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Abstract

HuR is an RNA-binding protein implicated in immune homeostasis and various cancers, including 

colorectal cancer. HuR binding to AU-rich elements within the 3′ untranslated region of mRNAs 

encoding oncogenes, growth factors, and various cytokines leads message stability and translation. 

In this study, we evaluated HuR as a small-molecule target for preventing colorectal cancer in 

high-risk groups such as those with familial adenomatosis polyposis (FAP) or inflammatory bowel 

disease (IBD). In human specimens, levels of cytoplasmic HuR were increased in colonic 

epithelial cells from patients with IBD, IBD-cancer, FAP-adenoma, and colorectal cancer, but not 

in patients with IBD-dysplasia. Intraperitoneal injection of the HuR small-molecule inhibitor 
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MS-444 in AOM/DSS mice, a model of IBD and inflammatory colon cancer, augmented DSS-

induced weight loss and increased tumor multiplicity, size, and invasiveness. MS-444 treatment 

also abrogated tumor cell apoptosis and depleted tumor-associated eosinophils, accompanied by a 

decrease in IL18 and eotaxin-1. In contrast, HuR inhibition in APCMin mice, a model of FAP and 

colon cancer, diminished the number of small intestinal tumors generated. In this setting, fecal 

microbiota, evaluated by 16S rRNA gene amplicon sequencing, shifted to a state of reduced 

bacterial diversity, with an increased representation of Prevotella, Akkermansia, and 

Lachnospiraceae. Taken together, our results indicate that HuR activation is an early event in FAP-

adenoma but is not present in IBD-dysplasia. Furthermore, our results offer a preclinical proof of 

concept for HuR inhibition as an effective means of FAP chemoprevention, with caution advised 

in the setting of IBD.

Introduction

The HuR or ELAVL1 protein is a ubiquitously expressed RNA-binding protein (RBP) 

involved in mRNA stability regulation. HuR binds to a specific single-stranded motif in AU-

rich elements (ARE) situated primarily in the 3′ untranslated regions of early response 

genes (1). It mainly stabilizes or alters translation of target mRNAs involved in cell growth 

and cell-cycle regulation (c-myc, c-fos, EGF, c-jun, cyclin A, B1, E, and D1), angiogenesis 

(VEGF, HIF-1α), metastasis (MMP-9, Snail), or inflammatory response (TNFα, IL1β, IL6, 

iNOS, TGFβ, COX-2, GM-CSF, IL10; refs. 2, 3).

In resting cells, HuR is mainly nuclear, whereas its cytoplasmic localization is linked to its 

functional activation to stabilize short-lived mRNAs. Altered HuR expression and 

localization has been implicated in various diseases such as inflammatory disorders and 

cancer [e.g., colorectal (4, 5), breast (6), gastric (7), ovarian (8), brain (9), skin (10), renal 

cancer (11)]. HuR cytoplasmic localization correlates with tumor grade and is a prognostic 

factor for poor overall survival in a number of cancers [e.g., breast cancer (6), ovarian 

carcinoma (8)]. In colorectal tumors, HuR expression and cytoplasmic abundance increases 

with malignancy, as reported for sporadic colorectal cancer (12) and familial adenomatous 

polyposis (FAP; ref. 5) and is significantly associated with elevated COX-2 expression (4, 

13).

The role of HuR in inflammatory bowel disease (IBD), more specifically ulcerative colitis 

and Crohn's disease and subsequent development of colitis-associated cancer (CAC), is 

currently unclear. The in vivo relevance of mRNA stability regulation through AREs in 

inflammatory processes was first noticed by creation of a mouse lacking the ARE of TNFα 
mRNA. Mice developed chronic inflammatory arthritis and Crohn's-like IBD due to 

increased TNFα mRNA stability (14). ARE-dependent destabilization of the TNFα mRNA 

is largely mediated by the RBP tristetraprolin (TTP), leading to a faster mRNA turnover 

(14). Similarly, TTP−/− mice develop myeloid hyperplasia, erosive arthritis, dermatitis, 

cachexia, and conjunctivitis, whereas TNFα antibody administration has proven effective in 

counteracting these symptoms (15). These and other data suggest that aberrant regulation of 

RBPs or their respective mRNAs might be a major driver of inflammatory diseases.
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Hence, it is conceivable that pharmacologic inhibition of HuR might be an attractive 

therapeutic strategy to combat inflammation-driven diseases or cancer. However, besides its 

role in pathologies, HuR has an essential function in various physiologic processes as well 

as embryonic development (16, 17). These diverse roles of the protein make it sheer 

impossible to predict the therapeutic outcome of an HuR-targeted therapy. In the absence of 

pharmacologic tools, genetic manipulation of the protein level may be considered as a 

surrogate approach. In this context, intestinal specific deletion of HuR in colorectal cancer 

models was reported to reduce small intestinal proliferation and resulted in a 3- and 2-fold 

decrease in tumor burden in APCMin mice and AOM/DSS mice, respectively (18). In 

contrast, however, myeloid cell–specific deletion of HuR exacerbated chemically induced 

colitis and CAC, while myeloid cell–specific HuR overexpression protected mice from CAC 

(19). Postnatal deletion leads to atrophy of hematopoietic organs, loss of intestinal villi, 

enterocolitis, and death (16).

These data are indicative of a cell-type–specific influence of HuR activity on physiologic 

and pathologic processes, complicating the extrapolation of these results for clinical 

translation using a systemic inhibitor. In addition, it is increasingly noted that modulating 

protein levels by knockdown, knockout, overexpression or other genetic manipulation is a 

poor predictor for the outcome of pharmacologic interference (20). Therefore, studies with 

small-molecule antagonists or agonists in predictive disease models are essential to carefully 

assess the risks and benefits of HuR-targeted therapies.

Here, we examined HuR expression and localization in intestinal tissue from patients with 

IBD, dysplasia, CAC, colorectal cancer, and FAP and evaluated the effect of the small 

molecular weight HuR inhibitor MS-444 (21) as a therapeutic option for the treatment of 

colitis/CAC or colorectal cancer in AOM/DSS and APCMin mice, respectively.

Materials and Methods

Human intestinal tissue samples

The analysis of human intestinal tissue (surgical and biopsy material) for this study was 

approved by the institutional review board of the Medical University Vienna (Vienna, 

Austria; EK Nr. 1354/2012). Serial 4-μm sections from archived, formalin-fixed, and 

paraffin-embedded intestinal tissue samples from patients with active ulcerative colitis (n = 

6), Crohn's disease (n = 6), IBD-related dysplasia (n = 13), CAC (n = 13), FAP (n = 9), 

colorectal cancer (n = 10) and normal mucosa from colorectal cancer (n = 9), and FAP (n = 

4) patients were analyzed for HuR protein expression (for details, see Supplementary 

Methods). All IBD patients had active disease with colonic involvement (for Crohn's).

