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BACKGROUND & AIMS: The amino acid hypusine, synthesized from the polyamine 

spermidine by the enzyme deoxyhypusine synthase (DHPS), is essential for the activity of 

eukaryotic translation initiation factor 5A (EIF5A). The role of hypusinated EIF5A (EIF5AHyp) 

remains unknown in intestinal homeostasis. Our aim was to investigate EIF5AHyp in the gut 

epithelium in inflammation and carcinogenesis.

METHODS: We utilized human colon tissue mRNA samples and publicly-available 

transcriptomic datasets, tissue microarrays, and patient-derived colon organoids. Mice with 

intestinal epithelial-specific deletion of Dhps were investigated at baseline and in models of colitis 

and colon carcinogenesis.

RESULTS: We found that patients with ulcerative colitis and Crohn’s disease exhibit reduced 

colon levels of DHPS mRNA and DHPS protein, and reduced levels of EIF5AHyp. Similarly, 

colonic organoids from colitis patients also show downregulated DHPS expression. Mice with 

intestinal epithelial-specific deletion of Dhps develop spontaneous colon hyperplasia, epithelial 

proliferation, crypt distortion, and inflammation. Furthermore, these mice are highly susceptible 

to experimental colitis and show exacerbated colon tumorigenesis when treated with a carcinogen. 

Transcriptomic and proteomic analysis on colonic epithelial cells demonstrated that loss of 

hypusination induces multiple pathways related to cancer and immune response. Moreover, 

we found that hypusination enhances translation of numerous enzymes involved in aldehyde 

detoxification, including glutathione S-transferases and aldehyde dehydrogenases. Accordingly, 

hypusination-deficient mice exhibit increased levels of aldehyde adducts in the colon, and their 

treatment with a scavenger of electrophiles reduces colitis.

CONCLUSIONS: Hypusination in intestinal epithelial cells has a key role in prevention of colitis 

and colorectal cancer, and enhancement of this pathway via supplementation of spermidine could 

have therapeutic impact.

Graphical Abstract
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Introduction

The prevalence of inflammatory bowel disease (IBD), including Crohn’s disease (CD) and 

ulcerative colitis (UC), is increasing considerably worldwide, especially in countries with 
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the largest populations, such as USA, India, and China.1,2 Newer biologic therapies for IBD 

have been developed and extensively used, but they induce remission in only about half of 

patients, are expensive, and have various side effects. Moreover, colonic inflammation is 

also a risk factor for colitis-associated carcinoma (CAC) that accounts for approximately 

15% of all deaths in IBD patients.3 Thus, a better understanding of the molecular events 

contributing to inflammation and neoplastic transformation would benefit IBD patients.

Polyamines are organic cations and the first one, putrescine, is generated by the enzymatic 

decarboxylation of arginine and ornithine by the arginine decarboxylase/agmatinase 

pathway and the enzyme ornithine decarboxylase, respectively. Putrescine is converted 

into spermidine (Spd), which is then transformed into spermine. The enzyme spermine 

oxidase (SMOX) catalyzes the back-conversion of spermine to Spd.4 We have shown that 

patients with colitis have reduced SMOX expression and that mice with Smox deletion 

exhibit decreased colonic Spd and an exacerbation of colitis5,6 and CAC.6 Treatment of 

animals with Spd ameliorates both diseases and protects mice with epithelial deletion of Apc 
from tumorigenesis.6 The enzyme deoxyhypusine synthase (DHPS) transfers the N-terminal 

moiety of Spd to the lysine-50 residue of the protein eukaryotic translation initiation 

factor 5A (EIF5A) to form the intermediate deoxyhypusine residue;7 then deoxyhypusine 

hydroxylase (DOHH) catalyzes the hydroxylation of this intermediate8 to complete the 

synthesis of the nonproteinogenic amino acid hypusine. Thus, EIF5A is the only known 

protein that contains hypusine. Hypusinated EIF5A (EIF5AHyp) enters the nucleus via 

passive diffusion and binds specific mRNAs exhibiting a 5′-AAAUGU-3′ consensus 

sequence.9,10 EIF5AHyp/mRNA complexes are then translocated to the cytoplasm by the 

nuclear transporter exportin-411 and reach the ribosomes for translation.12 EIF5AHyp also 

alleviates ribosome pausing during the translation of peptides enriched in diprolyl and 

diglycyl motifs.13,14 Hypusination is crucial for embryogenesis and deletion of Eif5a1 or 

Dhps is lethal.15 Because hypusination supports cell differentiation and proliferation,16,17 

it has been proposed that this pathway could represent a potential target to limit 

tumor progression.18 Chemical inhibition of DHPS using the competitive Spd analog N1-

guanyl-1,7-diamineheptane (GC7) or knockdown of the genes encoding for EIF5A or DHPS 

reduces the growth of established cancer cell lines in vitro and in xenograft models.18,19 

However, the effect of hypusination on inflammation and carcinogenesis in non-transformed 

epithelial cells, notably in the gastrointestinal tract, remains unknown.

We found that mice with specific deletion of Dhps in intestinal epithelial cells (IECs) 

exhibit spontaneous intestinal inflammation, are highly susceptible to dextran sulfate sodium 

(DSS)-induced colitis and to the azoxymethane (AOM)-DSS protocol and develop more 

tumors in a model of colorectal cancer driven by AOM alone. We demonstrate that epithelial 

EIF5AHyp regulates the translation of enzymes involved in reactive aldehyde detoxification, 

leading to the development of a proinflammatory and procarcinogenic profile in colonic 

epithelial cells (CECs) lacking DHPS. Human translational relevance is supported by our 

findings that the levels of DHPS mRNA are decreased in IBD patient colon tissues, levels 

of DHPS and EIF5AHyp in CECs are reduced in these tissues, and colon organoids from 

patients with colitis exhibit decreased DHPS expression compared to controls. Moreover, 

administration of a scavenger of reactive aldehydes ameliorated DSS-induced colitis in 

Dhps epithelial-specific knockout mice. Thus, enhancement of the hypusination pathway by 
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supplementation with the DHPS substrate, Spd, and/or detoxification of reactive aldehydes 

are potential treatments for IBD and chemopreventive methods for prevention of CAC and 

CRC.

