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ARTICLE

A recurrent de novo MAX p.Arg60Gln variant causes
a syndromic overgrowth disorder through differential
expression of c-Myc target genes

Erica L. Harris,1,9 Vincent Roy,2,9 Martin Montagne,2 Ailsa M.S. Rose,1 Helen Livesey,3,5

Margot R.F. Reijnders,4 Emma Hobson,3 Francis H. Sansbury,5 Marjolein H. Willemsen,6 Rolph Pfundt,6

Daniel Warren,3 Vernon Long,3 Ian M. Carr,1 Han G. Brunner,6 Eamonn G. Sheridan,1,3

Helen V. Firth,7,8 Pierre Lavigne,2,10,* and James A. Poulter1,10,*
Summary
Cyclin D2 (CCND2) stabilization underpins a range of macrocephaly-associated disorders through mutation of CCND2 or activating

mutations in upstream genes encoding PI3K-AKT pathway components. Here, we describe three individuals with overlapping macro-

cephaly-associated phenotypes who carry the same recurrent de novo c.179G>A (p.Arg60Gln) variant in Myc-associated factor X

(MAX). The mutation, located in the b-HLH-LZ domain, causes increased intracellular CCND2 through increased transcription but it

does not cause stabilization of CCND2. We show that the purified b-HLH-LZ domain of MAXArg60Gln (Max*Arg60Gln) binds its target

E-box sequence with a lower apparent affinity. This leads to a more efficient heterodimerization with c-Myc resulting in an increase

in transcriptional activity of c-Myc in individuals carrying this mutation. The recent development of Omomyc-CPP, a cell-penetrating

b-HLH-LZ-domain c-Myc inhibitor, provides a possible therapeutic option forMAXArg60Gln individuals, and others carrying similar germ-

line mutations resulting in dysregulated transcriptional c-Myc activity.
Introduction

The Myc-associated factor X (MAX) gene (MIM: 154950)

encodes a basic-region-helix-loop-helix-leucine zipper

(b-HLH-LZ) transcription factor that promotes DNA bind-

ing and transcriptional activation as a Myc/Max hetero-

dimer.1,2 MAX can also form a homodimeric b-HLH-LZ

and bind DNA with similar affinities and specificity.

The canonical enhancer (E)-box (CACGTG) is their

preferred target and is found at the promoters of many

c-Myc target genes, which include those encoding cy-

clins and cyclin-dependent kinases (CDKs).3 Over expres-

sion of c-Myc is observed in many cancers and leads to

amplification of transcriptional profiles associated with

cellular proliferation.4 In contrast, the MAX homodimer

acts as an antagonist by binding to canonical E-box se-

quences and inhibiting the transcription of c-Myc target

genes.5

While somatic inactivating mutations in MAX have

been identified in a number of cancers,6,7 to date few germ-

line pathogenic variants in MAX have been identified.

Germline loss-of-function mutations in MAX have been

shown to predispose individuals for hereditary phaeochro-

mocytoma (PCC); however, these only resulted in disease if

loss of heterozygosity of the wild-type allele also occurs
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due to uniparental disomy, resulting in complete absence

of MAX in tumors.8,9

Here,wedescribe three individualswhoeachshare a recur-

rent de novo germline variant in MAX, resulting in a

p.Arg60Gln substitution (p.Arg60Gln) in the loop of the

b-HLH-LZ domain. Affected individuals have a complex dis-

order consisting primarily of macrocephaly, polydactyly,

and delayed ophthalmic development. In the presence of

the p.Arg60Gln mutation, we found differential expression

of c-Myc target genes, including cyclin D2 (CCND2) (MIM:

123833), a gene previously associated with a macrocephaly

and polydactyly phenotype (MIM: 615938). Electrophoretic

mobility shift assay (EMSA) and circular dichroism (CD)-

spectral analysis revealed the purified b-HLH-LZ domain of

MAXArg60Gln (Max*Arg60Gln) dimerizedmore readily as a het-

erodimeric and specific DNA complex with c-Myc than

Max*WT. Furthermore, Max*Arg60Gln bound its target E-box

sequencewith a lower apparent affinity thanMax*WTresult-

ing in aberrant transcriptional activity of c-Myc in individ-

uals carrying this mutation. The recent development of

Omomyc-CPP, a cell-penetrating b-HLH-LZ domain that in-

hibits c-Myc-associated transcription, provides a possible

therapeutic option for individuals with the MAXArg60Gln

variant, aswell as others carrying similargermlinemutations

resulting in altered transcriptional c-Myc activity.
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Subjects and methods

Clinical ascertainment and genetic analysis
Individuals 1 and 2 (P1 and P2) were both sequenced as part of the

Deciphering Developmental Disorders (DDD) study.10,11 Individual

3 (P3) was sequenced as part of a large cohort in Nijmegen, the

Netherlands.12 Individuals and their family members were re-

cruited following informed consent and under ethical approval

from the Yorkshire & The Humber - Leeds East Research Ethics

Committee (REC ref. no. 18/YH/0070) in accordance with the prin-

ciples outlined in the declaration of Helsinki. DNA samples were

obtained via venous blood samples using conventional techniques.