Mice, treatment, and colonoscopy

C57BL/6J mice were treated with AOM/DSS and were biweekly intraperitoneally injected 

with 10 mg/kg MS-444 (21) dissolved in 10% N-methyl-2-pyrrolidone in Dulbecco's 

Phosphate-Buffered Saline (DPBS) without MgCl2 and CaCl2 or solvent only. C57BL/6J 

APCMin mice were injected similarly with MS-444. Colonoscopy was performed 11 days 

after the fourth DSS cycle in wild-type (wt) mice and after 9 weeks of treatment in APCMin 
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mice as stated previously (22). All animal experiments were performed in accordance with 

the Austrian and European law (BMWF-66.009/0265-II3b/2012). For details on 

experimental procedures and the short-term mouse models, see Supplementary Methods.

Histology and immunohistochemical analyses

Tissue sections were hematoxylin and eosin stained and analyzed for intestinal tumor 

number, size, and cancer stage (aberrant crypt foci, adenoma/dysplasia, in situ carcinoma 

and adenocarcinoma – here defined by a penetration of the muscularis mucosa). IHC 

staining and analysis was performed using antibodies against HuR, Ki-67, c-myc, CD8, 

NKp46, and F4/80 (for antibodies, see Supplementary Table S1) and standard staining 

procedures as described in Supplementary Methods.

Nuclear and cytoplasmic fractionation of intestinal tumors

The small intestine of APCMin mice was rinsed with cold DPBS containing 50 mg/mL 

gentamycin and opened longitudinally. Dissected tumors from every mouse were pooled and 

digested with 2.5 mg/mL dispase, 2.5 mg/mL collagenase, 1 mg/mL DNase in DMEM at 

37°C for 45 minutes, with pulse vortexing in between. The cell solution was pipetted up and 

down 5 times, passed through a 70-μm cell strainer, and 0.5 mmol/L EDTA in DPBS was 

added. Cells were spun down at 300 × g and 4°C for 5 minutes, washed twice with DPBS + 

gentamycin, incubated with cytoplasmic extraction buffer (10 mmol/L HEPES, 60 mmol/L 

KCl, 1 mmol/L EDTA, 1 mmol/L DTT, protease inhibitors, pH 7.6) containing 0.1% NP-40 

on ice for 5 minutes, spun down, and the supernatant was collected as cytoplasmic fraction. 

The nuclear pellet was washed twice with cytoplasmic extraction buffer, resuspended in SDS 

sample buffer, and sonicated twice for 15 seconds. Equal volumes of protein solution were 

used for Western blotting using HuR, α-tubulin, and histone H3 antibodies (Supplementary 

Table S1).

Cell culture and small intestinal organoid culture

The human colorectal cancer cell lines HCT116, HT29, and RKO were obtained and 

characterized, using DNA profile and cytogenetic analysis, from the ATCC, and were 

passaged fewer than 6 months after resuscitation. Cells were cultured in Iscove's Modified 

Dulbecco's Medium (Gibco/Invitrogen) supplemented with 10% FBS (Biochrom) and 

penicillin–streptomycin solution (Gibco). The 1CT-HCEC, human diploid colonic epithelial 

cells (HCEC), were characterized and cultured as stated elsewhere (23). Upon reconstitution, 

1CT-HCECs were characterized morphologically and expression of ZO-1 and β-catenin as 

epithelial cell markers was verified.

For CRISPR/Cas9 HuR knockout in Raw 264.7 macrophages gRNA (guiding sequence: 

CCACATGGCGGAAGACTGCA) against exon 2 within HuR gene 

(ENSMUST00000098950) and purified recombinant Cas9 protein with 2 nuclear 

localization signals were provided by VBCF Protein Technologies facility (http://

www.vbcf.ac.at). Five micrograms of recombinant Cas9 protein were mixed with 12 μg of 

gRNA in Cas9 cleavage buffer (150 mmol/L KCl, 10 mmol/L MgCl2, 0.5 mmol/L DTT, 0.1 

mmol/L EDTA, 20 mmol/L HEPES, pH 7.5) and incubated for 10 minutes at room 

temperature to reconstitute active RNPs. Cas9 RNPs were electroporated into 1 × 106 Raw 
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264.7 cells using the Neon transfection system (Thermo Fisher Scientific) with 1680 V and a 

single pulse of 20 ms width. Two of 3 single clones derived from the electroporated culture 

with HuR-deletion verified by Western blot and Sanger sequencing of PCR-amplified locus 

(forward: CACAAGCTACCCAAAGAGTGC; reverse: 

CCTTCAAGAAACCTCTCAGGCT) were used for further experiments [CRISPR/Cas9 

HuR ko clone (HuRko) T20.11: T-insertion at bp 269 of HuR mRNA and clone T20.8: 49 bp 

deletion spanning from the HuR gene start codon to the guide RNA–binding site]. A clone 

without detected indels was used as wild-type control (clone T20). Macrophages were 

cultured in DMEM (Invitrogen) supplemented with 10% FBS and penicillin–streptomycin 

solution. Cells were incubated at 5% CO2, 37°C and a relative humidity of 95%.

Small intestinal organoids were isolated from C57BL/6J wt mice and maintained as 

described elsewhere (24). Two-hundred organoids in 50-μL Matrigel (BD Biosciences) 

droplets and 500-μL organoid culture medium (Supplementary Table S2) were grown in 24-

well plates for 48 hours and treated with indicated concentrations of MS-444 for another 48 

hours. Supernatants were collected and frozen at −80°C for subsequent cytokine analysis.

Western blotting

The MS-444 compound was dissolved in dimethyl sulfoxide (DMSO) at a stock 

concentration of 50 mmol/L and kept at −20°C. Cells were treated with 50–100 μmol/L 

MS-444 for up to 24 hours (DMSO ≤ 0.2%). Cells were rinsed with PBS and lysed in ice-

cold RIPA buffer. Fifty micrograms of protein was boiled in SDS gel sample buffer, 

separated by SDS-PAGE and immunoblotted onto a polyvinylidene difluoride membrane. 

Primary antibodies were used as follows: c-myc and β-actin (Supplementary Table S1). 

Bands were visualized with anti-rabbit or anti-mouse IRDye-coupled antibodies and scanned 

on Odyssey imager (LI-COR Biosciences).

Real-time PCR

RNA was isolated from 50 μmol/L MS-444 and/or 10 ng/mL lipopolysaccharide (LPS) 

treated or untreated RAW 264.7 wt and HuRko macrophages using TRIzol reagent. One 

microgram RNA was transcribed into cDNA using High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems). Quantitative real-time PCR was carried out in 

duplicates using Fast SYBR Green Master Mix (Applied Biosystems; 4385612) and mIL18 

primers. Data were normalized to the endogenous control 36b4 (for sequences, see 

Supplementary Table S3). Relative expression levels of the transcripts were calculated using 

the comparative Ct method.

