesions or disintegrated basal epithelium. 

In this multistep oral carcinogenesis, IHC analysis also revealed increased expression of 

HuR and the proliferation marker ki67 (Fig. S2). Next, we determine the immune responses 

of WT and HuR in 4NQO-derived cancer, we collected the spleen and examined the 

expression of the immune cell population by flow cytometry. We analyzed peripheral T cells 

from WT and HuR-KO mice after 4NQO administration to characterize the T cell subsets. 

The HuR-KO recipients that exhibited no tumor growth were also low in pro-tumorigenic 

suppressive Tregs (as characterized by CD4+CD25+FoxP3+), as indicated in Fig. 4D, which 

shows 10–12% Treg in HuR-KO vs. 16–18% in WT. We also observed that the reduced Treg 

number correlated with a two-fold increase in the fraction of CD8+ T cells secreting IFNγ in 

the HuR-KO (Fig. 4E). These data indicate that inhibiting HuR in epithelial tumors reduces 

immunosuppression and allows effector T cells to maintain their anti-tumor functionality.

3.5. Inhibition of HuR by small molecule pyrvinium pamoate abrogates oral tumors and 
elicits an antitumor immune response

Several small molecule inhibitors for HuR have been proposed and established [26]. 

The anthelminthic drug pyrvinium pamoate (PP), for instance, has been shown to 

inhibit cytoplasmic HuR and exhibit antitumor activity in urothelial [27] and pancreatic 

malignancies (ClinicalTrials.gov Identifier: NCT0505533). Consequently, we wish to 

determine if PP inhibits HuR and exerts antitumor activity associated with alterations in 

immune infiltration. To determine the IC50 value of PP in MOC2 cells, we evaluated 

the viability of cells treated with escalating concentrations of PP As shown in Fig. 5A, 

PP inhibits the viability of MOC2 cells at an IC50 concentration of 1 M. We evaluated 

the clonogenicity of cells treated with various concentrations of PP for 48 h. At a PP 

concentration of 1 M, colony formation in MOC2 cells is reduced by 50% compared to 

2.5 M, and 5 M eliminates colony formation (Fig. 5B). This finding suggests that PP may 

regulate cell proliferation and division in MOC2 cells. According to a previously published 

study, PP induces cell apoptosis in cancer cells by inhibiting the WNT pathway [28]. We, 

therefore, examined whether a 1 M concentration of PP induces cell apoptosis in MOC2 

cells. As shown in Fig. 5C, greater than 50% of DMSO- and PP-treated cells underwent 
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late apoptosis as shown by Annexin V and PI staining, whereas approximately 50% of 

PP-treated cells either underwent necrosis or died. This observation suggests that PP could 

inhibit the proliferation of oral cancer cells and induce apoptosis. Next, to ascertain the in 

vivo antitumor efficacy of the PP, MOC2 cells were implanted into the flank of B6 mice, and 

xenografts were developed. After the tumor reached 100mm3, we administered PP thrice 

weekly at a dosage of 1.5 mg/kg of body weight, as previously reported [29]. As depicted 

in Fig. 5D, tumors treated with DMSO grow significantly larger than those treated with PP, 

exhibiting substantially smaller tumors and slower growth. Finally, we confirmed whether 

immune cells infiltrate the tumors and show reduced tumor growth upon PP treatment. 

The tumors collected from WT and PP-treated tumors were subjected to multispectral IHC 

imaging and evaluated for immune cell infiltration. As shown in Fig. 5E–a reduced HuR 

expression in PP-treated tumors with low CD4 and high CD8 infiltration indicates that CD8+ 

may induce antitumor activity, which is associated with low tumor volume (Fig. 5D). Thus, 

PP could be an adjuvant therapeutic drug to inhibit HuR alleviating oral tumors.

