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Deoxyhypusine synthase mutations alter the post-translational
modification of eukaryotic initiation factor 5A resulting
in impaired human and mouse neural homeostasis
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Summary
DHPS deficiency is a rare genetic disease caused by biallelic hypomorphic variants in theDeoxyhypusine synthase (DHPS) gene. The DHPS

enzyme functions in mRNA translation by catalyzing the post-translational modification, and therefore activation, of eukaryotic initi-

ation factor 5A (eIF5A). The observed clinical outcomes associated with human mutations in DHPS include developmental delay, intel-

lectual disability, and seizures. Therefore, to increase our understanding of this rare disease, it is critical to determine the mechanisms by

which mutations in DHPS alter neurodevelopment. In this study, we have generated patient-derived lymphoblast cell lines and demon-

strated that humanDHPS variants alter DHPS protein abundance and impair enzyme function.Moreover, we observe a shift in the abun-

dance of the post-translationally modified forms of eIF5A; specifically, an increase in the nuclear localized acetylated form (eIF5AAcK47)

and concomitant decrease in the cytoplasmic localized hypusinated form (eIF5AHYP). Generation and characterization of amousemodel

with a genetic deletion ofDhps in the brain at birth shows that loss of hypusine biosynthesis impacts neuronal function due to impaired

eIF5AHYP-dependent mRNA translation; this translation defect results in altered expression of proteins required for proper neuronal

development and function. This study reveals new insight into the biological consequences andmolecular impact of human DHPS defi-

ciency and provides valuable information toward the goal of developing treatment strategies for this rare disease.
Introduction

Deoxyhypusine synthase (DHPS) deficiency is a rare, auto-

somal recessive disorder characterized by biallelic patho-

genic variants in the DHPS gene that are associated with

neurodevelopmental issues including seizures, develop-

mental delay/intellectual disability, and hypotonia.1

To date, five affected individuals from four unrelated fam-

ilies have been identified. All of these affected individuals

share one DHPS variant, a missense variant (c.518A>G

[p.Asn173Ser]), in trans with a second DHPS variant that

is either a splice site variant (c.1014þ1G>A), an in-frame

deletion (c.912_917_delTTACAT [p.Tyr305_Ile306del]), or

a nucleotide change that disrupts the initiation codon

(c.1A>G [p.Met1?]). The splice site and initiation codon

variants are predicted to disrupt proper DHPS protein syn-

thesis and thus enzyme activity.1 Moreover, previous

studies determined that theDHPS in-frame deletion results

in an inactive enzyme, and the missense p.N173S variant

causes a significant reduction in enzyme activity (approxi-

mately 18%–25% of normal).1 These data, in combination

with a shared clinical phenotype, support the clinical con-

dition now called DHPS deficiency.1 The discovery that hu-

man DHPS mutations have severe clinical consequences
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on human health supports the need to identify the biolog-

ical pathways downstream of DHPS.

DHPS is an enzyme that biologically connects polyamine

metabolismwithhypusinebiosynthesis, twopathways that

are essential for life.2–4 Polyamines are involved in many

cellular functions related to growth and proliferation,5–7

and hypusine biosynthesis is critical for mRNA transla-

tion.8–13 DHPS bridges these two pathways by using the

polyamine spermidine to catalyze the first step in the

biosynthesis of hypusine, a post-translationally modified

lysine found exclusively at position 50 in eukaryotic initia-

tion factor 5A (eIF5A). Hypusine biosynthesis is a two-step

reaction that first requires DHPS to catalyze production of

the deoxyhypusine residue, and this intermediate is then

hydroxylated by deoxyhypusine hydroxylase to form the

hypusine residue.14,15 The hypusinated form of eIF5A (eI-

F5AHYP) was first identified as an mRNA translation initia-

tion factor16,17; however, more recent studies suggest a

functional role also in translation elongation and termina-

tion.10–12 Given that DHPS uses the polyamine spermidine

for the formation of hypusine, it is plausible that altered

DHPS enzyme activity could indirectly impact spermidine

levels and thus initiate a polyamine imbalance. Regulation

of polyamine levels is critical as they function in numerous
ent of Biology, Indiana University Purdue University Indianapolis, Indian-

ell Park Comprehensive Cancer Center, Buffalo, NY 14203, USA; 4Sidney

Medicine, Baltimore, MD 21231, USA; 5National Institute of Dental and

40, USA; 6Departments of Pediatrics and Medicine, Columbia University,

ogy, Indiana University School of Medicine, Indianapolis, IN 46202, USA;

dicine, Indianapolis, IN 46202, USA

man Genetics and Genomics Advances 4, 100206, July 13, 2023 1

icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:tmastrac@iu.edu
https://doi.org/10.1016/j.xhgg.2023.100206
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xhgg.2023.100206&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


cellular pathways including ion channel regulation, chro-

matin structure, andmicrotubule formation.18,19 Similarly,

propermaintenance of the hypusine biosynthesis pathway

isneeded in thecell as it functions inmRNAtranslationand,

if disrupted, can result in catastrophic effects. In particular,

whole-body genetic deletion of Dhps or Eif5a is embryonic

lethal in mice,2,3,20 and conditional deletion of Dhps in

the mouse has been reported to directly disrupt mRNA

translation in both the pancreas and brain.13,21,22 Whereas

genetic studies demonstrate the essential function of

DHPS in the null setting, the cellular consequences of

reduced DHPS abundance or impaired DHPS activity in

mouse models and human disease were until recently

unknown.

The most severe clinical characteristics documented for

patients with DHPS deficiency relate to brain development

and function.1 Interestingly, DHPS and eIF5AHYP have

been shown in vitro to be critical for neurite outgrowth

and survival of PC12 cells as well as mammalian brain neu-

rons.23 Moreover, a study by Kar et al.22 generated mouse

models of Dhps or Eif5a genetic deletion in specific brain

regions and observed impaired growth, viability, neurode-

velopment, and cognitive functions. In general, whole-

body and cell-specific mouse models of Dhps loss reveal se-

vere outcomes on the growth of organs2,3,13,21,22; however,

the clinical manifestation of human DHPS mutations (as

observed in DHPS deficiency) is less severe with respect

to growth but demonstrates a greater impact on cellular

function. Therefore, there is a gap in our understanding

of the functional outcomes related to reduced DHPS activ-

ity compared with complete genetic loss of Dhps. To begin

to resolve the neurological, developmental, and metabolic

outcomes associated with human DHPS deficiency, it is

necessary to first determine the biological consequences

of heterozygous and biallelic DHPS mutations on cellular

pathways related to growth.

In this study, we present the first characterization of

lymphoblast cell lines (LCLs) derived from individuals

with DHPS deficiency and their clinically unaffected fam-

ily members (DHPS mutation carriers). Using these pa-

tient-derived LCLs, we evaluated the effect of DHPS muta-

tions on protein and gene expression. Moreover, we

performed high-performance liquid chromatography

(HPLC) to determine the effect of DHPS mutations on

cellular polyamine balance as well as two-dimensional

(2D) gel electrophoresis to determine changes in abun-

dance of the hypusinated and acetylated forms of eIF5A.