Multiplex immunoassay

Blood from AOM/DSS mice was collected via cardiac puncture under terminal anesthesia 

and serum was stored at −80°C. Cytokine profiling from serum, macrophages, and organoid 

supernatants was performed using ProcartaPlex Multiplex Immunoassay (Affymetrix) on a 

Bioplex 200 System (Bio-Rad Laboratories) following the manufacturer's instructions. 

Assessed analytes were VEGF-A, eotaxin-1/CCL11, GRO-α/CXCL1, and 

Th1/2/9/17/22Treg 17plex panel (Affymetrix). Measurements were carried out in duplicates.
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Intestinal microbiota analysis

Fecal pellets were sampled from AOM/DSS–treated mice one day before the AOM injection 

and the day before colonoscopy, from APCMin mice one day before colonoscopy from 

individual mice. Stool samples were shock-frozen in liquid nitrogen and stored at −80°C. 

DNA was extracted from fecal pellets using a phenol–chloroform protocol with bead beating 

(25). DNA was precipitated with 0.1 volumes 3 mol/L Na-acetate and 0.6 volumes of ice-

cold isopropanol. DNA (150 ng) was subjected to a two-step PCR amplification targeting the 

16S rRNA gene of most bacteria (V3-V4 regions: 341F, S-D-Bact-0341-b-S-17, 5′-

CCTACGGGNGGCWGCAG-3′ and 785R, S-D-Bact-0785-a-A-21, 5′-

GACTACHVGGGTATCTAATCC-3′ ref. 26). This protocol minimizes barcoded primer-

associated bias and produces data that can reliably reproduce phylotype abundances (27). 

Both PCRs were carried out in triplicates, which were pooled after the first 25 cycles, 10 

cycles were applied for the second PCR, yielding 464-bp amplicons with an 8 nt sample-

specific barcode sequence added. Also these PCR products were pooled, purified with 

Agencourt AMPure beads (Beckman Coulter Genomics), and quantified with PicoGreen 

(Quant-iT Pico-Green, Invitrogen). Equimolar concentrations of barcoded amplicons were 

pooled and sequenced on an Illumina MiSeq instrument with v3 chemistry.

Sequence data were sorted into libraries using the 8 nt sample-specific barcode and primer 

using a custom-made in-house script, quality-filtered according to the Earth Microbiome 

Project guidelines, and paired-end reads were concatenated (28). Reads were then clustered 

into species-level operational taxonomic units (OTU) of 97% sequence identity, checked for 

chimeras using USEARCH, and taxonomically classified using the Ribosomal Database 

Project naive Bayesian classifier (29, 30). For all statistical analyses, the libraries, which 

varied in read depth (mean: 2,099; range: 358–6,061), were subsampled to 350 reads to 

avoid biases caused by unequal library size. To identify the statistical significance of factors 

affecting the microbiota composition (MS-444 treatment, AOM/DSS treatment, number of 

tumors), non-parametric permutational multivariate ANOVA (perMANOVA) was performed 

with the "vegan" package in R (31). Alpha and beta diversity metrics were also calculated 

with the "vegan" package. Indicator species analysis was performed using the "indicspecies" 

package in R (32). This analysis determines the strength of the association between an OTU 

and a condition and considers the relative frequency and abundance of OTUs in target versus 

nontarget conditions. To focus on abundant members of the microbiota, indicator OTUs 

were selected that (i) were significantly associated with a condition (P < 0.05), and (ii) were 

present at >2% abundance in at least one sample. Sequencing data are archived at the 

National Center for Biotechnology Information (NCBI) Sequence Read Archive under 

Accession Numbers SAMN03174430-SAMN03174434. Sequencing was performed on a 

MiSeq Personal Sequencer (Illumina). Detailed description of the sequencing can be found 

in Supplementary Methods.

Statistical analysis

Statistical analysis was performed using SPSS software version 21.0 (IBM). Tumor number, 

tumor burden, average tumor size/mouse in mm2, area of c-myc–positive tumor cells, 

apoptotic, Ki-67+, CD8+, F4/80+, NKp46+ cells, eosinophils, neutrophils, white pulp mass in 

the spleen, and murine HuR expression were analyzed using independent-samples Mann–
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Whitney U test. Crypt-villus length and percentage of intestinal epithelial surface structures 

were analyzed using independent samples t test. The adenocarcinoma incidence between 

groups was evaluated by Fisher exact χ2 test. Body weight differences were calculated by 

determining the area under the weight × time curve as a summary measure and were 

analyzed with ANCOVA using the starting weight as a covariate. Serum cytokine levels 

(pg/mL) are represented as mean ± SD and analyzed using Independent samples t test. 

Subcellular localization of HuR protein in human diseases and in the acute colitis model was 

analyzed using ANOVA. Post hoc analysis was performed by Tukey-HSD. P values were 

considered statistically significant if less than 0.05 (*, P < 0.05; **, P < 0.01; ***, P < 

0.001).

Results

HuR cytoplasmic expression is increased in IBD and CAC but not in dysplasia

HuR overexpression and increased cytoplasmic abundance has been reported for several 

human cancers (4, 6, 8, 12, 13). To compare the expression pattern of HuR in the context of 

intestinal inflammation and CAC to sporadic and familial colorectal cancer, intestinal tissue 

samples of diseased patients were stained for HuR protein (Fig. 1). In normal colonic tissue, 

we found HuR to be mainly localized in the nucleus with low expression in the cytoplasm. 

In active Crohn's disease and ulcerative colitis samples, nuclear HuR was unaltered while 

cytoplasmic HuR expression was significantly increased compared with normal mucosa. 

This effect was relatively similar for both diseases, however, cytoplasmic HuR in low- and 

high-grade dysplasias of IBD patients was nearly absent, whereas in CAC, nuclear and 

cytoplasmic HuR expression was highly increased. Increased cytoplasmic HuR was 

similarly found in FAP-adenomas and colorectal cancer. These results indicate that HuR is 

activated under inflammatory conditions in intestinal epithelial cells, in FAP-adenomas as 

well as in colorectal cancer cells. However, it does not seem to trigger tumor initiation in 

IBD-associated dysplasia. On the other hand, HuR activation is an early event after loss of 

APC in FAP-adenomas.

Evaluation of pharmacologic HuR inhibition in mouse models of inflammation-driven and 
familial/sporadic colorectal cancer

This discrepancy of HuR subcellular distribution during tumorigenesis of sporadic and 

inflammation-driven colorectal cancer and the differential effect of HuR deletion in myeloid 

and epithelial cells raised the question whether pharmacologic HuR inhibition, with the 

small molecular weight inhibitor MS-444, might be protective or harmful in disease setting. 