Cell culture and MAX vector generation
HEK293 cells (ECACC) were cultured in Dulbecco’s modified Ea-

gle’s medium (DMEM), supplemented with 10% fetal calf serum,

at 37�C in 5%CO2. The c.179G>A (p.Arg60Gln) variant was intro-

duced into the wild-type (WT) MAX sequence in pDONR223

(Addgene #82888) via the Q5 site-directed mutagenesis kit

(NEB), according to the manufacturer’s instructions. Both wild-

type and mutant plasmids were cloned into the pDEST-510 desti-

nation vector via the Gateway cloning system (ThermoFisher

Scientific), and the sequence was verified by Sanger sequencing

with the BigDye Terminator kit v3.1.

Western blotting
10 mg of protein fromwhole-cell lysateswere separated by SDS-PAGE

and transferred onto a polyvinylidene difluoride (PVDF) membrane

via the Bolt western-blotting system (ThermoFisher Scientific). The

membranewas subsequentlyblockedin5%skimmedmilkovernight

and incubated in a primary antibody in 1% skimmed milk, washed

three times in 13 PBS, incubated in a secondary antibody in 0.1%

skimmedmilk for1h, and thenwashedthree times in13PBS.Bound

antibodieswereviewedby theuseof SuperSignalWest FemtoChemi-

luminescent substrateonaBio-RadChemi-Doc imaging systemwith

a chemiluminescent filter. After imaging, blots were stripped of anti-

body with Restore Western Blot Stripping Buffer (ThermoFisher

Scientific). Primary antibodies were all from Cell Signaling Technol-

ogy and used at a dilution of 1/1,000 unless otherwise noted: rabbit-

cyclinD2 (#3741), rabbit-CDK4 (#12790), rabbit-MAX (#4739),

mouse-beta-actin (1/10,000, Ambion), rabbit-phospho-retinoblas-

toma (RB) (Ser807/811) XP (#8516), andmouse-RB (#9309). Second-

ary antibodies used were goat anti-rabbit HRP (#7074) or horse anti-

mouse HRP (#7076) used at a final dilution of 1/5,000.

Cycloheximide assay
HEK293 cells were seeded at 5 3 105 cells per well of a 6-well plate.

After 24 h, cells were transfected using a 1:3 ratio of PEI (Merck):

plasmid in Opti-Mem reduced serum media. A negative control

without any plasmid DNAwas also performed for each experiment.

24 h after transfection, Cycloheximide (Merck) was added to a

final concentration of 10 mg/mL to the requiredwells and incubated

for 1.5 h. Cell lysis was performed using NP-40 lysis buffer

(ThermoFisher Scientific) containing13Halt Protease andPhospha-

tase Inhibitor Cocktail (EDTA free) and protein quantified using the

DC Protein Assay kit (Bio-rad). Western blotting was performed as

above.

Real-time quantitative PCR
TotalRNAwasextracted fromHEK293cells byusing theMonarchTo-

tal RNA Miniprep Kit (New England Biolabs), and first-strand cDNA
120 The American Journal of Human Genetics 111, 119–132, January
synthesis was performedwith the ProtoScript First Strand cDNA Syn-

thesis kit (New England Biolabs). Real-time quantitative PCR (qPCR)

was performed with the TaqMAN assay system (ThermoFisher

Scientific), comprising 23 TaqMAN fast advanced mastermix and

FAM-labeled probes against CCND2 (Hs00153380_m1) and GAPDH

(Hs99999905_m1). Samples were run on a QuantStudio 5 Real-

Time PCR System, and the resulting data analyzed by using

ThermoFisherConnect software. Relative gene expressionwas calcu-

lated by using theDDCTmethod, relative toGAPDH, fromwhich log

fold change was calculated with log2
�DDCT. Data are expressed as the

means5 SEM of three biological replicates.
Molecular modeling
All modeling and molecular rendering was done with the open-