Methods

Ethics Statement

The ethics statements regarding human tissues and animal experiments are provided in the 

Supplementary Methods.

Database Analysis

Series matrix files were analyzed by GEO2R from the GEO database (http://

www.ncbi.nlm.nih.gov/geo/).

Mice and Models of Colitis and Colon Cancer

Animals were house bred in our animal facility and were fed with 5L0D chow (LabDiet). 

To achieve specific deletion of Dhps in IECs, we crossed C57BL/6J Dhpsfl/fl mice, in which 

exons 2 to 7 of the Dhps gene were flanked by Cre recombinase recognition sequences,20 

to transgenic mice overexpressing the epithelial driver Vil1cre (Strain 021504; The Jackson 

Laboratory). The resulting Dhps+/fl;Vil1cre mice were then crossed to Dhpsfl/fl mice to 

create Dhpsfl/fl;Vil1cre mice (46% of offspring), termed DhpsΔepi, and the littermate Dhpsfl/fl 

mice (54% of offspring), which were used as controls. Littermate co-housed Dhpsfl/fl and 

DhpsΔepi female and male mice (8–12 wk) were used for all the experiments.

For the colitis model, age-matched (8–12 wk) female and male mice were treated with 2%–

4% DSS (mol. wt. 36,000–50,000; TdB Labs) in the drinking water for 5 days; DSS was 

then removed, and mice were maintained on regular water until euthanasia. For the CAC 

model, animals received one intraperitoneal (i.p.) injection of 12.5 mg/kg AOM (Millipore) 

followed by 3 cycles of 1.7%–3% DSS for 4 days beginning at day 5, 26, and 476,21 

and mice were euthanized on day 56 or sooner if moribund. In an additional model, mice 

were treated every wk with an i.p. injection of 12.5 mg/kg AOM for 3 or 6 consecutive 

wks and were euthanized 127 days after the first injection.22 Animals were also treated 

with 1.5 mg/ml 5-ethyl-2-hydroxybenzylamine (EtHOBA), a potent scavenger of dicarbonyl 

electrophiles,21,23,24 in the drinking water one wk before DSS and were also maintained on 

EtHOBA during DSS treatment and the recovery period.29

Mice were monitored daily and weighed daily for the DSS model and weekly for the CAC 

model. Animals showing extreme distress, that became moribund, or lost more than 20% 

of initial body weight were euthanized. After sacrifice, colons were removed, measured, 

dissected, and Swiss-rolled for histology. In the cancer models, tumors were also counted 

and measured in two dimensions in the distal colon with electronic calipers under a 

dissecting microscope.6,21,25 Tumor burden was determined by the sum of areas of all 

tumors.
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Histology

Swiss-rolled colons were fixed in formalin and embedded in paraffin, and 5 μm sections 

were stained with hematoxylin and eosin (H&E) and examined in a blinded manner by 

a gastrointestinal pathologist (M.K.W.). Histological injury score (0–40) and severity of 

dysplasia in the AOM model were determined as described.6,21,25

Immunostaining

The details regarding immunohistochemistry (IHC) and immunofluorescence (IF) are 

provided in the Supplementary Methods.

Isolation of CECs

The details are provided in the Supplementary Methods.

Colon Organoids

The methods used to generate and stimulate colon organoids are provided in the 

Supplementary Methods.

Analysis of mRNA Expression

RNA sequencing (RNA-Seq) and RT-PCR are described in the Supplementary Methods.

Protein Expression Analysis

Proteomic analysis and Western blotting are described in the Supplementary Methods.

Measurement of Glutathione-S-transferase (GST) Activity

Colonoids were treated or not with 25 μM GC7 for 24 h. Proteins were then extracted and 

quantified as reported.26 The activity of the total GST activity in protein lysates (10 μg) was 

measured using the GST Assay Kit (LSBio).

Quantification of Dicarbonyl Electrophile Adducts

The measurement of the crosslinks of malondialdehyde (MDA) to lysine (dilysyl-MDA) was 

performed by mass spectrometry, as described in the Supplementary Methods.

Fecal Microbiota Analysis

Littermate co-housed Dhpsfl/fl and DhpsΔepi mice (9 wks) were sacrificed, and feces present 

in the colon were harvested. Fecal DNA isolation, sequencing of 16S rRNA genes, and 

analysis were performed as described.6

Statistics

Figures and statistics were performed using GraphPad Prism 9.4.1 software. Significance 

level was set as P < .05 and all statistical tests were two-sided. All the data represent 

the mean ± SEM. Outliers were identified using the ROUT test (Q = 5%) and removed 

from the analysis. Data that were not normally distributed according to the D’Agostino & 

Pearson normality test were log or square root transformed, and distribution was re-assessed. 
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Student’s t test or one-way/two-way ANOVA with the Tukey or Dunnett tests were used to 

determine significant differences between two or multiple groups, respectively. Contingency 

and correlation were analyzed by the Chi-square or the Fisher’s exact test and the Pearson 

test, respectively. Survival was analyzed by the Log-rank (Mantel-Cox) test.

For the RNA-Seq, the DEGs were identified using a Benjamini-Hochberg test adjusted for 

false discovery rate.