To appreciate the different etiologies of colorectal cancer development, we used AOM/DSS 

and APCMin mice. Mice were injected intraperitoneally (i.p.), as this route of administration 

has been shown to be safe and effective up to 50 mg MS-444/kg body weight (33) and the 

drug is released slowly. A single application of MS-444 was shown to be safe up to 300 

mg/kg body weight in healthy mice (data not shown). In this study, biweekly intraperitoneal 

injections of 10 and 25 mg/kg were used, to investigate long-term toxicity and efficacy at 

moderate doses. Detection of MS-444 in tissues for pharmacokinetics studies is considered 

difficult as the detection sensitivity is reached at tolerated doses. Radiolabeling of the 

compound is not straight forward as the compound is a natural product isolated from 
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Actinomyces sp. (21). Hence, to verify the functional inhibition of HuR upon MS-444 in 

intestinal tissue, a known HuR target gene, c-myc, a transcription factor highly relevant in 

colorectal cancer development and expressed in epithelial cells, was chosen as a biomarker.

Systemic HuR inhibition reduces c-myc expression and small intestinal proliferation

First, c-myc protein expression upon MS-444 was analyzed in vitro in two colorectal cancer 

cell lines (HT29 and RKO) and in 1CT-HCEC cells, a diploid immortalized human colonic 

epithelial cell line, by Western blot analysis. Indeed, MS-444 treatment reduced c-myc 

expression in a dose- and time-dependent manner (Fig. 2A). After 24 hours, the effect was 

lost. Furthermore, HuR inhibition by MS-444 decreased c-myc expression in tumors of both 

mouse models (Fig. 2B and C). In line, the number of Ki-67–positive small intestinal crypt 

cells was markedly reduced upon MS-444 treatment in AOM/DSS mice (Fig. 2D). These 

data suggest that HuR inhibition by MS-444 decreases the biomarker c-myc on protein level 

in vitro and in both mouse models of intestinal carcinogenesis.

HuR inhibition augments tumor susceptibility in AOM/DSS mice

Eight- to 9-week-old female C57BL/6J mice were injected with 10 mg/kg AOM 

intraperitoneally one week prior to the first of four DSS cycles (Fig. 3A). Simultaneously, 

biweekly intraperitoneal administration of 10 mg/kg MS-444 or solvent only was initiated. 

Two of 15 mice in the MS-444 group died prematurely and were not analyzed. MS-444 

treatment augmented DSS-induced weight loss significantly compared with control mice 

(Supplementary Fig. S1A) despite DSS water consumption being similar between groups 

(Supplementary Fig. S1B). No signs of hepatic toxicity were found in MS-444–treated mice 

(data not shown). Eleven days after the fourth DSS cycle mice underwent colonoscopy. The 

number and size of tumors in the distal colon increased upon MS-444 compared with control 

mice (P < 0.05), due to more medium (P < 0.05) and large (P < 0.001) tumors (Fig. 3B and 

C). No change was observed for small tumors. Four days later, the mice were euthanized and 

the intestines were analyzed for tumor number, stage, and size. Macroscopic and 

microscopic signs of colonic inflammation were absent in both groups. Consistent with 

colonoscopy data, tumor multiplicity increased in the MS-444–treated group (P = 0.065; Fig. 

3D and F). The number of aberrant crypt foci and low-grade dysplasias, but not in situ 
carcinomas or invasive carcinomas increased significantly. However, at least one carcinoma 

was found in every MS-444–treated mouse, compared with 10 of 15 control animals (P < 

0.05; Fig. 3E, right). MS-444 treatment also increased total tumor burden (P = 0.003) and 

the average tumor size (P = 0.006; Fig. 3E).

HuR inhibition attenuates tumorigenesis in APCMin mice

Here, we treated 5- to 6-week-old female and male APCMin mice with MS-444 similar to 

AOM/DSS mice (Fig. 4A). One mouse in the control group and 3 of 12 mice in the MS-444 

group died prematurely and were not analyzed. Weight gain was comparable between 

groups (Supplementary Fig. S1C). Colonoscopy (Fig. 4B) was performed after 9 weeks of 

treatment and revealed no difference for distal colonic tumors (Supplementary Fig. S1D). 

MS-444 reduced the total number of tumors (P < 0.05; Fig. 4C and F), by decreasing small 

intestinal tumors (Supplementary Fig. S1E), but had no effect on cecal and large bowel 

tumors (Supplementary Fig. S1F and S1G) or carcinoma incidence (Fig. 4E). MS-444 
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treatment did also not affect tumor burden and tumor size (Fig. 4D).These results suggest 

that upon loss of APC, HuR inhibition reduces tumor formation of small intestinal tumors.

Effect of MS-444 on apoptosis

HuR is implicated in the regulation of apoptosis both as a promoter of survival and an 

inducer of apoptosis under severe stress conditions (34). Several data suggest anti- and 

proapoptotic proteins as targets of HuR (e.g., Bcl-2, XIAP, Bax). Postnatal global deletion of 

HuR s leads to massive cell apoptosis in the small intestine (16), and AOM/DSS treatment in 

mice conditionally deleted for intestinal epithelial HuR (HuRIKO) also results in increased 

apoptosis compared with HuRf/f mice (18). To investigate the effect of HuR inhibition on 

apoptosis, terminal deoxynucleotidyl transferase–mediated dUTP nick end labeling 

(TUNEL) staining was performed and the number of apoptotic cells was assessed in tumors 

of AOM/DSS and APCMin mice. In AOM/DSS mice, MS-444 reduced TUNEL-positive 

cells by 3-fold, a finding not seen in APCMin tumors (Fig. 5). Although MS-444 reduced the 

number of Ki-67–positive cells within crypt cells in the intestine of AOM/DSS mice, crypt-

villus length increased without altering the number of crypt cells (Supplementary Fig. S2A), 

suggesting that inhibition of apoptosis prolongs survival of differentiated cells in the villi 

and may account for the increased tumor burden in these mice. In contrast, crypt-villus 

length in APCMin mice was not altered (Supplementary Fig. S2B).

MS-444 increases cytoplasmic HuR levels in polyps of APCMin mice and in an acute colitis 
model

Analysis of HuR subcellular distribution in small bowel tumors of APCMin mice revealed an 

increased cytoplasmic abundance upon MS-444 treatment in APCMin tumors as shown by 

IHC (Supplementary Fig. S2C and S2E). Elevated cytoplasmic HuR levels were further 

verified by analysis of nuclear and cytoplasmic fractions of APCMin tumors by Western blot 

analysis (Supplementary Fig. S2G) in a short-term model (see Supplementary Methods). 