To identify the biologically relevant molecular signatures

associated with the pathogenesis of DHPS deficiency, we

generated a brain-specific deletion of Dhps in mouse and

performed ribosome profiling and quantitative mass spec-

trometry to determine the impact of DHPS loss on mRNA

translation and protein synthesis in the brain. This study

reveals new insight into the biological consequences and

molecular impacts of human DHPS deficiency and pro-

vides valuable information toward the goal of developing

treatment strategies for this understudied, rare disease.
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Materials and methods

Cell culture
LCLs were generated from three unrelated individuals with bial-

lelic DHPS mutations (clinically affected), five of their relatives

with heterozygous DHPS mutations (clinically unaffected) and

two unrelated controls (no identified DHPS mutations). In brief,

10 mL of peripheral blood was mixed with 10 mL of phosphate-

buffered saline (PBS) followed by the careful underlay of 10 mL

of Ficoll-PaquePLUS (Pharmacia Biotech). The samples were

centrifuged at 400 3 g for 30 min at room temperature. The inter-

phase containing the peripheral blood lymphocytes was collected

and washed two times with 40 mL of PBS and centrifuged each

time at 100 rcf for 10 min. The cells were counted using a hemacy-

tometer and 3–5 3 106 cells were pelleted at 100 rcf. The pelleted

cells were resuspended in 3 mL of EBV supernatant and incubated

in the upright position overnight at 37�C, 5% CO2. After 24 h,

7 mL of transformation medium (RPMI 1640 þ 20% FBS þ
200 ng/mL cyclosporin) was added, and the cells were maintained

for approximately 2–5 weeks or until transformation was

achieved. The cell lines were expanded and frozen down for

future use.

Upon thawing cell stocks, the transformed LCLs were main-

tained at 37�C, 5% CO2 in IMDM (Gibco, no. 12440-053) supple-

mented with 15% FBS (Gibco, no. 26140-079), 1% penicillin-

streptomycin (Gibco, no. 1510-122), 4 mM L-glutamine (Gibco,

no. 25030-081), 1% amphotericin B (Sigma, A2942), 1% nystatin

suspension (Sigma, no. N1638), and 100 mg/mL normocin

(InvivoGen, ant-nr-1). Cells were maintained at a concentration

between 6 3 105 and 1.5 3 106 cells/mL. For all experimental

studies, cells were collected at three separate passages with a

similar concentration of 1–1.5 3 106 cells/mL.

HEK293T cells (ATCC, no. CRL-3216) were cultured in Dulbec-

co’s modified Eagle’s medium (DMEM) supplemented with 10%

HyClone FBS (Thermo Fisher Scientific, SH3091003), 1% peni-

cillin/streptomycin, and 2 mM L-glutamine.
Protein extraction and western blot analysis
For LCL protein analysis, approximately 10 million cells were

lysed in 500 mL of buffer containing 50 mM Tris (pH 8.0),

150 mM NaCl, 0.05% deoxycholate, 0.1% IGEPAL CA-630, 0.1%

SDS, 0.2% sarcosyl, 10% glycerol, 1 mM DTT, 1 mM EDTA,

10 mM NaF, protease inhibitors (Roche, no. 11836170001), phos-

phatase inhibitors (Roche, no. 4906845001), 2 mM MgCl2, and

0.05% (v/v) Benzonase (Millipore) and subjected to intermittent

vortexing to facilitate protein extraction. Protein was quantified

using the DC Protein Assay Kit II (Bio-Rad, no. 5000112) followed

by SDS-PAGE (4%–20% gel). Separated protein (20 mg) was trans-

ferred to PVDF membranes and blocked in Odyssey Blocking

Buffer (LI-COR Biosciences, no. 927-40100) at room temperature

for 1 h. Membranes were incubated with REVERT (LI-COR Biosci-

ences, no. 926-11016) to permit visualization of total protein. Sub-

sequent incubation with primary antibodies diluted in Intercept

Blocking Buffer (LI-COR Biosciences, no. 927-70001) was per-

formed overnight at 4�C. Membranes were washed three times

with TBST buffer prior to incubation with near infrared, fluores-

cent dye-conjugated secondary antibodies at room temperature

for 1 h. Following three washes with TBST buffer, the membranes

were imaged using an Odyssey CLx Imaging System and images

were analyzed using the CLx Image Studio v.5.2 software (LI-

COR Biosciences).



The following primary antibodies were used at the dilutions

indicated: mouse anti-deoxyhypusine synthase (1:2,000, Santa

Cruz, no. sc-365077), rabbit anti-b-tubulin (1:2,000, Cell Signaling

Technology, no. 2146S), mouse anti-eIF5A (1:2,000, BD Biosci-

ences, no. 611977), rabbit anti-acetylated eIF5A (eIF5AAcK47)

(1:2,000; Boster Bio, no. P01727), and rabbit anti-hypusinated

eIF5A (eIF5AHYP) (1:2,000, Maier et al.24), chicken anti-GFP

(1:2,000, Aves Labs, no. GFP-1020), and goat anti-HA (1:2,000, No-

vus Technologies, no. NB600362). Densitometric data are graphed

as relative expression, and statistical significance was determined

using a one-way ANOVA (Prism 9, GraphPad).
Protein stability assays
For initial assessment of DHPS stability, we created GFP fusion con-

structs expressing either wild-type DHPS (GFPDHPS) or DHPS con-

taining the deletion mutation (Y305_I306 DHPS; GFPDEL). Using

the previously described wild-type (DHPS) and DHPS-deletion

(DEL) constructs as DNA templates,1 we amplified the correspond-

ing DHPS or DEL sequences starting with the start codon through

the stop codon using the DHPS-GFP-forward: 50-CGAATTCTG

CAGTCGACATGGAAGGTTCCCTGGAACG-30 and DHPS-GFP-

reverse: 50-GATCCGGTGGATCCCTCAGTCCTCGTTCTTCTCATG

CATGA-30 primers. These amplicons were inserted into the pEGFP-

C1 plasmid1 at the AccI and SmaI sites using the In-FusionHD clon-

ing kit (Takara Bio). The open reading frame for each construct was

Sanger sequenced using the following primers: 50-CGACCACTAC

CAGCAGAACA-30 and 50-AGCACAACATGGTGGACGTA-3’.

HEK293T cells were grown to 60%–70% confluency (�300,000

cells/well, 6-well plate) and transiently transfected using Lipofect-

amine 3000 (Invitrogen, no. L3000008) with 500 ng of GFP or

HA-tagged DHPS DNA constructs (GFPDHPS, HADHPS, GFPDEL, or
HADEL; previously published in Ganapathi et al.1). At 24 h after

transfection, cells were washed with PBS and incubated with

200 mL of lysis buffer on ice. Western blot analysis was performed

as described above.