The relative abundance of the genera of the intestinal microbiota was analyzed by the 

Wilcoxon rank sum test after multiple comparison adjustment by the Benjamini & Hochberg 

method.

Data Availability

RNA-Seq data can be accessed on the GEO repository using the accession 

number GSE201556 (token: yxybcsecfxundih). The mass spectrometry proteomics data 

have been deposited to the ProteomeXchange Consortium via the PRIDE partner 

repository with the dataset identifier PXD033228 (Reviewer account details: Username: 

reviewer_pxd033228@ebi.ac.uk; Password: c5NVRzhi). The 16S rRNA sequencing of the 

fecal microbiota has been deposited on the Sequence Read Archive website with the 

BioProject accession number PRJNA814820 (Temporary Submission ID: SUB11173798).

Results

DHPS Level Is Reduced in the Colon During Colitis

Utilizing RNA samples from a previous study,27,28 we found that DHPS expression was 

reduced in colon tissues of patients with moderate and severe UC compared to normal 

controls (Figure 1A). This result was confirmed by previously published RNA-Seq publicly 

available data on the GEO website; among 7 studies with UC patients, 6 exhibited a reduced 

expression of DHPS in the colon, including 3 with significant differences (Figure 1B). In 

contrast, the expression of DOHH was not affected in UC patients (Figure 1B). Also, DHPS 
expression was reduced in each of 3 studies in the colon of CD patients, with 2 showing 

significant differences, while DOHH did not show this pattern (Figure 1B). Accordingly, 

we found that DHPS level in colonoids from patients with UC was lower compared 

to those from normal tissues (Figure 1C). Further, when we immunostained IBD tissue 

microarrays (TMAs) we observed strong DHPS and EIF5AHyp expression in CECs from 

normal individuals (Figure 1D), while the levels of DHPS-positive and EIF5AHyp-positive 

CECs were significantly reduced in patients with UC or CD (Figures 1D–E).

We then verified the level of hypusination in the colon of mice with CAC. There was a 

reduction of EIF5AHyp in the non-tumor tissues from AOM-DSS-treated C57BL/6 mice, and 

hypusination level was significantly augmented in these mice that were given the DHPS 

substrate, Spd (Supplementary Figure 1).

Mice with Specific Deletion of Dhps in IECs Develop Colonic Inflammation

Since patients with IBD exhibit reduced hypusination in their colon, we sought to assess 

the effect of epithelial-specific deletion of Dhps on intestinal homeostasis. Isolated CECs 
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from DhpsΔepi mice exhibited a significant reduction of Dhps mRNA (Figure 2A) and DHPS 

protein (Figures 2B–C) compared to Dhpsfl/fl mice. EIF5AHyp levels were also reduced in 

DhpsΔepi CECs (Figure 2B). Using IF, we observed that EIF5AHyp was localized all along 

the crypts and that the staining was markedly reduced in the epithelium of DhpsΔepi mice 

(Figure 2D).

Strikingly, the colon and the cecum of DhpsΔepi mice exhibited a marked thickening 

(Figure 2E) that was confirmed by the significant increase of the colon weight/length ratio 

(Figure 2F). Histologically, we observed a marked expansion of the mucosal compartment 

(Figure 2G), confirmed by increased crypt length (Figure 2H) and by increased proliferation 

assessed by immunodetection (Figure 2I) and quantification (Figure 2J) of cells expressing 

Ki-67. The mucosal architecture of the colon of DhpsΔepi mice was abnormal, showing 

variation in crypt size and shape (Figure 2G). Crypts showed basal dilatation and 

bifurcation, and the luminal surface was undulating and villiform (Figure 2G); thus, crypt 

distortion was found in 84.6% of DhpsΔepi mice, whereas only 4% of Dhpsfl/fl exhibited this 

phenotype (Figure 2K). Patchy accumulation of neutrophils and chronic inflammatory cell 

infiltrates were present in the lamina propria of DhpsΔepi mice (Figure 2G), indicating mild 

colitis. Accordingly, the histologic injury score was significantly higher in DhpsΔepi mice 

(Figure 2L). This was further evidenced by the significant increase of i) myeloperoxidase 

(MPO)-positive cells in the mucosa of DhpsΔepi mice (Supplementary Figures 2A–B) and 

ii) the expression of the genes encoding for the chemokine CXCL2, the innate effectors 

NOS2, TNF-α and IL-1β, and the Th1 and Th17 prototype cytokines, IFN-γ and IL-17, 

respectively, in the colon of DhpsΔepi mice (Supplementary Figure 2C). The expression 

of the tight junction protein ZO1 was similar in the colon of Dhpsfl/fl and DhpsΔepi mice 

(Supplementary Figure 2D), suggesting that the inflammation observed in DhpsΔepi mice is 

not associated with a loss of barrier function.

In addition, we found that epithelial distortion and inflammation was also observed along the 

small intestine of DhpsΔepi mice, progressively from the duodenum and jejunum to the ileum 

(Supplementary Figure 3).

Deletion of Dhps in IECs Worsens DSS Colitis

Dhpsfl/fl and DhpsΔepi mice were then treated with DSS to induce epithelial injury and 

colitis. Mortality of DhpsΔepi mice treated with 2% DSS was significantly increased 

beginning day 6 post-treatment, whereas Dhpsfl/fl mice were not affected (Figure 3A). 