This modest but consistent increase in HuR cytoplasmic abundance was accompanied by 

increased HuR-CP1 levels, a cleavage product of HuR protein. We conclude that elevated 

cytoplasmic HuR levels upon MS-444 treatment are not correlated with tumor progression, 

as reported for various human cancers (4–6, 8) and that cytoplasmic HuR localization is not 

necessarily indicative for active HuR upon MS-444 treatment.

Despite its aggravating effect on tumor progression, MS-444 treatment had no effect on 

nuclear or cytoplasmic HuR expression in AOM/DSS mouse tumors, although cytoplasmic 

expression in general was very high (Supplementary Fig. S2D and S2F). In contrast, in an 

acute colitis model, in which C57BL/6J mice (5 each group) received a 3% DSS solution for 

5 days and biweekly injections of 10 or 25 mg/kg MS-444, after AOM injection, HuR 

shifted from the nucleus to the cytoplasm with increasing MS-444 concentrations 

(Supplementary Fig. S3D and S3E). Mice showed severe weight loss in all treatment groups 

(Supplementary Fig. S3A). Four mice died prematurely in the control group and one in the 

25 mg/kg MS-444 group, pointing to a protective effect of low-dose HuR inhibition under 

severe inflammation. Treatment with 10 mg/kg MS-444 resulted in only 9% loss of the 

epithelial lining, which increased to 24% upon 25 mg/kg MS-444, indicating that the lower 

dose of MS-444 promotes epithelial regeneration (Supplementary Fig. S3B and S3C). 
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Similarly to APCMin mice, these findings were rather unexpected as cytoplasmic HuR is 

considered to be active and studies using MS-444 report of a retention of HuR in the nucleus 

upon MS-444 treatment ((21, 35)). However, MS-444 is known to inhibit HuR dimerization 

(21) and retention of its monomeric form of formerly active HuR, due to an inhibition of 

reimport, may explain cytoplasmic HuR increase upon MS-444 treatment in vivo.

HuR inhibition alters cytokine response and eosinophil count in AOM/DSS mice

Gross examination of AOM/DSS–treated intestines revealed no difference in inflammation 

upon MS-444 treatment, except for a slight decrease in lymphoid follicles (data not shown). 

To determine the effect of systemic HuR inhibition on cytokine, chemokine and growth 

factor profiles, sera from AOM/DSS–treated mice were analyzed using a multiplex 

immunoassay. From all cytokines investigated, only IL18, a cytokine important for epithelial 

regeneration upon injury, was reduced by about 50% (P ≤ 0.05). A nonsignificant decrease 

was also found for IL22, IL23, and eotaxin-1/CCL11 (Fig. 6A).

Major producers of cytokines during inflammation and resolution of inflammation, among 

them IL18, are macrophages. To explore the effect of cytokine expression in LPS-activated 

macrophages upon MS-444 we used RAW 264.7 macrophages. In addition, we utilized 

CRISPR/Cas9 HuR knockout macrophages (RAW HuRko) to compare HuR deletion versus 

inhibition. HuRko was verified by Sanger sequencing and Western blot analysis 

(Supplementary Fig. S4A and S4B). Macrophages were treated with 10 ng/mL LPS and/or 

50 μmol/L MS-444 for 4 hours, supernatants were collected and subjected to a multiplex 

immunoassay as performed for sera of AOM/DSS–treated mice. Among other cytokines 

such as IL6, IL12p70, and IL13 (Supplementary Fig. S4C), LPS-induced IL18 protein 

expression was reduced by 2.5-fold in wt RAW cells upon MS-444 treatment, which only 

had little effect on HuRko macrophages (Fig. 6B). On a mRNA level, MS-444 decreased 

LPS-induced IL18 expression. In contrast, HuRko macrophages were not responsive to LPS-

induced increase in IL18 mRNA (Fig. 6C).

To investigate whether reduced IL18 levels in sera of AOM/DSS mice is a cause of altered 

immune cell number rather than mRNA stability regulation within immune cells, tumor-

infiltrating immune cells, such as F4/80+ macrophages, CD8+ CTLs, NKp46+ natural killer 

cells, neutrophils, and eosinophils, were analyzed in tumors from both mouse models. In 

AOM/DSS–treated mice, natural killer cell, macrophage, cytotoxic T cell, and neutrophil 

numbers were unchanged (Supplementary Fig. S5A, S5C and S5E; Fig. 6D, bottom panel). 

However, a considerable loss of tumor-infiltrating eosinophils was observed (Fig. 6D and F). 

This is in line with reduced serum eotaxin-1, which is the most important cytokine for 

eosinophil recruitment (36), in MS-444–treated AOM/DSS mice (Fig. 6A).

To assess a possible involvement of intestinal epithelial cells for altered cytokine/growth 

factor expression, small intestinal organoids were treated with 10 and 50 μmol/L MS-444 

and supernatants were analyzed. MS-444 treatment decreased TNFα, IL6 and VEGF-A 

levels in a dose-dependent manner, all well-known mRNA targets of HuR (Supplementary 

Fig. S5G). IL18, IL22, IL23 and eotaxin-1 were undetectable in this experiment, pointing to 

a minor contribution of epithelial cells in cytokine release.
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HuR inhibition alters tumor-infiltrating immune cells and spleen architecture in APCMin 

mice

In APCMin mouse tumors, MS-444 reduced CD8+ cytotoxic T cells, whereas no changes 

were observed for macrophages, natural killer cells, neutrophils, and eosinophils (Fig. 6E; 

Supplementary Fig. S5B, S5D and S5F). Adult APCMin mice present with splenomegaly, 

increased splenic hematopoiesis, and lymphoid follicle depletion (37). Upon MS-444 

treatment, white pulp mass increased from 8% to 12% of total spleen area and spleen weight 

was reduced (Supplementary Fig. S6A–S6C). The area of Peyer patches, known to be 

diminished in APCMin mice, was increased in the MS-444–treated group, although not 

reaching significance (data not shown). In summary, MS-444 restored spleen architecture 

and Peyer patches and thereby might alter T-lymphocyte abundance.