4. Discussion

Here, we have shown that HuR is essential for the growth and progression of oral cancer via 

regulating the effector immune cells. Our findings also indicate that HuR is a crucial protein 

for maintaining the basal integrity of the oral epithelium. Yet, HuR deficiency renders the 

oral epithelial tumor resistant in a carcinogen-induced tumor model. Our results suggest 

that basal epithelial expression of HuR is critical for the integrity of oral epithelium since 

HuR expression is predominately found in the majority of the epithelial cells. Reports 

indicate that basal epithelial cellularity determines oral epithelial integrity [30]. Interestingly, 

our results showed that KO of HuR in the basal epithelium disintegrates and exhibits 

morphological alterations resembling hyperplasia in the oral epithelium. This observation 

is supported by the findings that HuR is required for intestinal epithelial regeneration 

following radiation-induced intestinal atrophy [31]. In addition, our results also showed that 

constitutive deletion of HuR results in an extended epithelium disintegration. By our earlier 

observation, HuR is essential for the integrity of the oral epithelium and oral mucositis, 

which is caused by ionizing radiation in mice that increases HuR cleavage and cell death 

[11]. We now demonstrate that specific-epithelial constitutive HuR KO destroys the mouse 

tongue tissue’s basal epithelial layer, proving that HuR is crucial in preserving healthy 

epithelial structure. To ascertain the role of HuR in basal epithelial regeneration, it is 

necessary to establish an inducible KO of HuR in the oral epithelium.

HuR has been observed to augment the growth and proliferation of cancer cells in various 

cultured cancer cell lines [12–15]. In this study, we have provided a comprehensive analysis 

of the in vivo role of HuR in a murine model of oral cancer, examining its potential 

implications within the tumor microenvironment. HuR has garnered significant attention as 

the most extensively investigated protein involved in the control of immune response, as 

evidenced by several studies [32–36]. The presence of HuR is necessary for the development 

of T-cells, as demonstrated by the observation that T-cell-specific HuR knockout mice 

exhibit thymic egress, leading to a decrease in the number of lymphocytes in the peripheral 

tissues [37]. The results of our study suggest a correlation between elevated levels of HuR 

and greater tumor size and infiltration of CD4+ Treg cells. This indicates that HuR may exert 
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its influence on CD4+ Treg cells, which in turn can suppress the effector CD4+ and CD8+ 

T cell population infiltrating the tumor microenvironment that promotes tumor growth in the 

context of oral carcinogenesis. Thus, our findings provide support for the notion that HuR 

plays a crucial role in the process of immunosurveillance and the manipulation of immune 

responses in oral tumors [38].

Several small-molecule inhibitors have been discovered to target HuR and suppress its 

biological functions [34]. The results of our study indicate that the immune infiltration 

of effector T cells and the antitumor activity are enhanced by either knockout (KO) or 

inhibition of HuR using the small molecule PP (Fig. 5). The clinical significance of HuR 

inhibition in non-small cell lung cancer is demonstrated by the observed anti-cancer effects 

of the small molecule CMLD-2 targeting HuR [39]. The utilization of MS-444 [40], a 

widely recognized inhibitor of HuR, in the treatment of glioblastoma cells led to the 

inhibition of growth and the induction of apoptosis. These findings suggest that MS-444 

possesses antitumor properties [41]. The small molecule PP, which has received approval 

from the FDA, has been demonstrated to effectively inhibit the growth of pancreatic 

ductal adenocarcinoma. This inhibition is achieved through the blocking of oxidative 

phosphorylation and fatty acid metabolism, as described by Ref. [29]. The findings from 

our observations suggest that the administration of PP treatment induces immune infiltration 

and decreases the tumor burden in oral cancer cells. These results demonstrate the potential 

of a HuR-targeted therapy as a promising approach for further preclinical investigations and, 

ultimately, the treatment of oral cancer [42–48].
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Fig. 1. 
Genetic silencing of HuR abolishes oral tumors. A. Western blot analysis of proteins 

extracted from MOC2 cells transduced with lentiviral particles carrying two guide RNAs 

(sigma mission: TRCN87) and (TRCN93) against endogenous HuR. HSP90 serves as 

a loading control. B. Cell viability of WT and HuR KO MOC2 cells for 72 h. Data 

presented as the mean ± SD of three experiments. **p < 0.001. C. The panel depicts the 

colony-forming efficiency from clonogenic assays of MOC2 cells that knocked out HuR and 

controlled sgRNAs for 72h. The bar plot represents the means ± SD from three independent 
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experiments. *p < 0.05 and ***p < 0.0001. D. In vivo, tumor growth of MOC2 cells and 

HuR KO clones 1 and 3 in syngeneic xenografts in C57BL/6J immunocompetent mice. 