DhpsΔepi mice began losing weight on day 4 after starting 2% DSS, whereas Dhpsfl/fl mice 

did not lose weight (Figure 3B). When 4% DSS was used, DhpsΔepi mice exhibited a rapid 

worsening of their condition, characterized by high mortality level (Figure 3A) and a marked 

body weight loss (Figure 3B). In this context, mice treated with 2% and 4% DSS were 

sacrificed at day 9 and day 6, respectively. The weight/length ratio of the colon (Figure 

3C) and colonic inflammation and epithelial damage (Figures 3D–E) were significantly 

increased in DhpsΔepi mice vs. Dhpsfl/fl animals. We also found significant increases in the 

expression of the proinflammatory genes Tnf, Il1b, and Il17 in DhpsΔepi mice that were 

given 2% DSS (Figure 3F).
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Increased Tumorigenesis in DhpsΔepi Mice

Since DhpsΔepi mice exhibit spontaneous colitis and are highly susceptible to DSS, we 

hypothesized that these animals would develop more tumors in the AOM-DSS model of 

CAC. Since we observed a high mortality rate with 2% and 4% DSS, we used 1.7% for 

DhpsΔepi mice. In fact, we observed a 100% mortality rate in DhpsΔepi mice after the 

first cycle of 1.7% DSS, whereas 90% of Dhpsfl/fl animals survived the 3 cycles of 3% 

DSS (Supplementary Figure 4). Therefore, it was not possible to assess tumorigenesis in 

the DhpsΔepi mice in this model since the disease was so severe. We thus reasoned that 

the spontaneous colonic inflammation of DhpsΔepi mice would be sufficient to support 

tumor development in animals treated only with the carcinogen AOM. When DhpsΔepi 

mice received 3 injections of AOM, we observed no effect on body weight (Supplementary 

Figure 5A). While only 1 out of 10 Dhpsfl/fl mice treated with AOM developed a tumor 

in the colon, 50% of the DhpsΔepi mice exhibited tumors (Supplementary Figure 5B) and, 

therefore, tumor number (Supplementary Figure 5B) and burden (Supplementary Figure 

5C) were significantly increased in DhpsΔepi animals. After 6 injections of AOM, we did 

not observe a significant effect on body weight (Figure 4A). However, there was a marked 

increase in the number (Figures 4B and 4C) and the size (Figures 4B and 4D) of the 

tumors in DhpsΔepi mice, yielding a significant increase in the tumor burden (Figure 4E). 

Histologically, the injury score of the non-tumor area of the colon was significantly higher in 

DhpsΔepi mice (Figures 4F and 4G). Importantly, high-grade dysplasia (HGD) was observed 

in 43% of the DhpsΔepi mice, while only 12% of the Dhpsfl/fl mice exhibited HGD (Figures 

4F and 4H). Notably, we also observed one case of invasive carcinoma in the AOM-treated 

DhpsΔepi group (Figure 4F), which was included in the HGD group in Figure 4H.

Dhps Deletion in IECs Does not Modify the Gut Microbiome

We assessed the fecal microbiome of littermate Dhpsfl/fl and DhpsΔepi mice by sequencing 

the V4 region of the 16S rRNA gene. Bacterial community diversity, measured by 

Shannon and inverse Simpson indexes (Supplementary Figure 6A), and total richness, 

assessed by the Chao1 index (Supplementary Figure 6B), were similar between both 

genotypes. As observed in C57BL/6 mice,6 the fecal microbiota of Dhpsfl/fl mice 

was dominated by the Bacteroidetes phylum (Supplementary Figure 6C), including the 

genera Prevotella, Porphyromonadaceae, and Bacteroides (Supplementary Figure 6D). 

Proteobacteria, including Helicobacter and Sutterellaceae, and Firmicutes represented by 

the Oscillibacter, Lachnospiraceae, and Akkermansia genera were also found in the fecal 

microbiome (Supplementary Figures 6C and 6D). The relative abundance of these genera 

was not significantly different between Dhpsfl/fl and DhpsΔepi mice (Supplementary Figure 

6E).

Hypusination in CECs Regulates the Translation of Enzymes Involved in Reactive 
Aldehyde Detoxification

To understand the mechanism by which the deletion of Dhps in IECs supports colitis and 

carcinogenesis, we analyzed the proteome of isolated CECs from 3 different mice each 

from the Dhpsfl/fl and DhpsΔepi genotypes, using the isobaric tag for relative and absolute 

quantification (iTRAQ)-based proteomics approach. A total of 4729 proteins were identified. 
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Among them, 99 and 102 were significantly upregulated and downregulated, respectively, in 

DhpsΔepi versus Dhpsfl/fl mice (Supplementary Table 1). The proteins induced in DhpsΔepi 

CECs included i) classical markers of the immune response, such as S100A8/9, NGP, 

and PERM, but also ii) signaling molecules involved in oncogenic transformation (PTN11, 

MMP9, RAC2), iii) the integrins ITB2, ITB6, and ITAM, and iv) Histone H2AX, a marker 

of DNA double strand breaks (Supplementary Table 1). The proteins downregulated with 

Dhps deletion, and thus potentially direct targets of EIF5AHyp, included i) MPTX and 

S26A2/3 that have been shown to be downregulated in colonic tumors29 and ii) the keratins 

K2C6A, K1C16, and K2C79, which maintain normal function of the gastrointestinal 

epithelium (Figure 5A, Supplementary Table 1). Remarkably, we also found two types 

of enzymes involved in aldehyde detoxification: the aldehyde dehydrogenases (ALDHs) 

AL1A7, AL1B1, and ALDH2, which oxidize aldehydes to carboxylates,30 and 6 GSTs, 

which catalyze the conjugation of aldehydes to glutathione,31 including GSTA4, GSTM3, 

GSTM2, GSTP1, GSTO1, and GSTM1 (Figure 5A, Supplementary Table 1). Note that 

the expression of 3 other ALDHs (AL3B2, AL3A2, AL9A1) and 5 other GSTs (GSTK1, 

GSTT2, LANCL1, GSTM5, GSTT3) was reduced in DhpsΔepi CECs, but did not reach 

statistical significance (Supplementary Table 1). Importantly, all these proteins exhibited 

the molecular features of EIF5AHyp-regulated proteins (Supplementary Table 2), i.e., an 

AAAUGU consensus sequence in their mRNA9,10,32 and/or diprolyl/diglycyl motifs in their 

protein.13,14 Lastly, thioredoxin (THIO) and the peroxiredoxins 1 and 6 (PRDX1/6), which 

are involved in peroxide detoxification, were also significantly less expressed in DhpsΔepi 

CECs.