To assess protein stability over time, GFPDHPS and GFPDEL con-

structs (100 ng) were transiently transfected into HEK293T cells

as described above. At 18 h post-transfection, cells were treated

with the proteasome inhibitor MG132 (5 mM) followed by treat-

ment with cyclohexamide (CHX) (20 mg/mL) at various times

(0, 0.5, 1, 2, 4, and 6 h). At 24 h, cells were lysed and subjected

to western blot analysis. Densitometric data are shown as percent

over time and statistical significance was determined using a two-

way ANOVA (Prism 9, GraphPad).
Quantitative RT-PCR
For each human-derived LCL, total RNAwas isolated from approx-

imately 10 million cells using the RNeasy Plus Mini Kit (QIAGEN,

no. 74134). An on-column DNaseI treatment was performed to

eliminate any possible DNA contamination. High RNA quality

was confirmed using the TapeStation System (Agilent). For qRT-

PCR analysis, RNA was converted to cDNA using the SuperScript

VILO Master Mix (Thermo Scientific, cat no. 11755050) and

then subjected to Real-Time PCR using a Quantstudio3 real-time

PCR machine (Thermo Fisher Scientific), PowerUp SYBR Green

Master Mix (Thermo Fisher Scientific, no. A25742), and oligonu-

cleotide primers specific to human DHPS (DHPS-forward: 50-GGA

GAACGGGATCAATAGGA-30, DHPS-reverse: 50- TCATCTTAGAAG

GCGTCCAC-30) and b-tubulin (beta-tubulin-forward: 50- CTACCT
CCCTCACTCAGCT-30, beta-tubulin-reverse: 50- CAGAGTCAGGG

GTGTTCAT-30) as a control. Transcript abundance was calculated
Hu
(D/DCT) and statistical significance was determined using a one-

way ANOVA (Prism 9, GraphPad).
2D gel analysis
Sample preparationwas adapted fromprevious publications.25–27 In

brief, approximately 10millioncellswere collected fromeachLCL to

be analyzed, washed with PBS, lysed in 2-D cell lysis buffer (Applied

Biomics) and quantified for protein concentration (Bio-Rad). Con-

trol and experimental samples were labeled with either Cy3 or Cy5

dyes. Foreachsample,30mgofproteinwasmixedwith1mLofdiluted

CyDye; the labeling reaction was stopped by adding 1mL of 10mM

lysine to each sample. The labeled samples weremixed together and

separated by IEF (pH 3–10) (GE Healthcare) followed by SDS-PAGE

gels (12% at 15�C) (Bio-Rad). Gel images were scanned using

Typhoon TRIO (GE Healthcare) and analyzed by Image Quant soft-

ware v.6.0 (GE Healthcare), followed by cross-gel analysis using De-

Cyder software v.6.5 (GE Healthcare). Spot locations for all forms

of eIF5A were subsequently identified by western blot using an

eIF5Aantibody (BDBiosciences,no.611977) that recognizesall three

forms: eIF5AhypusinatedatK50 (eIF5AHYP), eIF5Aunhypusinatedat

lysine 50 (eIF5AK50), and eIF5A unhypusinated at K50 but acetylated

at lysine 47 (eIF5AK50/AcK47). Densitometric analysis of eIF5AHYP, eI-

F5AK50, and eIF5AK50/AcK47 was performed using Image Studio soft-

ware (LI-COR Biosciences). The quantified amount of each form of

eIF5A was presented as a percentage of the total of all forms of

eIF5A (eIF5AHYP þ eIF5AK50 þ eIF5AK50/AcK47).
Polyamine analysis
For each human-derived LCL, approximately 10 million cells were

collected, washed with PBS, lysed, and then measured for the con-

centration of intracellular polyamines using the pre-column deriv-

atization, reverse-phase HPLC methods described previously.28

The polyamines putrescine, spermidine, and spermine were

measured. The data are represented in two ways: (1) the quantity

of each polyamine shown as a proportion (%) of the total amount

of all three polyamines and (2) quantity (nmol) of each polyamine

per mg of protein. Statistical significance was determined using a

one-way ANOVA (Prism 9, GraphPad).
Animal studies
Animals were maintained under a protocol approved by both the

Indiana University School of Medicine and Indiana University-

Purdue University-Indianapolis (IUPUI) School of Science Institu-

tional Animal Care and Use Committees. Mice containing both

the DhpsloxP allele (B6.Cg-Dhpstm1.1Mirm/J)21 and R26RTomato re-

porter allele (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J)29 were

maintained on an outbred, mixed background. Timed matings

were established; noon on the day of appearance of a vaginal

plug was considered embryonic day 0.5. On postnatal day 0 (P0)

(the day of birth), all pups in a litter were anesthetized and then

subjected to intraventricular injection with 4 mL of self-comple-

mentary adeno-associated virus 2/9 (scAAV2/9), with a CMV (cyto-

megalovirus) promoter driving the expression of Cre recombinase

(scAAV2/9-CMV-Cre; 9.6eþ12 vg/mL; University of Iowa Viral

Vector Core, no. AAV3558) combined with 1 mL of trypan blue

(Thermo Fisher Scientific, no. 12-250-061). The injected virus

will migrate immediately and within 24 h spread throughout

the ventricle. The virus can infect any cell in the brain. In the cells

where Cre recombinase becomes expressed (viral infected cells),

Dhps will be genetically deleted if the DhpsloxP allele(s) are present

in that animal. In addition, in the Cre-expressing cells, the
man Genetics and Genomics Advances 4, 100206, July 13, 2023 3



R26RTomato reporter will also be expressed. Therefore, expression of

Tomato fluorescence is used as a marker of Cre-expressing cells as

well as a reporter for Dhps deletion.

Following intraventricular injection, animals were tattooed

(Thermo Fisher Scientific, no. NC9665212) for identification and

genotyped by PCR using primers described previously.21,29 At

weaning (age 3 weeks), animal weight and blood glucose levels

were measured using a digital scale (Thermo Fisher Scientific),

and AlphaTrak2 glucose monitor and test strips (Thermo Fisher

Scientific), respectively. Animal weight and viability were then fol-

lowed weekly through to 6 weeks of age. Adult mouse brain tissue

was dissected; whole-mount images were acquired using a Leica

M205 fluorescent dissecting microscope to confirm Tomato

expression (from the R26RTomato) and thus Cre activity. Brain tissue

was also processed for western blot analysis, as described above, to

confirm Dhps knockdown. Moreover, additional whole brains

were harvested, fixed using 4% paraformaldehyde (Acros Or-

ganics), cryo-preserved in 30% sucrose (Thermo Fisher Scientific),

embedded in OCT (Thermo Fisher Scientific), and sectioned

(15 mm, coronal) using a CM1950 Cryostat (Leica). Sections were

stained with the nuclear marker DAPI (1:1,000, Sigma) and tile

scanned at 103 magnification on a C2 confocal microscope (Ni-

kon) to identify the endogenous tomato-expressing cells. Image

analysis was performed using QuPath software v.0.4.1.30 Cell

detection used the default parameters for the 405 channel

(DAPI) and a cell expansion value of 10 mm. An object filter was

then set to identify cells in the dTomato channel (R26RTomato re-

porter); the measurement was set as ‘‘cell:dTomato mean’’ with a

threshold of 350. All cells above the threshold were designated

positive (Tomato expressing) and graphed as the percentage of

the total number of detected cells (DAPI).
Ribosome profiling
Ribosome profiling experiments were performed as described pre-

viously.13,31 In brief, cell lysate frommouse brain tissue was passed

through a 10%–50% sucrose gradient and fractionated using a pis-

ton gradient fractionator (BioComp Instruments). Absorbance at

254 nm was recorded using an in-line UV monitor (BioComp In-

struments). Polyribosome to monoribosome (P/M) ratios were

determined by calculating the area under the curve corresponding

to the polyribosome peaks (more than two ribosomes) divided by

the area under the curve for the monoribosome (80S) peak.
TMT labeling and mass spectrometry
Wholemousebraintissue from3-week-oldwild-typeandDhpsloxP/loxP

animals injectedwith scAAV2/9-CMV-Cre at birth was dissected and

processed for analysis bymass spectrometry. Brain tissues were lysed

in 8 M urea (CHEBI: 16199), 100 mM Tris-HCl (pH 8.5) (CHEBI:

975446756, Sigma-Aldrich cat. no. 10812846001) by sonication in

1.5mLMicroTubes (TPXPlastic for Sonication fromDiagende) using

a Bioruptor sonication system (Diagenode, no. B01020001) with 30

s/30 son/off cycles for 15min inawaterbathat4ºC.After subsequent

centrifugation at 14,000 rcf for 20 min, protein concentrations were

determined by Bradford protein assay (Bio-Rad, no. 5000006). The

global proteomics workflow used 25 mg equivalent of protein from

each sample. Proteins were reduced with 5 mM tris(2-carboxyethyl)

phosphine hydrochloride (Sigma-Aldrich, no. C4706) for 30 min at

room temperature and the resulting free cysteine thiols were alky-

lated with 10 mM chloroacetamide (Sigma Aldrich, no. C0267) for

30 min at room temperature in the dark. Samples were diluted with

50 mM Tris-HCl (pH 8.5) to a final urea concentration of 2 M for
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Trypsin/Lys-C-based overnight protein digestion at 37�C (1:70 pro-

tease:substrate ratio,mass spectrometry grade, Promega, no. V5072).

Digestions were acidified with trifluoroacetic acid (TFA) (0.5%

v/v) and desalted on Sep-Pak Vac cartridges (Waters, no.

WAT054955) with a wash of 1 mL 0.1% TFA followed by elution

in 70% acetonitrile and 0.1% formic acid (FA). Peptides for the

global experiments were dried by speed vacuum and resuspended

in 24 mL of 50 mM triethylammonium bicarbonate. Peptide con-

centrations were checked by PierceQuantitative colorimetric assay

(cat. no. 23275). The same amount of peptide from each sample

was then labeled for 2 h at room temperature, with 0.2mg of a tan-

dem mass tag (TMT) reagent (Thermo Fisher Scientific, TMT

Isobaric Label Reagent Set, no. 90110). Labeling reactions were

quenched by adding 0.2% hydroxylamine final v/v to the reaction

mixtures at room temperature for 15 min. Labeled peptides were

then mixed and dried by speed vacuum.

For high pH basic fractionation, peptides were reconstituted in

0.1%trifluoroacetic acid and fractionated onSep-PakVac cartridges

using methodology and reagents from Pierce High pH reversed-

phase peptide fractionation kit (eight fractions for each peptide

mixture; Thermo Fisher Scientific, no. A32993).

Nano-LC-MS/MS analyses were performed on an EASY-nLC HPLC

system (SCR: 014993, Thermo Fisher Scientific) coupled to an Orbi-

trap Lumos Tribrid mass spectrometer (Thermo Fisher Scientific).

One-eighth of each global peptide fraction was loaded onto a

reversed-phase EasySpray C18 column (2 mm, 100 Å, 75 mm 3

25 cm, Thermo Scientific, no. ES902A) at 400 nL/min. Peptides

were eluted from 4% to 30% with mobile phase B (mobile phases A:

0.1% FA, water; B: 0.1% FA, 80% acetonitrile) (Thermo Fisher Scienti-

fic, no. LS122500) over 160min, 30%–80%B over 10min; and drop-

ping from80%to10%Bover thefinal 10min.Themass spectrometer

was operated in positive ion mode with a 4 s cycle time data-depen-

dent acquisition method with advanced peak determination and

Easy-IC (internal calibrant). Precursor scans (m/z 400–1,750) were

donewith anOrbitrap resolutionof 120,000, RF lens%30,maximum

inject time 50 ms, standard AGC target, MS2 intensity threshold of

2.5e-4, including charges of 2–7 for fragmentationwith 30 s dynamic

exclusion. MS2 scans were performed with a quadrupole isolation

window of 0.7m/z, 38% HCD CE, 50,000 resolution, 200% normal-

ized AGC target, dynamic maximum IT fixed first mass of 100m/z.

Resulting RAW files were analyzed in Proteome Discover 2.2

(Thermo Fisher Scientific, RRID: SCR_014477) with a Mus muscu-

lus UniProt FASTA (both reviewed and unreviewed sequences

downloaded 01_09_2017) as required by the experiment, plus

common contaminants. Quantification methods utilized isotopic

impurity levels available from Thermo Fisher Scientific. SEQUEST

HT searches were conducted with a maximum number of three

missed cleavages; precursor mass tolerance of 10 ppm; and a frag-

ment mass tolerance of 0.02 Da. Static modifications used for the

search were (1) carbamidomethylation on cysteine (C) residues, (2)

TMT label on lysine (K) residues, and (3) TMT label on the N

termini of peptides. Dynamic modifications used for the search

were oxidation of methionines, acetylation, Met-loss, or Met-loss

plus acetylation of protein of N termini. Percolator false discovery

rate was set to a strict setting of 0.01 and a relaxed setting of 0.05.

In the consensus workflows, unique and razor peptides were used,

and samples were normalized by total peptide amount. Protein

abundance-based protein ratio calculations were done with an

ANOVA (individual proteins) hypothesis test. Resulting normal-

ized abundance values for each sample type, abundance ratio,

and log2(abundance ratio) values; and respective p values from

Proteome Discover were exported to Microsoft Excel. The



accession number for the raw and processed mass spectrometry

data reported in this paper is MassIVE: MSV000092112.