MS-444 and microbiota

To investigate the effect of MS-444 on intestinal bacterial composition, stool samples were 

collected from individual mice before AOM injection (before treatment control) and one day 

before colonoscopy (to rule out any effect of bowel preparation). APCMin mice feces were 

also collected before colonoscopy. Statistical analysis revealed that the composition of the 

intestinal microbiota of APCMin mice was significantly associated with tumor numbers as 

well as with MS-444 treatment (perMANOVA, P = 0.03 and P = 0.028, respectively). In 

comparison with untreated mice, AOM/DSS treatment was associated with an altered 

microbiota, and so was MS-444 (perMANOVA, P = 0.001 and P = 0.02, respectively). The 

effect of MS-444 treatment in APCMin mice was also visible in a principal coordinates 

analysis (PCoA), which shows how different microbiota composition is between samples 

(beta diversity), but not in AOM/DSS mice (Fig. 7A). Treatment of APCMin mice with 

MS-444 led to a dramatic reduction in alpha diversity (or within-sample diversity), with 

reduced species-level OTU (operational taxonomic unit) richness and evenness as measured 

by the Simpson diversity index (Fig. 7B). Alternative measures of diversity such as the 

Chao1 estimated richness or the Shannon diversity index showed the same results, which 

was not found in AOM/DSS–treated mice (Fig. 7B; Supplementary Fig. S7A). However, the 

composition of the stool microbiota classified at higher taxonomic levels (by family and 

phylum) did not show any significant differences in abundant taxa with treatment 

(Supplementary Fig. S8), indicating that variation in either rare families or species-level 

OTU composition within abundant families was responsible for the distinctive alterations in 

the microbiota. Lookig at OTUs, indicator species analysis revealed OTUs that were 

characteristic for MS-444 treatment in APCMin mice (Fig. 7C). Specifically, there was 

enrichment of members of the Akkermansia, Prevotella, and Lachnospiraceae, and a 

decrease in many OTUs including members of the Bacteroidales, Lachnospiraceae, 
Clostridiaceae, and Rikenellaceae. Indicator OTUs characteristic for AOM/DSS treatment in 

C57BL/6 mice were identified but not for additional MS-444 treatment (Supplementary Fig. 

S7B).

Discussion

The modification of RNA-binding proteins is considered an attractive target for immune-

mediated disorders and cancer therapy. HuR is overexpressed in various human cancers, acts 
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on key tumor pathways (34, 38, 39), and regulates immune response (14, 40). Our data are in 

line with previous studies regarding the upregulation of HuR in familial and sporadic 

colorectal cancer and extend such to CAC. Notably, HuR is already activated in FAP 

adenomas (lacking APC). In colitis, however, neoplastic progression (i.e., dysplasia) was 

found independent of HuR activation. Such discrepancy was also observed in mice, as the 

low molecular weight HuR inhibitor MS-444 increased tumor burden in the AOM/DSS 

colitis model but reduced number of tumors in APCMin mice. Loss of APC seems to be an 

important denominator for activation of HuR, which itself is an effector in APC-mutated 

tumors, such as a stabilizer of COX-2 mRNA together with β-catenin (41) or c-myc mRNA 

stability regulation.

Efforts have been made to dissect the tissue- and cell specific involvement of HuR via 

knockout and overexpression experiments. In this context, HuR myeloid cell–specific 

deletion aggravated tumor development upon AOM/DSS, while myeloid-specific 

overexpression was protective (19). In contrast, intestinal epithelial–specific deletion of HuR 

(HuRIKO) resulted in a 2-fold decrease in tumor burden upon AOM/DSS treatment (18). 

Such reduction in tumor burden was even more pronounced in HuRIKO APCMin mice. The 

deletion or overexpression of a certain protein, however, does not always resemble the 

effects of pharmacologic interference (20). In light of these impediments, it is of substantial 

importance to examine the effect of pharmacologic (and potentially systemic) HuR 

inhibition on disease progression, which more resembles a therapeutic scenario in 

comparison to cell type–specific knockout of HuR. Because of sensitivity issues in detecting 

the parent compound and its metabolites from tissue extracts by standard methods 

(unpublished data), data on pharmacokinetics are still lacking. However, until such data 

become available, this study provides first data to enable the design of future 

pharmacokinetics and pharmacodynamics studies and provides a first step towards 

characterizing the benefits and adverse effects of small-molecule HuR inhibition in 

colorectal cancer disease models. Also, future studies would require more detailed toxicity 

profiles, evaluation of more mRNA targets modified by HuR inhibition, and different routes 

of administration (intravenous, oral). Alternatives to MS-444, which were shown to inhibit 

HuR, such as dehydromutactin and okicenone, also inhibiting HuR dimerization, or 

mitoxantrone, cethylpiridinium chloride, quercetin, b-40, and 15,16-dihydrotanshinone-I 

(DHTS), which were shown to interfere with TNFa mRNA binding, would be worth 

investigating to verify the divergent effect of HuR inhibition in colorectal cancer versus CAC 

mouse models (21, 42). In our study, intraperitoneal application of the compound has been 

chosen as MS-444 is metabolized fast if intravenously injected (Meisner-Kober, personal 

communication). A compound concentration of 10 or 25 mg/kg MS-444 has been used, as 

complete HuR inhibition might be detrimental and no long-term studies of HuR inhibition 

have been performed yet. In that context, MS-444 has been shown to inhibit myosin light-

chain kinase (MLCK) in vitro (43). In our study, no obviously dilated jejuni nor compacted 

feces in the cecum of APCMin mice were found, as characteristic for smooth muscle–specific 

MLCK knockout mice, as a result of gut dysmotility (44). Also, smooth muscle layer 

thickness within the jejunum and weight gain as a measure for (muscle) wasting was not 

different between sham- and MS-444–treated APCMin mice (Supplementary Fig. S1C). 
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Nevertheless, we cannot rule out that a certain dysmotility of the intestine influences fecal 

passage and hence intestinal inflammation in AOM/DSS mice.

In the AOM/DSS mouse model, the tumor number was increased upon MS-444 treatment, 

with apparently bigger tumors and more invasive carcinomas. In this model, systemic HuR 

inhibition rather resembles the phenotype of myeloid-specific HuR deletion (19), 

emphasizing the importance of myeloid cells in disease progression and a potential profound 

effect of systemic HuR inhibition on myeloid cells (or general cells from the hematopoietic 

lineage), which might shield the protective effect of HuR inhibition on epithelial cells.

Cytokine profiling identified IL18 to be mostly downregulated by MS-444 in AOM/DSS 

mice and MS-444 reduced LPS-induced IL18 mRNA and protein level in macrophages (Fig. 

6). IL18 is mainly produced by macrophages, dendritic cells, eosinophils, but also intestinal 

epithelial cells (45, 46). IL18 exerts a dual role in inflammation and homeostasis. On the one 

hand, it drives immune response by activating type 1 and type 17 helper T cells, on the other 

hand it increases intestinal barrier function and regeneration to protect from microbiota. 

Downregulation of IL18 may hence impede T-cell response to DSS injury and epithelial 

regeneration or proliferation in general. In line, our results from the acute DSS model point 

to a reduced reepithelialization at higher MS-444 concentrations (Supplementary Fig. S3B). 

Most remarkably, serum samples that revealed this change in IL18 production in the chronic 

AOM/DSS model were collected 15 days after the fourth DSS cycle at a point in time, when 

mice had fully recovered from DSS-induced injury without colonic signs of inflammation. 