We found by IHC that the level of the protein GSTO1 was reduced in DhpsΔepi mice 

compared to Dhpsfl/fl mice (Figure 5B), thus validating the results obtained by proteomic 

analysis. Importantly, the expression of Gsto1 mRNA in isolated CECs was not affected by 

Dhps deletion (Figure 5C), further demonstrating that DHPS regulates only GST translation 

in CECs. Similarly, Gsto1 and Gstp1 mRNA levels were similar in Dhpsfl/fl and DhpsΔepi 

colon organoids (Figure 5D), whereas GSTO1 and GSTP1 proteins were less expressed 

in colonoids derived from DhpsΔepi mice and in Dhpsfl/fl colonoids treated with GC7 

(Figures 5E and 5F). Consequently, the total GST activity was reduced with Dhps deletion 

or inhibition (Figure 5G) and the expression of Nqo1, a marker of electrophilic and oxidative 

stress,33 was increased in naïve or stimulated DhpsΔepi colonoids (Figure 5H).

The differential proteome dataset from Dhpsfl/fl and DhpsΔepi mice was then subjected to 

Ingenuity Pathway Analysis (IPA). Strikingly, numerous pathways related to cancer and to 

the immune response were significantly induced by Dhps deletion (Supplementary Figure 7 

and Supplementary Table 3). There was also a significant dampening of only two pathways, 

one of which was “Conjugation of glutathione” (Supplementary Figure 7 and Supplementary 

Table 3), which is related to the inhibition of GST translation.

The Transcriptome of DhpsΔepi Colon Is Reshaped Toward a Pro-neoplastic State

By RNA-Seq, we identified 25,182 sequences comprising 19,498 known mRNAs and 

5,684 unknown sequences (Supplementary Table 4). There were 135 and 133 differentially 

expressed genes (DEGs) upregulated and downregulated (2-fold or more; P < .05) in 
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DhpsΔepi mice, respectively. We observed that several genes encoding for different proteins 

of the extracellular matrix, including the collagen genes Col6a1, Col6a2, and Col4a3, the 

cadherin-encoding gene Cdh11, and the laminin gene Lama5 were among the most induced 

in DhpsΔepi CECs (Figure 6A and Supplementary Table 4). Genes involved in signaling such 

as i) Epha2, encoding the receptor tyrosine kinase ephrin type-A receptor 2 that plays a role 

in colon carcinogenesis34 or ii) Areg and Ereg, which encode amphiregulin and epiregulin, 

respectively, two EGF receptor ligands involved in the maintenance and progression of the 

tumorigenic state,35 were also significantly induced in mice with Dhps deletion (Figure 6A 

and Supplementary Table 4). The most downregulated gene was Exosc6, encoding for the 

exosome complex component MTR3, which mediates mRNA degradation (Figure 6A and 

Supplementary Table 4). Additionally, different homeobox genes (Hoxd11/12/13), whose 

expression has been shown to be reduced in colitis,6 and the genes Pbld1/2, encoding 

for the tumor suppressor phenazine biosynthesis-like domain-containing protein, were less 

expressed in CECs from DhpsΔepi mice (Figure 6A and Supplementary Table 4). None 

of the genes encoding for the GSTs and ALDHs were significantly affected by Dhps 
deletion (Supplementary Table 4), demonstrating that these effectors are regulated at the 

post-transcriptional level.

The transcriptional function of Dhps deletion was performed by gene set enrichment 

analysis (GSEA) of DEGs (Supplementary Table 5). The top signal pathways enriched 

in mice lacking Dhps in IECs were related to growth factors and to the organization of 

the extracellular matrix (Figure 6B), which are associated with cancer development and 

progression.36 As expected, the pathways connected to RNA processing were reduced 

(Figure 6B).

Increased Formation of Aldehyde Adducts in DhpsΔepi Mice Supports Colonic 
Inflammation

Because enzymes that detoxify reactive electrophiles are less expressed in the colon 

of DhpsΔepi mice, we reasoned that reduced hypusination in IECs would be associated 

with oxidative covalent adduction of these aldehydes, such as isolevuglandins (isoLGs) 

or malondialdehydes (MDA). Using a specific single-chain fragment variable Ab (D11) 

that specifically recognizes adducts of isoLGs to lysine (isoLG-lysyl),21,37 we observed 

increased adducts in the nuclei of CECs from naive DhpsΔepi mice compared to Dhpsfl/fl 

animals (Figures 7A–B). Furthermore, we found by LC-MS that the level of adducts of 

MDA-dilysyl crosslinks was also significantly increased in the colon of DhpsΔepi mice 

(Supplementary Figure 8). Moreover, we observed an increase of isoLG-lysyl adducts in 