Differential protein analysis
Samples were first assessed via principal-component analysis

(PCA).32 To visualize these data, we utilized the ‘‘PCAtools’’ pack-

age in R. To assess differential protein expression, we utilized the

‘‘limma’’33 package in R, as described previously.34,35 In short,

limma compares pre-determined groups and produces a moder-

ated t-statistic from the empirical Bayesian procedure, assigning

both a log fold change (logFC) and p value. Differentially ex-

pressed proteins (DEPs) were deemed significant if they had a |

logFC|>1.5, and a p value <0.05. These volcano plots were con-

structed using ‘‘EnhancedVolcano.’’ DEPs were then functionally

enriched utilizing the STRING database,36 to create a network

and also enrich for pathways in which differential proteins

appear.37 The Wikipathways38 plug-in for Cytoscape39 was then

used to integrate and visualize specific functionally enriched path-

ways of interest based on protein level expression. The analysis

was carried out in the R environment (4.0.1) for statistical

computing, which is an open source dialect of the S statistical

computing language.
Results

DHPS protein expression is altered in patient-derived

LCLs from individuals with DHPS deficiency

Human-derived LCLs were created from three unrelated

individuals with DHPS deficiency and their clinically

unaffected heterozygous family members. As we previ-

ously reported, all affected individuals share a heterozy-

gous missense variant (c.518A>G[p.Asn173Ser]; denoted

as DHPSMIS) and either a splice site variant (c.1014þ
1G>A; denoted as DHPSSPLICE), in-frame deletion

(c.912_917_delTTACAT [p.Tyr305_Ile306del]; denoted as

DHPSDEL), or variant disrupting the initiation codon

(c.1A>G [p.Met1?]; denoted as DHPSMET).1 Cell lines

generated and analyzed in this study include those from

affected individuals with the compound DHPSMIS/

DHPSDEL and DHPSMIS/DHPSSPLICE mutations, and unaf-

fected heterozygous mutation carrier family members

(DHPSMIS, DHPSDEL, or DHPSSPLICE); this represents indi-

viduals from three of the previously reported families (Ta-

ble 1).1 We included LCLs from two unrelated, unaffected

individuals as controls (control 1 and control 2; Table 1).

To determine the effect of DHPS mutations on protein

expression levels, western blot analysis for DHPS was per-

formed on the total soluble protein fractions extracted

from the human-derived LCLs. In the LCLs from carriers,

we observed significantly reduced levels of DHPS in the

presence of the DHPSDEL and DHPSSPLICE variants but not

the DHPSMIS variant (Figures 1A and 1B). In LCLs from

the affected individuals, significantly reduced DHPS was

observed in the presence of DHPSMIS/DHPSDEL but not

DHPSMIS/DHPSSPLICE (Figures 1A and 1B). Interestingly,

when the western blot membrane was subjected to a

longer exposure time, we visualized DHPS protein of

reduced size in the LCLs expressing the DHPSSPLICE variant
Hu
(Figure 1A, arrows), which is consistent with our previous

report that the DHPSSPLICE mutation would alter splicing

and possibly result in a truncated DHPS protein.1

To better understand the relative effects of each mutation

on DHPS protein expression, we compared DHPS

protein expression from cells of related family members

(Figure 1C). Across all families, the cells from individuals het-

erozygous for theDHPSMIS variant showedno significant dif-

ference in DHPS abundance compared with control cells. In

family 1, DHPS protein abundance in the DHPSSPLICE carrier

was significantly decreased compared with both the control

cells and the cells from the DHPSMIS/DHPSSPLICE-affected in-

dividual. In family 2, the DHPSMIS/DHPSDEL cells showed a

significantly reduced DHPS abundance compared with

control, and the level of DHPS was intermediate between

the levels observed in the DHPSDEL carrier cells and the

DHPSMIS carrier cells. In family 3 there was no significant dif-

ference between the DHPS protein abundance from the

DHPSMIS variant cells compared with the DHPSMIS/

DHPSSPLICEaffected individual cells.Altogether, themostdra-

matic reduction in the abundance of DHPS protein was not

observed in the affected individuals, reflecting that these an-

alyses measure total protein and not total functional protein.

To determine if changes in protein expression result

from changes in gene expression, we measured DHPS tran-

script abundance by quantitative real-time PCR. The re-

sults were grouped by family to permit comparison be-

tween related individuals as well as with changes in

protein expression. Across all families, no significant differ-

ence was observed in the abundance of DHPS transcript

(Figure 1D). Taken together, these data suggest that

changes in DHPS protein expression do not result from

reduced levels of DHPS transcript.

Given that DHPS uses the polyamine spermidine for the

formation of hypusine, it is plausible that altered DHPS

could indirectly impact spermidine levels and, thus, initiate

a polyamine imbalance. With respect to polyamine biosyn-

thesis, putrescine is processed to become spermidine,which

can be subsequently processed into the polyamine sper-

mine. To provide a complete picture of polyamine abun-

dance in our LCLs, we used HPLC to measure all three of

these polyamines and observed no significant difference in

the quantity of putrescine, spermidine, or spermine in cells

from controls, carriers, or affected individuals (Figure S1).

These data suggest that the polyamine cofactor, spermidine,

required for thehypusinationof eIF5Awouldnotbe limiting

in LCLs harboring DHPS mutations. Moreover, we can

conclude that reducing DHPS function does not cause an

accumulation of polyamines, including spermidine.

Loss of Tyr305 and Ile306 (DHPSDEL) results in DHPS

protein degradation and reduced enzyme activity

The western blot analyses identified that the DHPSDEL re-

sulted in the greatest reduction inDHPSprotein expression,

without change in gene expression. In line with these data,

using our in vitro overexpression system to drive expression

of individual DHPS variants, we consistently observed a
man Genetics and Genomics Advances 4, 100206, July 13, 2023 5



Table 1. Summary of lymphoblast cell lines generated from individuals with DHPS deficiency, related DHPS mutation carriers, and
unrelated controls

Group Individual DHPS mutation(s) Designation

Control 1 no known DHPS mutations control 1

2 no known DHPS mutations control 2

Family 1 1 c.1014þ1G>A DHPS-SPLICE

2 c.1014þ1G>A DHPS-SPLICE

3 c.518A>G[p.Asn173Ser] and c.1014þ1G>A DHPS-MIS/DHPS-SPLICE

Family 2 1 c.912_917_delTTACAT [p.Tyr305_Ile306del] DHPS-DEL

2 c.518A>G[p.Asn173Ser] DHPS-MIS

3 c.518A>G[p.Asn173Ser] and
c.912_917_delTTACAT [p.Tyr305_Ile306del]

DHPS-MIS/DHPS-DEL

Family 3 1 c.518A>G[p.Asn173Ser] DHPS-MIS

2 c.518A>G[p.Asn173Ser] and c.1014þ1G>A DHPS-MIS/DHPS-SPLICE
decrease in DHPS protein expression when overexpressing

the GFP-tagged deletion-containing DHPS variant

construct (GFPDEL) as compared with the wild-type DHPS

(GFPDHPS) construct (equal amounts of DNA were trans-

fected) (Figure 2A). These observations were independently

confirmed using the HA-tagged deletion-containing

DHPS variant construct (HADEL compared with HADHPS)

(Figure 2B). These data suggest that the loss of amino acids

Tyr305 and Ile306 in the DHPSDEL variant causes decreased

DHPS enzyme abundance. We speculated that the loss

of these two amino acids (Tyr305 and Ile306) in the

DHPSDEL variantmay result inprotein instability anddegra-

dation, thus resulting in decreased enzyme activity and

reduced generation of eIF5AHYP.