Tumor volume (mm3) represents an average of 6 tumors± SEM.
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Fig. 2. 
HuR silencing promotes effector T-cell immune infiltration in oral tumors. A. WT and 

HuR KO tumor tissues subjected to Immunohistology and Multiplex IHC staining of 

HuR indicated proteins CD4 and CD8 were co-stained with DAPI imaged with 20× 

magnification. B. The mice with WT vs. HuR-KD MOC2 tumors had their spleens and 

lymph nodes removed for FACS analysis to determine CD4 and CD8 T cell distribution. 

C. Treg cells present in WT vs. HuR-KD MOC2 tumors were determined by intranuclear 
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staining for the transcription factor FoxP3. D. Myeloid-derived suppressor cells (MDSC) 

were quantified by CD11b + Gr + cells.
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Fig. 3. HuR KO causes oral epithelial disintegration.
A. Schematics of the HuR KO schema and primers used to detect the Cre-

loxP sites. Indicated primer sequences: F1-5’-AGGCAGATGAGCACATGTGA-3’: R1-5’-

AGGCTCTGGGATGAAACCTA-3’ and R2-5’-TACTGAGATGTTCTGGGAGG-3’. B. 
PCR analysis of genomic DNA from the oral epithelium from the mouse mucosal layer 

indicating either floxed or deletion of HuR (Δ) or Cre bands. C. Western blot analysis of 

WT and KO mice tissue extracts using a HuR antibody. The same blot was reprobed with 

a β-actin mouse mAb as housekeeping control. D. Tissue sections from the WT and HuR 

KO stained Alexa-647 conjugated HuR antibody (red color). Yellow indicated PAN-CK 
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(Alexa-532). E. Tongue tissue sections from WT and HuR-KO mouse tongue tissue sections 

with H&E, TAp63, and HuR IHC analysis. (For interpretation of the references to color in 

this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. 
HuR KO blocks induction of 4NQO-derived oral carcinoma. A. Schematic of 4NQO 

treatment used to produce oral tumors in mice. B. Number WT and HuR-KO mice with oral 

tumors, *p-value <0.05. Bottom panel: Incidence of oral tumors after exposure to 4NQO. 

C. Tongue tissue sections from WT and HuR-KO mice with H&E and TAp63, and HuR 

staining. D-E. Decreased Tregs and increased IFNg function in 4NQO-exposed HuR-KO 

mice. 4NQO-treated WT and HuR-KO mice were evaluated for tumor growth and T cell 

subset populations. Representative data from five mice is shown. D. Expression of Treg 
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signature transcription factor FoxP3 was determined by gating on CD4+CD25+ T cells. E. 

CD8+ T cells were stimulated with PMA/ionomycin for 4 h before intracellular cytokine 

IFNg was evaluated using FACS. **p-value <0.001, ***p-value <0.0001.
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Fig. 5. 
Treatment of HuR inhibitor PP reduces oral tumor burden and increases survival. A. IC50 

value of PP is determined through cell viability assay in MOC2 cells treated with indicated 

concentration of PP. B. The images depict the colony-forming efficiency from clonogenic 

assays of MOC2 cells treated with the indicated concentration of PP for 72h. The bar plot 

represents the means ± SD from three independent experiments. C. Cell death measured by 

flow cytometry. After gating on live and dead cells from WT, PP-treated cells were analyzed, 

and X-axis denotes PI 488, and the Y-axis denotes Annexin 488. The bar graph indicates the 
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percentage of apoptosis after PP treatment. N = 3. D. Mean tumor volume of control DMSO 

and PP treated mice group. N = 12. ***p-value <0.0001. E. DMSO and PP-treated tumor 

tissues subjected to Multiplex IHC staining of indicated proteins HuR, CD4, and CD8 were 

co-stained with DAPI imaged with 20× magnification.

Majumder et al. Page 22

Oral Oncol Rep. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and methods
	Immunohistochemistry and western blot analysis
	Antibodies and cell lines
	Knockout of HuR in small animals and MOC2 cells
	Cell growth, survival assays, xenograft studies, and 4NQO-induced oral carcinogenesis
	CD8+ and naive CD4+ T cell isolation and flow cytometry
	Multiplex immunohistochemistry staining protocol, image acquisition and data analysis
	Statistical analysis

	Results
	Silencing HuR augments tumor growth and proliferation in oral carcinoma
	HuR represses T-cell infiltration in oral tumors
	Epithelial tissue-specific HuR knockout disintegrates the oral epithelium
	HuR aids the progression of oral tumors
	Inhibition of HuR by small molecule pyrvinium pamoate abrogates oral tumors and elicits an antitumor immune response

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.