This may also explain the low abundance of IL6 (9), TNFα (47), and VEGF-A (48) in the 

serum, which are actual HuR targets themselves and which were downregulated upon 

MS-444 in small intestinal organoids (Supplementary Fig. S5G). The abundance of IL18, 

which is not a known HuR target, and the effect of HuR inhibition on its expression indicate 

that the source of IL18 is rather tumor-associated immune cells (or epithelial cells) than an 

inflammatory response to DSS. Indeed, tumor-associated eosinophils, also capable of IL18 

secretion, were found depleted upon MS-444 (Fig. 6D). Previously, it was shown that 

eotaxin-1, another HuR target (40) and also produced by macrophages and intestinal 

epithelial cells, is responsible for the recruitment of eosinophils (36). In our study, although 

the number of tumor macrophages was not altered, diminished eotaxin-1 serum levels were 

found upon MS-444. These data suggest a protective role of IL18, eotaxin-1, and eosinophils 

in the AOM/DSS model. HuR inhibition counteracts eosinophil recruitment into tumors and 

increases tumor size and invasiveness. Tumor eosinophils were also associated with 

metastasis-free disease and a better survival in human colorectal cancer (49).

Another potential mechanism for the increase in tumor size and invasiveness is the 

prolonged cell survival. Impediment of apoptosis in tumors (Fig. 5) might explain 

accelerated tumor growth in AOM/DSS mice upon MS-444. The question remains whether 

this is a direct effect of MS-444 on HuR or an off-target effect. Currently, we cannot specify 

the cell types upon which MS-444 is acting but assume that its block of apoptosis is a major 

contributor to the increase in tumor burden.

In contrast to AOM/DSS mice, MS-444 treatment in APCMin mice led to a 25% reduction in 

(small intestinal) tumors without a change in tumor size or invasiveness (Fig. 4). This is not 
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surprising as HuR has been shown to control β-catenin (12) mRNA stability and translation 

as well as COX-2 expression through inhibition of miRNA-16 targeting (50). Our data are 

also in line with a reduction in tumor burden in HuRIKO APCMin mice (18). This makes 

HuR an important oncogene during colorectal carcinogenesis. Here we also show that HuR 

is upregulated immediately after the loss of APC both in human FAP polyps (Fig. 1) and in 

early mouse small intestinal tumors (Supplementary Fig. S2C and S2E).

One controversially discussed target of HuR is c-myc, acting both as translational repressor 

and mRNA stabilizer, depending on cell type and methodologic approach. HuR and let-7–

loaded RISC-complex cooperate to repress c-myc translation, as shown for HeLa cells (38). 

In line, deletion of HuR (HuRIKO) increased c-myc mRNA and protein level (18). In 

contrast, in oral cancer cells, HuR knockdown decreased c-myc mRNA levels (39). In our 

study, in both AOM/DSS and APCMin mouse tumors, as well as in vitro, c-myc protein 

levels were reduced upon MS-444 treatment. Downregulation of c-myc protein upon HuR 

inhibition might contribute to reduced tumor number in APCMin mice but might be 

negligible for intestinal homeostasis in the context of CAC. Downregulation of c-myc in 
vivo upon MS-444 in tumor epithelial cells indicates that the compound is actually reaching 

the target tissue and can be used as a biomarker for effective compound administration.

Most interestingly, MS-444 treatment was associated with a strong reduction in intestinal 

bacterial diversity in APCMin mice (Fig. 7B). OTUs that characteristically increased due to 

treatment belonged to Akkermansia, Prevotella, and Lachnospiraceae (Fig. 7C). Members of 

these taxa have been associated with mucus degradation and/or associated with the mucus 

layer (51), which may suggest that MS-444 affects factors governing mucosal colonization. 

It is unlikely that MS-444 directly affects microbiota composition as it is injected 

intraperitoneally. The microbiota-altering effect of MS-444 may be due to changes in 

immune state, impaired tissue repair, and impediment of proliferation, which is probably due 

to reduced signaling of IL18. Indeed, IL18-deficient mice had distinct changes in the gut 

microbiome composition including an increase in members of the family Prevotellaceae (52) 

and a more pronounced colitis compared with wt mice. A direct relationship between 

decreased IL18 levels and increased Prevotellaceae abundance (or other microbes) still needs 

to be determined.

HuR is not only implicated in mRNA stability regulation of thousands of mRNAs, but has 

been shown by (photoactivatable ribonucleoside enhanced) crosslinking and 

immunoprecipitation ((PAR-)CLIP) to bind also to intronic sequences, suggesting HuR to be 

involved in splicing as shown in HeLa and HEK293 cells (53, 54). Furthermore, PAR-CLIP 

revealed miRNA-binding sites in close proximity to HuR-binding sites (53–55). Whether 

MS-444 administration affects intronic binding and potential splicing functions of HuR or 

regulation of miRNA expression is yet to be determined.

In summary, systemic administration of MS-444 alters the profile of inflammatory 

mediators, proliferation, and apoptosis in the two mouse models investigated, being 

favorable in APCMin mice and deleterious in AOM/DSS mice for intestinal tumor 

progression (see also summary Fig. 7D). HuR inhibition as therapeutic option for patients 

with FAP remains promising. A thorough analysis of MS-444 pharmacokinetics and target 
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cells and tissues affected upon different routes of administration is still needed to fully 

appreciate HuR inhibition in the context of disease amelioration or progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
HuR subcellular distribution in human intestinal disease. A, Nuclear and cytoplasmic HuR 

expression was scored in epithelial cells. In all large bowel tissue samples, HuR is highly 

expressed in the nucleus, with the highest expression in CAC samples. In ulcerative colitis, 

Crohn's disease, CAC, FAP-adenomas, and colorectal cancer (CRC) cytoplasmic HuR is 

significantly increased compared with normal mucosa. In IBD-related dysplasia, HuR 

cytoplasmic abundance is markedly decreased. **, P < 0.01; ***, P < 0.001; ANOVA, 

Tukey-HSD. B, Representative images of normal mucosa (§, from colorectal cancer patients; 
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$, from FAP patients), ulcerative colitis, Crohn's disease, low-grade dysplasia, CAC, 

colorectal cancer, and FAP tissue samples stained for HuR shown at ×40 (top) and ×400 

magnification (bottom).
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Figure 2. 
Systemic HuR inhibition reduces c-myc protein expression and proliferation in both 

AOM/DSS and APCMin mice. A, C-myc protein expression upon 50 μmol/L or 100 μmol/L 

MS-444 for up to 24 hours was analyzed in 1CT normal colonic epithelial cells and in the 

colorectal cancer cell lines HT29 and RKO by Western blot analysis. β-Actin was used as 

loading control. IHC analysis of c-myc expression in large bowel tumors of AOM/DSS mice 