To explore the possibility that the DHPSDEL variant con-

tributes to DHPS protein degradation in mammalian cells,

we performed a CHX chase assay. For this experiment,

HEK293T cells were transiently transfected with con-

structs expressing GFP-tagged wild-type DHPS or

deletion-containing DHPS (denoted as GFPDHPS or
GFPDEL, respectively) and treated with the protein synthe-

sis inhibitor CHX at various time points (0, 0.5, 1, 2, 4,

and 6 h) to determine protein half-life. At 24 h post-trans-

fection, cells were lysed and DHPS protein levels were

measured by western blot analysis. These data identified

that the GFPDEL half-life was significantly shorter than

the GFPDHPS half-life (Figures 2C and 2D). Furthermore,

addition of the proteasome inhibitor MG132 restored
GFPDEL protein levels (Figures 2E and 2F). These data

confirm that the loss of amino acids Tyr305 and Ile306

in the DHPSDEL variant causes protein instability and

degradation.

Mutations in DHPS alter the post-translational

modification of eIF5A in human patient-derived LCLs

Our in vitro overexpression data (Figure 2) and previously

published findings1 demonstrate that mutations in DHPS

impact enzymatic activity thus causing a reduction in the

amount of hypusinated eIF5A. To determine whether these
6 Human Genetics and Genomics Advances 4, 100206, July 13, 2023
findings translate to the human disease setting, we analyzed

the patient-derived LCLs by western blot for eIF5AHYP abun-

dance. The LCLs from carriers showed no significant differ-

ence in protein abundance of eIF5AHYP or total eIF5A

compared with unrelated controls (Figures 3A and 3B).

In the LCLs from affected individuals, the ratio of eIF5AHYP/

total eIF5A was not significantly different (Figures 3A and

3B).We speculated thatwesternblot analysismaynot be sen-

sitive enough to resolve changes in abundance of different

forms of eIF5A from the LCL lysates. Therefore, we used 2D

gel electrophoresis to better visualize changes in eIF5AHYP

in LCLs. This technique can identify three forms of eIF5A:

eIF5A hypusinated at K50 (eIF5AHYP), eIF5A unhypusinated

at lysine 50 (eIF5AK50), and eIF5A unhypusinated at K50

but acetylated at lysine 47 (eIF5AK50/AcK47) (Figure 3C).Using

2D gel electrophoresis, the abundance of each form of eIF5A

was visualized from the LCLs of affected individuals in each

family and controls. The gels showed a shift in the pattern

of expression for the affected individuals compared with

controls. In particular, cells carrying two mutations in

DHPS showed a greater visual abundance of the acetylated

form of eIF5A (eIF5AK50/AcK47) compared with controls

that showed nearly absent expression of eIF5AK50/AcK47

(Figures 3D and S2). Quantification of each form of eIF5A,

relative to the total of all forms, confirmed the increase in eI-

F5AK50/AcK47 as well as identified a decrease in eIF5AHYP and

eIF5AK50 in cells from the affected individuals compared

with controls (Figure 3E).Our data are in linewith previously

published results, which identified that impaired hypusina-

tion results in a decrease in the hypusinated form and an in-

crease in the acetylated form of eIF5A.40 Furthermore, this

suggests that biallelic variants in DHPS result in a shift in

the abundance of the post-translationally modified forms

of eIF5A, such that there is an increase in the acetylated

form, which is sequestered in the nucleus, and a resultant

decrease in the hypusinated form that is localized and func-

tions in the cytoplasm. Therefore, simply measuring the

abundance of eIF5AHYP alone may not provide a complete

understanding of the impact on DHPS enzymatic activity.



Figure 1. Analysis of DHPS in patient-derived LCLs
(A) Representative western blot analysis of LCLs from control, carrier, and affected individuals with DHPS deficiency to measure the
abundance of DHPS and total protein (as visualized by REVERT). Additional DHPS isoforms are visualized in all cell lines with the
DHPSSPL mutation. DHPS isoforms are marked by black arrowheads. Molecular marker notations are in kDa.
(B) Relative protein levels of DHPS normalized to total protein. Data are means 5 SEM, n ¼ 3.
(C) Relative protein levels of DHPS normalized to total protein and grouped by family (family 1, 2, and 3) to permit comparison of DHPS
abundance in cell lines from related individuals.
(D) Relative mRNA expression of DHPS in each cell line. Data grouped by family to permit comparison between related individuals and
with DHPS protein expression. Data are means 5 SEM, n ¼ 3; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Rather determining the relative amounts of each modified

formofeIF5Aprovidescritical informationregarding the sub-

cellular location and therefore function of eIF5A.

The absence of DHPS in the brain phenocopies clinical

characteristics of human DHPS deficiency and identifies

cellular changes

Individuals with DHPS deficiency show significant neuro-

logical clinical symptoms including seizures, develop-

mental delay, and altered speech.1 Given this documented
Hu
impact of mutant DHPS on brain function, the known role

of eIF5AHYP in mRNA translation,8–12 and our findings

from patient-derived LCLs that link human DHPS muta-

tions with reduced DHPS abundance and enzyme activity

(Figures 1, 2, and 3), we hypothesized that loss of DHPS

during brain development would impair the translation

of proteins required for proper neuronal function. To test

this hypothesis, we generated a mouse model wherein

Dhps was deleted in the brain at birth. Mice harboring

the Dhps conditional allele (DhpsloxP/loxP; Levasseur
man Genetics and Genomics Advances 4, 100206, July 13, 2023 7



Figure 2. Deletion of amino acids Tyr305 and Ile306 results in decreased DHPS stability
HEK293T cells were transiently transfected with (A) GFP-tagged wild-type DHPS (or DEL) or (B) HA-tagged wild-type DHPS (or DEL)
expression constructs (500 ng). At 24 h post-transfection, DHPS protein expression was assessed by western blot analysis; representative
blots of DHPS, GFP or HA, and b-tubulin are shown. Graphical representations are included of DHPS protein expression levels normal-
ized to the transfected DHPS control (GFPDHPS or HADHPS). Data are means 5 SEM, n ¼ 3; *p < 0.05, ***p < 0.001.
(C) At 18 h post-transfection, cells expressing GFPDHPS or GFPDEL fusion protein were treated with the protein synthesis inhibitor cyclo-
hexamide (CHX) (20 mg/mL) and harvested at the indicated times (h). Representative western blot of DHPS and b-tubulin.
(D) Densitometric data represented as percent over time; data are means 5 SEM, n ¼ 3; *p < 0.05.
(E) CHX chase assay performed with the proteasome inhibitor MG132 (5 mM); a representative western blot is shown.
(F) Densitometric data represented as percent over time; data are means 5 SEM, n ¼ 3; *p < 0.05. For all blots, b-tubulin was used as a
loading control. All molecular marker notations are in kDa.
et al.21) and littermate controls were subjected to intraven-

tricular injection of self-complementary (sc) AAV2/9-CMV-

Cre on P0, to produce a mutant mouse model with loss of

Dhps in the brain from birth. The R26RTomato allele29 was

used to visualize Cre-mediated recombination and showed

significant reporter expression throughout the forebrain

and midbrain (Figures S3A and S3B) and an absence of re-

porter expression in other organs (data not shown). The

analysis of tissue sections from the brains of 3-week-old an-

imals injected at birth with scAAV2/9-CMV-Cre confirmed

that tomato-expressing (and therefore Cre-expressing)

cells compose an average of 78%, 63%, and 65% of

cells in the forebrain, anterior midbrain, and posterior
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midbrain, respectively (Figures S3C–S3G). Tomato-express-

ing cells were not observed in the hindbrain (Figure S3H).