Dhpsfl/fl animals treated with DSS, and a further enhancement in DSS-treated DhpsΔepi 

mice (Figures 7–7B). The number of isoLG-lysyl adduct-positive nuclei in the non-tumor 

areas was also higher in AOM-treated DhpsΔepi mice, whereas strong nuclear staining 

was observed in tumors from both genotypes (Figures 7A–B). These data indicate that 

dicarbonyl electrophiles are more abundant in the colon of DhpsΔepi mice and are more 

reactive in the nuclei of CECs under inflammatory stress but are present at the same level 

when tumors are formed.
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To verify whether reactive aldehydes play a role in the pathogenesis of the colon of 

DhpsΔepi mice, we used EtHOBA, a potent scavenger of reactive aldehydes.21,23,24 We 

found that EtHOBA reduced the concentration of MDA-dilysyl crosslinks in the colon of 

DhpsΔepi mice (Supplementary Figure 8). These animals were then given 2% DSS and 

were also maintained with or without EtHOBA. Survival (Figure 7C), colon weight/length 

ratio (Figure 7D), plus inflammation and epithelial damage (Figures 7E and 7F) were 

significantly improved when DSS-treated DhpsΔepi mice were given EtHOBA.

Discussion

Our study establishes that the hypusination of EIF5A in IECs is essential to limit 

inflammation and carcinogenesis. Mice with specific deletion of Dhps in IECs exhibit 

spontaneous colonic inflammation and crypt distortion, a hallmark of IBD histopathology. 

These animals are highly susceptible to DSS and are prone to develop more tumors in 

response to carcinogens. Mechanistically, we found that i) hypusination in CECs controls the 

translation of enzymes involved in reactive aldehyde detoxification, ii) there are high levels 

of electrophile adducts in the nuclei of DhpsΔepi CECs, and iii) treatment of DhpsΔepi mice 

with an electrophile scavenger reduces susceptibility to colitis, strongly suggesting that one 

of the major functions of hypusination in IECs is to prevent aldehyde-mediated oxidative 

damage and dampen inflammation, epithelial injury, and malignant transformation. Since 

we also found that UC and CD patients exhibit low levels of colonic DHPS mRNA, DHPS 

protein, and EIF5AHyp, our data imply that reduced hypusination in CECs in IBD patients 

may lead to increased inflammation and risk for CAC.

Supporting the concept that the DHPS-EIF5AHyp axis prevents intestinal inflammation, 

mice with specific deletion of Dhps or Dohh in CD4+ T cells develop signs of colitis 

and die at 10–20 wk of age.38 However, we have reported that the deletion of Dhps 
in myeloid cells does not cause spontaneous colitis.26 It has also been reported that 

putrescine produced by the gut microbiota is utilized by CECs to form Spd and EIF5AHyp, 

and this is associated with dampening of DSS colitis.39 Furthermore, it has been shown 

that heterozygous deletion of the genes encoding for EIF5A and adenosylmethionine 

decarboxylase 1, which is essential for the biosynthesis of Spd, are associated with 

lymphoma in humans and supports lymphomagenesis in mice.40 However, EIF5A and 

DHPS expression is increased in tumors18 and hypusination correlates with poor prognosis 

and metastasis in several cancer types.41,42. In fact, knockdown of the genes encoding 

for proteins involved in the hypusination pathway and/or inhibition of DHPS reduce the 

growth of established human cancerous gastrointestinal cell lines19,41,43,44. Further, tumor 

growth and metastasis in mice are reduced when xenografts of human carcinoma cell 

lines are subjected to knockdown of DHPS19,45 or when animals are treated with GC7 

when the tumors are already formed.19 To explain this phenotype, it has been shown 

hypusination supports the translation of carcinoma-specific signaling molecules such as the 

MYC proto-oncogene,19 the transforming protein RHOA,45 the inactive tyrosine-protein 

kinase PEAK1,44 or the histone-lysine-specific demethylase LSD1,43 which have been all 

involved in cell proliferation and metastasis. We did not find these targets in our proteomic 

analysis comparing CECs of Dhpsfl/fl and DhpsΔepi mice, evidencing that the proteins 

regulated by hypusination in non-transformed and cancerous cells are different and may thus 
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have varying effects. We therefore propose that hypusination in CECs is critical to reduce 

colon carcinogenesis, but that once tumors are formed, EIF5AHyp in cancerous cells may 

sustain their growth. Fascinatingly, a similar paradox exists for polyamines: on one hand, we 

found that Spd dampens colon tumorigenesis,6 but polyamines in general are required for 

the growth of cancerous cells.46

In this report, we also assessed the molecular mechanism by which Dhps deletion in 

IECs leads to intestinal inflammation and creates a pro-oncogenic state in the colon. We 

determined that the translation of numerous enzymes involved in detoxification of peroxide 

(THIO, PRDXs) and reactive aldehydes (ALDHs, GSTs), are regulated by hypusination 

and are thus less expressed in the colon of DhpsΔepi mice. Consequently, these animals 

exhibit increased oxidative stress/damage and inflammation. GSTs are principally localized 

in CECs.47 The null genotypes of GSTM1 or GSTT1 have been associated with increased 

risk for IBD;48 and the frequency of the GSTT1 null genotype is significantly increased 

in colorectal cancer cases, but not in lung, oral, or gastric cancer.49 Moreover, it has been 

shown that the protein GSTM1 is also absent in 30% and 50% of the patients with UC and 

colon adenocarcinoma, respectively, that harbor a GSTM1+ genotype,50 demonstrating that 

this enzyme is also regulated post-transcriptionally. Although numerous redundant GTSs 

exist, the deletion of Gsto1 in mice is associated with susceptibility to DSS colitis51,52 and 

to AOM-DSS-induced tumorigenesis.52 Reciprocally, the local delivery of the Gstt1 gene to 

mice treated with DSS dampens colitis.53 We reported that the aldehyde isoLG is generated 

in the inflamed stomach and colon, and that the electrophile scavenger EtHOBA prevents 

dysplasia in the murine AOM-DSS model.21 Herein, we observed increased levels of nuclear 

isoLG-lysyl adducts in CECs from naïve or DSS- or AOM-treated DhpsΔepi mice as well 

as a reduction of DSS-induced inflammation in DhpsΔepi mice treated with the electrophile 

scavenger EtHOBA. We also found that the adducts of the electrophile MDA to lysine were 

increased in the colon of DhpsΔepi mice and reduced by EtHOBA. All these data and our 

results emphasize that the defense system against reactive aldehydes in CECs is orchestrated 

by hypusination and help in the prevention of inflammation/carcinogenesis.