(B), small intestinal tumors of APCMin mice (C), and Ki-67 expression in small intestinal 

crypts of AOM/DSS mice (D) was performed. Representative images for c-myc (B and C) 

and Ki-67 (D) staining of control (I) and MS-444–treated (II) mice are shown; 

magnification, ×400. For c-myc, the area of positive tumor cells/FoV (AOM/DSS: ncontrol = 

158, nMS-444 treated = 146; APCMin: ncontrol = 40, nMS-444 treated=50) was calculated. For 

Ki-67, the number of positive and total small intestinal crypt cells was counted (ncontrol = 

292, nMS-444 treated = 240). Both c-myc and Ki-67–positive cells were significantly reduced 

upon MS-444 treatment. Statistical analysis, independent samples t test; **, P < 0.01; ***, P 
< 0.001.
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Figure 3. 
HuR inhibition increases number and size of tumors in the AOM/DSS mouse. A, Schematic 

presentation of the treatment schedule in AOM/DSS mice. B, Tumors of different size, as 

detected by colonoscopy, are shown. I, small, <¼ of the colon circumference; II, medium, ¼ 

- ½ of the circumference; III, large, >½. C, The total number of distal tumors/mouse was 

significantly increased in the MS-444–treated group compared with control mice, as 

detected during colonoscopy (Mann–Whitney U test). No difference was found for small 

tumors; the number of medium and large tumors was significantly increased upon MS-444 
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treatment. D, Tumor multiplicity was increased in the MS-444–treated group compared with 

control mice, as the number of aberrant crypt foci (ACF) and dysplasias was significantly 

increased and a trend for increasing numbers of in situ and invasive carcinomas was found, 

as analyzed microscopically. E, The total tumor burden in mm2/mouse nearly doubled upon 

MS-444 treatment. Similarly, the average tumor size/mouse increased from 1.1 (±0.7) to 1.9 

(±1.1) mm2. F, MS-444 treatment significantly increased the incidence of adenocarcinoma 

formation; P = 0.044; Fisher exact χ2 test (two-sided). Exemplarily images for 

microadenomas/aberrant crypt foci (I), adenomas with low grade dysplasia (II), in situ 
carcinomas (III), and invasive adenocarcinomas (IV) are shown (top, ×40; bottom, ×400). *, 

P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 4. 
HuR inhibition decreases tumor multiplicity but has no effect on tumor size in APCMin 

mice. A, Schematic presentation of the treatment schedule in APCMin mice. B, 
Representative colonoscopic images are shown. I, normal mucosa; II, small tumor, III, large 

tumor. C, The total number of tumors/mouse (ncontrol = 11, nMS-444 = 9) decreased upon 

MS-444 compared with mock-treated mice (P = 0.03), with the most pronounced effect on 

adenoma regression (P = 0.03) and a trend for decreasing numbers of aberrant crypt foci 

(ACF) and carcinomas. The total tumor burden in mm2/mouse declined upon MS-444 
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treatment (P = 0.13), but the average tumor size/mouse (D) and the adenocarcinoma 

incidence (E) were not altered upon MS-444 treatment. F, Exemplarily images of aberrant 

crypt foci (I), adenomas (II), and adenocarcinomas (III) are shown (top, 40×; bottom, 

×400).
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Figure 5. 
HuR inhibition diminishes tumor cell apoptosis in the CAC mouse model but not in APCMin 

mice. TUNEL staining was performed on intestinal sections of AOM/DSS–treated and 

APCMin mice and apoptotic cells in 40 tumorigenic FoVs; each group was counted (40× 

objective). MS-444 administration decreased the number of apoptotic cells/tumor FoV in the 

large bowel of AOM/DSS mice (A and B) but not in small bowel tumors of APCMin mice (P 
= 0.333) (C and D). Representative images of TUNEL-positive cells (green) of control (top) 
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and MS-444–treated (bottom) mice are shown. Nuclear counterstaining was performed with 

DAPI (blue). Mann–Whitney U test; ***, P < 0.001.
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Figure 6. 
Effect of MS-444 on immune cells. A, Serum cytokine expression in AOM/DSS–treated 

mice was analyzed using ProcartaPlex Multiplex Immunoassay. MS-444 significantly 

reduced IL18 serum levels (P = 0.05). A trend for reduced eotaxin (P = 0.195), IL22 (P = 

0.13), and IL23 (P = 0.15) serum levels was found upon MS-444 treatment. Data are 

represented as mean ± SD (n = 8 mice per group, technical duplicates were performed). B, 
RAW 264.7 wt and HuRko (CRISPR/Cas9 HuR knockout) macrophages were treated with 

10 ng/mL LPS and/or 50 μmol/L MS-444 for 4 hours. Untreated and DMSO-treated cells 
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were used as controls. IL18 secretion was assessed in supernatants of wt and HuRko RAWs 

using a Multiplex Immunoassay. C, Relative IL18 mRNA levels were calculated using qRT-

PCR and 36b4 as endogenous control (technical duplicates were performed; data are 

representative of two independent experiments). D and E, Eosinophil and neutrophil 

infiltration into tumors was counted (60× objective; >60 FoVs were analyzed). Upon 

MS-444, the number of eosinophils was significantly reduced upon MS-444 in AOM/DSS–

treated mice (D, top) but not in APCMin mice (E, top). Neutrophils within tumors were not 

altered (D and E, bottom). F, Representative images of tumor-invading neutrophils 

(arrowhead, inset 1) and eosinophils (arrows, inset 2) in sham-treated (top) and MS-444–

treated (bottom) AOM/DSS mice. *, P ≤ 0.05; ***, P < 0.001.
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Figure 7. 
Impact of MS-444 treatment on intestinal microbiota communities in APCMin and 

AOM/DSS mice and MS-444 mode of action. A, A principal coordinates (PC) analysis, 

showing beta diversity, was performed using Bray–Curtis distances between samples. B, 
Alpha diversity of samples is shown by category. *, P < 0.05. C, Indicator OTUs for MS-444 

treatment and controls in APCMin mice. Heatmap coloring indicates the relative abundance 

of the OTU (%). The first three rows are indicators of treatment, and the others are all 

indicators for mock-treated controls. Summary figure of MS-444 activity. In AOM/DSS 
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mice, MS-444 reduces tumor cell apoptosis, which might lead to increased cell survival and 

increased tumor burden. D, Furthermore, eotaxin-1 levelswere reduced in sera (*) of 

AOM/DSS mice, reducing eosinophil recruitment. In addition, MS-444 reduced IL18 levels 

in sera, which might impede wound healing and T-cell response in response to DSS 

treatment. In APCMin mice, MS-444 reduced tumor formation, most probably by inhibition 

of proliferation. As shown in small intestinal organoids (**), MS-444 reduced proneoplastic 

cytokines such as IL6 and TNFα and VEGF. In addition, MS-444 reduced bacterial diversity 

but increased mucus-degrading bacteria.
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