Whole-brain tissue was analyzed by western blot, which

confirmed that scAAV2/9-CMV-Cre injection resulted in a

reduction in DHPS protein expression in the injected

DhpsloxP/þ animals (referred toasDHPSHET),withevengreater

reduction in DHPS in the injected DhpsloxP/loxP animals

(referred to as DHPSKO) compared with injected wild-type

Dhpsþ/þ animals (referred to as DHPSWT) (Figures 4A and

4B). The large decrease in DHPS in the DHPSKO animals

also resulted in a reduction of eIF5AHYP expression

(Figures 4A and 4B). Moreover, in line with the observed

changes in the modified forms of eIF5A in the LCLs by 2D



Figure 3. Analysis of patient-derived LCLs for impact of DHPS mutations on hypusination of eIF5A
(A) Representative western blot analysis of LCLs from control, carrier, and affected individuals with DHPS deficiency to assess abundance
of eIF5AHYP, eIF5ATOTAL, and total protein (as visualized by REVERT). Molecular marker notations are in kDa.
(B) Relative protein levels of eIF5AHYP, eIF5ATOTAL, and the ratio of eIF5AHYP to eIF5ATOTAL normalized to total protein. Data are means5
SEM, n ¼ 3; *p < 0.05.
(C) Schematic diagram of a 2D gel depicting the location of each modified form of eIF5A including hypusinated eIF5A (eIF5AHYP), un-
hypusinated eIF5A (eIF5A-K50), and unhypusinated/acetylated eIF5A (eIF5A-K50/AcK47).
(D) Visualization by 2D gel of the three modified forms of eIF5A expressed in the LCLs from controls and affected individuals with DHPS
deficiency.
(E) Quantification of the abundance of each form of eIF5A visualized by 2D gel; the densitometric data are mean5 SEM and represented
as percent of combined forms of eIF5A.
gel,we observed a significant increase in the acetylated form,

eIF5AAcK47 (Figures 4A and 4B). DHPSWT, DHPSHET, and

DHPSKO animals showed identical growth and viability

from birth to age 3 weeks (Figures S4A and S4B). DHPSWT

and DHPSHET animals received an identical intraventricular

injection and titer of the scAAV2/9-CMV-Cre as DHPSKO an-

imals and displayed normal survival, which also confirmed

that our technicalmethods for generating this animalmodel
Hu
didnot result inviral toxicity (Figure4C). In linewith someof

the features of DHPS deficiency, DHPSKO animals displayed

random seizures, stalled growth, and died before age 6 weeks

(Figures 4C and S4B).

To determine the impact of loss of DHPS in the brain on

mRNA translation, we used ribosome profiling to evaluate

brain tissue from 3-week-old animals. This age was chosen

due to the identical growthandnormalmetabolismobserved
man Genetics and Genomics Advances 4, 100206, July 13, 2023 9



Figure 4. Brain-specific deletion of Dhps results in a shift in the abundance of modified forms of eIF5A and altered mRNA translation
(A) Representative western blot analysis of brain lysates from Dhpsþ/þ (DHPSWT), DhpsloxP/þ (DHPSHET), and DhpsloxP/loxP (DHPSKO) ani-
mals, all injectedwith scAAV2/9-CMV-Cre at birth. Brain tissue from 3-week-old animals was evaluated for expression of DHPS, eIF5AHYP,
eIF5ATOTAL, eIF5AAcK47, and REVERT (total protein). Molecular marker notations are in kDa.
(B) Densitometric data showing relative expression of DHPS, eIF5AHYP/eIF5ATOTAL, and eIF5AAcK47/eIF5ATOTAL from brain lysate in mu-
tants and controls. Data are means 5 SEM, n ¼ 3; *p < 0.05.
(C) The scAAV2/9-CMV-Cre injected DHPSWT (n ¼ 3), DHPSHET (n ¼ 3), and DHPSKO (n ¼ 5) animals were followed for survival and
DHPSKO mutant animals died before age 6 weeks.
(D) Ribosome profiles measured from brain tissue DHPSWT, DHPSHET, and DHPSKO animals. The monoribosome and polyribosome re-
gions are noted.
(E) Quantification of the polyribosome to monoribosome (P/M) area under the curve shows a reduction in the DHPSKO.
in DHPSKO animals compared with DHPSWT and DHPSHET

animals (Figures S4C and S4D). Ribosome profiling uses a su-

crose gradient to separate mRNA-ribosome complexes based

on the number of associated ribosomes. Brain tissue from

3-week-old animals was treated with cycloheximide to stabi-

lize the mRNA-ribosome complexes in situ; this lysate was

then centrifuged through a sucrose gradient to separate the

transcripts based on the rate of sedimentation. The abun-

dance of mRNAs in the monoribosome and polyribosome

fractions was quantified. Compared with brain tissue from

DHPSWTandDHPSHETanimals, ribosome profiles from brain

tissue of DHPSKO animals showed a decrease in the polyribo-

some fractions (Figure 4D). Quantification of the monoribo-

someandpolyribosomeareaunder the curve for each sample

revealed a reduced P/M ratio (Figure 4E).
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An observed decrease in the polyribosome fraction indi-

cates a reduction in the number of mRNA transcripts un-

dergoing translation, suggesting a reduction in protein

synthesis. Therefore, to determine in an unbiased manner

the proteins whose synthesis is altered in the absence of

Dhps in the brain, we used quantitative mass spectrometry

to measure unbiased proteomic changes. Overall, this

analysis detected 4,592 proteins. The comparison of

brain tissue from scAAV2/9-CMV-Cre-injected DHPSWT

controls and DHPSKO mutants identified 116 signifi-

cantly DEPs (p < 0.05; logFC > 1.5), both up- and downre-

gulated (Figure S5). Molecular pathway analysis further

revealed alterations in numerous pathways critical for

neuronal growth and function including those related to

dendrite extension, neurotransmitter synapse, and neuron
3



Figure 5. Differentially abundant proteins critical for neuronal function identified in the absence of Dhps in the brain
(A) Protein set enrichment analysis revealed differentially abundant proteins between the DHPSKO and DHPSWT groups enrich for
neuronal (orange) and secretory (red) pathways, as well as cellular signaling processes (gray), using the STRING database.
(B) A diagrammatic representation of the synapse of a neuron and the proteins that are downregulated (blue) and upregulated (red) in the
DHPSKO compared with the DHPSWT, which play a role in neuronal function.
projection membrane (Figure 5A). Furthermore, a signifi-

cant number of up- and downregulated proteins specif-

ically function in neuronal secretion (Figure 5B). Although

this mouse model with deletion of Dhps in the brain is

similar but not directly equivalent to the biallelic variants

in patients with DHPS deficiency, our data suggest that

altered DHPS activity results in decreased eIF5AHYP and

altered mRNA translation, which directly impacts the syn-

thesis of proteins critical for proper neuronal function.
Discussion

DHPS deficiency is caused by biallelic hypomorphic vari-

ants in the DHPS gene, which result in developmental

delay, intellectual disability, and seizures. To increase our

understanding of this rare genetic disease, it is critical to

determine the mechanisms by which mutations in DHPS
Hum
alter neurodevelopment. In this study, we demonstrate

that the human genetic DHPS variants associated with

this disease alter DHPS protein abundance and impair

enzyme function. The outcome we observe is a shift in

the abundance of the post-translationally modified forms

of eIF5A—increasing the acetylated form (eIF5AAcK47)

and concomitantly decreasing the hypusinated form (eI-

F5AHYP). As the acetylated form is located in the nucleus,

this sequesters eIF5A in this compartment resulting in

the inability for eIF5A to perform its mRNA translation

function in the cytoplasm. In line, our mouse model

with a genetic deletion of Dhps in the brain at birth shows

that loss of hypusine biosynthesis impacts neuronal func-

tion due to impaired mRNA translation that causes an

altered synthesis of specific proteins required for proper

neuronal development and function.