Our data establish that hypusination in CECs is essential to lower the level of spontaneous 

reactive aldehydes in the colonic mucosa and protects mice from colitis and colon 

carcinogenesis. We previously reported that Spd dampens colitis and prevents tumorigenesis 

in mice6 and in the present report we further observed that hypusination is enhanced in the 

colonic mucosa of mice treated with Spd. Since patients with IBD exhibit reduced levels of 

DHPS and EIF5AHyp, restoring hypusination by Spd supplementation and/or treatment with 

an electrophile scavenger can be considered as rational strategies to limit oxidative damage 

in the colon and the risk for neoplasia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EtHOBA 5-ethyl-2-hydroxybenzylamine
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IEC intestinal epithelial cells

IF immunofluorescence

IHC immunohistochemistry

i.p. intraperitoneal
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IPA Ingenuity Pathway Analysis

isoLG isolevuglandins

LGD low-grade dysplasia

RNA-Seq RNA sequencing

SMOX spermine oxidase

Spd spermidine

TMA tissue microarray

UC ulcerative colitis
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Hypusination is a process that controls translation of specific proteins. We determined the 

effect of hypusination in intestinal epithelial cells in colon homeostasis, inflammation, 

and cancer.

NEW FINDINGS

Patients with inflammatory bowel disease exhibit reduced hypusination, which 

is required to support translation of proteins involved in detoxification of 

reactive aldehydes, thus preventing electrophilic damage, colonic inflammation, and 

carcinogenesis.

LIMITATIONS

Our animal experiments focus mainly on inflammation-mediated carcinogenesis of the 

colon, and the role of hypusination in sporadic colorectal cancer is not addressed.

BASIC RESEARCH/CLINICAL RELEVANCE

These findings provide insights into inflammatory bowel disease pathogenesis and 

implicate a new mechanism by which patients with colitis have increased risk of colon 

cancer. Our results also suggest that restoration of hypusination or treatment with an 

electrophile scavenger in patients with diminished hypusination in colonic epithelial cells 

could represent a clinical strategy to limit colitis and prevent carcinogenesis.

LAY SUMMARY

Hypusine is a specific amino acid that is essential to limit oxidative damage in intestinal 

epithelial cells, thus preventing inflammation and cancer development.
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Figure 1. 
Expression of DHPS in patients with colitis. (A) Total RNA was extracted from colon 

biopsies from normal (N; n = 19) or UC patients with moderate (M; n = 12) or severe (S; n 
= 9) colitis. DHPS mRNA levels were determined by RT-real-time PCR. **P < .01, ***P < 

.001 by ANOVA and Tukey test. (B) RNA-Seq data was interrogated from published studies 

using the GEO data repository to determine the expression of the genes DHPS and DOHH 
in patients with UC or CD compared to normal individuals. n indicates the number of 

patients with colitis in each study. *P < .05, ***P < .001 by the Benjamini & Hochberg test 

adjusted for false discovery rate. (C) DHPS mRNA expression was assessed by quantitative 

RT-PCR in colon organoids from normal or UC tissues. Each dot represents the mean of 

2–3 experiments performed with colonoids from each patient; *P < .05 using the unpaired 

t test. (D-E) Tissues sections of two TMAs were immunostained for DHPS or EIF5AHyp 
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and representative images of normal tissues (n = 7) or tissues from patients with UC (n = 7) 

or CD (n = 4) are shown in (D) with scale bar, 50 μm; (E) Quantification using QuPath of 

DHPS+ and EIF5AHyp+ epithelial cells among total CECs on the TMAs. **P < .01, ****P < 

.0001 by ANOVA and Dunnett’s test.
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Figure 2. 
Effect on the colon of the selective depletion of Dhps in IECs. CECs from 7-wk-old Dhpsfl/fl 

and DhpsΔepi mice were isolated and the expression of Dhps mRNA was assessed by 

RT-real time PCR (A). The level of DHPS and EIF5AHyp was analyzed by Western blot 

(B) followed by densitometry (C). (D) IF for EIF5AHyp in the colon; representative image 

of 3 mice/genotype. The colon of these animals (3 males and 3 females per genotype) was 

removed (E) and length and weight were measured (F). Longitudinal sections were stained 

by H&E (G). Crypt length was determined using ImageJ 1.53a (n = 25–27 crypts counted 

from 6 different mice per genotype) (H). Proliferation was determined by IHC for Ki-67 

(I) and quantification of Ki-67-positive nuclei (J); a total of 100 crypts were counted per 

mouse. The number of animals (n = 26/genotype) exhibiting normal crypt (N) or crypt 

distortion (D) (K) and the histologic injury scores (L) were evaluated by our pathologist in a 
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blinded manner. In all the panels with dot plots, *P < .05, **P < .01, ***P < .001, ****P < 