Studies in mice have shown that both complete loss of

Dhps and conditional loss of Dhps during embryonic
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developmenthaveadramatic impactonearly growth, result-

ing in either embryonic lethality or impaired organ develop-

ment and reduced postnatal survival, respectively.2,3,13,22 In

contrast, our first report onDHPSdeficiency established that

human hypomorphic mutations in DHPS do not impact

overall viability but reduce enzyme abundance and func-

tion.1 Clearly, the initial study of DHPS deficiency refined

our understanding of the threshold for DHPS activity

required for viability. However, the studies herein have

advanced this work by determining that, although DHPS

protein abundance is altered between biallelic mutant-, car-

rier-, andcontrol-derivedLCLs, relativemRNAexpression re-

mains unchanged. Thus, significantly reduced DHPS abun-

dance in carrier cell lines can be attributed to the human

DHPSSPLICE and DHPSDEL variants causing DHPS enzyme to

be truncated or degraded by the proteosome, respectively.

Interestingly, we observed no significant change in the

protein abundance of DHPS in cells from affected individ-

uals with the biallelic DHPSMIS/DHPSSPLICE variants. We

speculate that the ‘‘wild-type’’ level abundance of DHPS pro-

tein in the DHPSMIS/DHPSSPLICE variant cells may represent

a cellular upregulation to compensate for the reduced

enzyme activity. Alternatively, the abundance of DHPS in

the DHPSMIS/DHPSSPLICE variant cells may derive solely

from the presence of the DHPSMIS variant given that

DHPSSPLICE carrier cells show reduced abundance of DHPS.

However, in either scenario the abundance of DHPS protein

does not translate to enzyme activity. Rather, additional

data from our 2D gel analysis confirmed that the presence

of mutant enzyme ultimately causes a downstream change

in the abundance of the hypusinated and acetylated forms

of eIF5A. Therefore, the mRNA translation defect and resul-

tant altered protein synthesis come as a direct result of

increased eIF5AAcK47 and decreased eIF5AHYP. Specifically,

eIF5AAcK47 is localized to the nucleus and, without the abil-

ity to be hypusinated, will never translocate to the cyto-

plasm and perform its function in mRNA translation. Not

much is known about the function of eIF5AAcK47 in the nu-

cleus, including whether this modified form is active or

inactive thus highlighting the need for further investigation

into the functional role of eIF5AAcK47.

Acknowledging the limitation that a mouse model with

a genetic deletion of Dhps in the brain will not identically

model the reported clinical features of DHPS deficiency,

the in vivo phenotypic data from our mouse model of

brain-specific Dhps loss showed important similarities. In

particular, some of the cellular and clinical phenotypes

in the DHPSKO mouse were also observed in the patient-

derived LCLs and the individuals with DHPS deficiency,

including reduced DHPS and eIF5AHYP, and increased eI-

F5AAcK47 abundance, decreased whole-body growth, and

seizures. Therefore, this model can assist with guiding

our understanding of the cellular mechanisms that may

be interrupted in DHPS deficiency. To that end, cellular

analysis of brains from the DHPSKO mice revealed a block

in mRNA translation, which is in line with the sequestra-

tion of the acetylated form of eIF5A in the nucleus, away
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from active ribosomes in the cytoplasm, thus reducing

the ability for the mRNA translation function of eIF5A to

be performed. Our proteomic analysis subsequently identi-

fied many downregulated proteins that function in

neuronal growth and secretion. These data, along with

the decreased survival in the DHPSKO mice, suggests that

eIF5A is required for the translation of genes needed for

normal neuronal function. Moreover, in our mouse model,

the timing of Dhps deletion being on the day of birth sug-

gests that DHPS activity, and therefore proper hypusine

biosynthesis, is critical in the perinatal brain to allow for

neuronal development and function. Without activation

(hypusination) by DHPS, eIF5A may be unable to facilitate

the translation of genes required for effective neuronal

communication, leading to developmental delay and sei-

zures, which are observed clinical outcomes for individuals

with DHPS deficiency.

Overall, our studies illustrate that DHPS mutations result

in a reduction of eIF5AHYP, which is found in the cytoplasm,

and an increase of eIF5AAc47 located in the nucleus thereby

causing impairedmRNA translation and altered synthesis of

proteins involved in neurodevelopment. Interestingly, un-

like other embryonic mouse models of Dhps genetic loss

that have shown embryonic lethality or diminished organ

development,2,3,13,22 the clinical findings of individuals

with DHPS deficiency demonstrate that neurons do form

but may not develop correctly or function appropriately.

Furthermore, a genetic model of deletion of Dhps in the

adult postnatal brain was viable but showed deficiencies

in learning and memory.22 Therefore with each animal

model of Dhps loss we are better understanding its role dur-

ing development, organogenesis, and in postnatal life.

The discrepancy in phenotypes between the mouse

models and the human clinical condition also suggests

that there is a minimum level of DHPS/eIF5AHYP that is

needed during embryonic development for viability and

proper organ development/function. The original in vitro

analysis of the humanDHPS variants in the study by Gana-

pathi et al.1 showed that this critical threshold may be

approximately 20%, such that if the level of DHPS activity

(due to mutation) falls below this level, then the organism

is not viable. Given that human DHPS mutation carriers

appearclinicallyhealthy,we can speculate that 50%activity

may be sufficient for normal cellular function. These in-

sights raise an importantquestion: if it is possible to increase

DHPS activity in theneurons of individualswithDHPS defi-

ciency to 50% that of healthy controls even in the perinatal

or adult stages of growth, could this restore the translation

of critical proteins and correct some of the impaired

neuronal function? This strategy may also prove effective

when considering treatments for other related rare human

diseases that directly affect eIF5A or hypusine biosyn-

thesis.41,42 Moreover, it remains unknown what impact

dysfunctional DHPS has on eIF5A2, the homolog of

eIF5A1, and the only other human isoformknown to behy-

pusinated by DHPS.43 Ongoing studies are developing ani-

mal models with biallelic mutations in the human DHPS
3



gene to more accurately determine the molecular basis for

the phenotypes observed in DHPS deficiency as well as

develop therapeutic strategies to improve the quality of

life for individuals with this rare disease.
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