.0001 by unpaired Student’s t test; in K, P was calculated using the Fisher’s exact test. Scale 

bars represent 1 cm (E) or 50 μm (D, G, H).
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Figure 3. 
DSS-induced colitis in Dhpsfl/fl and DhpsΔepi mice. Animals were treated or not with 2% 

or 4% DSS. (A) Kaplan-Meier curves of DSS-treated mice; the P value was obtained using 

the Log-rank test (n = 7–20 mice/group). (B) Body weights were measured daily and are 

depicted as percentage of initial body weight; *P < .05, **P < .01, ***P < .001, ****P < 

.0001 compared to untreated DhpsΔepi mice, and §P < .05, §§P < .01 versus Dhpsfl/fl + 4% 

DSS, by two-way ANOVA and Tukey test. (C) Colons were harvested, washed, weighed, 

and measured. (D) Histological injury was determined from H&E staining (E); the scale 

bars on the low-power and high-power photomicrographs correspond to 100 μm and 50 μm, 

respectively. (F) mRNA expression from the colonic mucosa; Dhpsfl/fl mice were used as 

control for the semi-quantitative analysis. In all panels with dot plots, *P < .05, **P < .01, 

***P < .001 by two-way ANOVA and Tukey test.
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Figure 4. 
Effect of epithelial Dhps deletion on colon carcinogenesis. Dhpsfl/fl (n = 25) and DhpsΔepi 

mice (n = 22) were given 6 i.p. injections of 12.5 mg/kg AOM. Note that two DhpsΔepi mice 

died between day 119 and 127 (P = 0.132), and that none of the control animals that did not 

receive AOM developed tumors. (A) Body weights are depicted as percentage of initial body 

weight. (B-E) Colons were harvested, opened longitudinally (B) and tumors (arrow) were 

counted (C) and measured (D); in D, the percentages were determined from a total of 57 and 

91 tumors in Dhpsfl/fl and DhpsΔepi mice, respectively. Tumor burden (E) corresponds to the 

sum of the surface area of all the tumors in each mouse. (F-H) H&E staining (F) was used 

to assess histologic injury (G) and the grade of dysplasia (H). In F, the photomicrographs 

in the upper panels for Dhpsfl/fl and DhpsΔepi mice show LGD and HGD, respectively; the 

lower panels depict an invasive carcinoma; scale bars, 50 μm. *P < .05, **P < .01, ****P < 

.0001 by Student’s t test; in D and H, the P values were calculated using the Chi-square test.
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Figure 5. 
Effect of hypusination on the proteome of CECs. (A) iTRAQ was used to determine the 

differential expression of the proteins from isolated Dhpsfl/fl and DhpsΔepi CECs (n = 3 mice 

per group). This figure depicts a list of 50 proteins significantly downregulated in DhpsΔepi 

CECs compared to Dhpsfl/fl control CECs; the arrows highlight the proteins involved in 

aldehyde detoxification. (B) IHC for GSTO1 in the colon of Dhpsfl/fl and DhpsΔepi mice. 

These photomicrographs are representative of 6 animals per genotype; scale bars, 50 μm. 

The images are representatives of 5 mice/condition. (C-D) Gsto1 and Gstp1 mRNA levels in 

the colon (C) and in colonoids (D) of Dhpsfl/fl and DhpsΔepi mice. (E-F) The level of DHPS, 

EIF5AHyp, GSTO1, and GSTP1 was assessed by Western blot in colonoids from Dhpsfl/fl 

and DhpsΔepi mice, cultured or not for 24 h with 25 μM GC7 (E), followed by densitometry 

(F). (G) Total GST activity was determined in the same colonoids ± GC7. (H) Expression 

of the gene Nqo1 in Dhpsfl/fl and DhpsΔepi colonoids stimulated for 24 h with a cytokine 

cocktail (CC) composed of IFN-γ, IL-1β, and TNF-α. In bar graphs, *P < .05, **P < .01, 

***P < .001 by one-way ANOVA and Dunnett’s test.
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Figure 6. 
Transcriptomic changes orchestrated by DHPS in CECs. (A) RNA extracted from CECs 

from Dhpsfl/fl and DhpsΔepi (n = 3 mice per group) was sequenced, and the volcano plot 

corresponding to the DEGs in DhpsΔepi mice compared to Dhpsfl/fl animals was generated 

using R; red dots correspond to genes significantly (P < .05) up- or downregulated by 2–fold 

or more. All the genes are provided in Supplementary Table 4. (B) Pathway analysis of 

DEGs by GSEA; the complete list of pathways is shown in Supplementary Table 5.
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Figure 7. 
Levels and role of reactive aldehydes associated with Dhps deletion. (A-B) The levels of 

isoLG-lysyl adducts in the colon of Dhpsfl/fl and DhpsΔepi mice (n = 2–3 per group), treated 

or not with DSS or AOM, was assessed by immunostaining with D11 Ab and the images 

presented are representative of 2–3 mice/group. (A); the quantification of cells with positive 

staining for isoLG-lysyl adducts in the nucleus is shown in B. Each dot represents a crypt; 

*P < .05, **P < .01, ***P < .001, and ****P < .0001 by one-way ANOVA and Tukey test. 

(C-F) DhpsΔepi mice were given 2% DSS (n = 15) or DSS ± EtHOBA (n = 19). Survival 

was assessed by Kaplan-Meier curves and the P value was calculated by the Log-rank test 

(C); only the female mice died in this experiment. The weight and length of the colons 

of DhpsΔepi mice + DSS ± EtHOBA were measured and expressed as a ratio (D). H&E 

staining (E) was used to score histologic injury in male mice (F). *P < .05 by Student’s t 
test. Dhpsfl/fl treated with 2% DSS did not develop significant increase in histologic injury 

score compared to control animals, and EtHOBA had no significant effect on these mice. In 

A and E, the scale bars represent 50 μm.
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