source version 1.7.6.0 of Pymol.13 The crystal structure of the apo-

form of the heterodimeric b-HLH-LZ (6G6J)14 was used as a

template for the generation of themodel of the c-Myc*:Max*Arg60Gln

heterodimeric HLH. The same side-chain conformation of Gln60

was obtained from the Pymol rotamer library and selected to opti-

mize the packingwithout introducing tertiary and quaternary steric

clashes. The conformation of the K392 side chain was manually ob-

tained by setting c1, c2, c3, and c4 to gauche þ, trans, gauche –,

and trans, respectively, in order to optimize the packing without

introducing steric clashes.
Protein expression and purification
The c-Myc b-HLH-LZ (c-Myc*) was expressed and purified as previ-

ously described.15 Max*WT or Max*Arg60Gln were expressed and pu-

rified as described in Maltais et al.16 After lyophilization, the

b-HLH-LZs were kept lyophilized at �20�C and solubilized in

Myc buffer (50 mM NaCl, 50 mM NaH2PO4 [pH 5.5]) for c-Myc*

or PBS for Max* at a final concentration of 1 mM before use.
EMSA
The strandsof the specificprobe,50-ATTACCCACGTGTCCT*AC-30

and 50-GTA GGA CAC GTG GGT* AAT-30 (with the E-box sequence

underlinedandtheasterisk indicatinganucleobasebearingafluores-

cein isothiocyanate label for fluorescently labeled probes), and the

non-specific probe, 50-ATT ACC TCC GGA TCC T*AC-30 and

50-GTAGGATCCGGAGGT*AAT-30 (IntegratedDNATechnologies),

were solubilized in 10mMTris (pH 8.0) to a concentration of 2mM.

DNAduplexeswerediluted to6.25mMin10mMTrispH8.0andthen

to1.25mMinddH2O.Max* (WTandArg60Gln)wasdiluted to50mM

in PBS and then further diluted to 5 mM in ddH2O in the presence of

TCEP at 200 mM and incubated overnight at room temperature.

c-Myc* was diluted in Myc buffer to a concentration of 375 mM

and then further diluted to a concentration of 2.5 mM in 13 EMSA

binding buffer (20mMTris [pH 8.0], 75mMKCl, 2.5 mM tris(2-car-

boxyethyl)phosphine (TCEP), 25 mg/mL BSA, and 5% glycerol).

C-Myc* and Max* constructs were then incubated for 15 min at

37�C, mixed together at a final concentration of 250 and 500 nM,

and further incubated for 15 min at 37�C. The fluorescently labeled

E-box probe was added to a final concentration of 250 nM, and un-

labeled non-specific DNA was added to various concentrations,

ranging from 0 to 2,000 nM. All sample volumes were made to

10 mL such that the buffer compositionwas constant in each sample

and thenfurther incubated for30minat37�Cbeforebeingseparated

byelectrophoresis on6%nativePAGE in1xTAbufferpH8.0at100V

for 40 min. The resulting images were obtained with a Molecular

Imager VersaDoc MP4000 system.
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Circular dichroism
All circular dichroism (CD) measurements were performed on a

Jasco J-810 spectropolarimeter equipped with a Peltier-type ther-

mostat. The instrument was routinely calibrated using an aqueous

solution of d-10-(þ)-camphorsulfonic acid at 290.5 nm. Samples

were prepared as follows: Max* (either WT or Arg60Gln) was

diluted in 100 mL 2X CD buffer (40 mM KCl, 11.4 mM K2HPO4,

and 28.6 mM KH2PO4 [pH 6.8]) and the volume adjusted to

106 mL with PBS. 10 mL 16 mM TCEP was added and the volume

was further adjusted to 192 mL with ddH2O before samples were

incubated overnight at room temperature. After reduction, Myc

was added and the volume adjusted to 198 mL with Myc buffer. Af-

ter a 10 min incubation at room temperature, 1 or 2 mL of 2 mM

specific or non-specific DNA duplexes (same unlabeled DNA du-

plexes used in EMSA) in 10 mM Tris pH 8.0 were added and the

volume adjusted to 200 mL with 10 mM Tris (pH 8.0). Samples

were further incubated for 10 min at room temperature and trans-

ferred to a 1-mmpath length quartz cuvette. Spectra were recorded

from 250 to 195 nm at 0.1 nm intervals through the accumulation

of 10 spectra at 25�C. Thermal denaturations were recorded at

222 nm from 5�C to 95�C at a heating rate of 1�C/min.

mRNA sequencing
Transcriptome libraries were created from 100 ng of mRNA using

the Illumina TruSeq library kit according to the manufacturer’s

protocols. Pooled libraries were sequenced on a NextSeq 500 using

a 15 bp paired-end protocol. The resulting fastq files were trimmed

using cutadapt (v1.16) and quality checked using FastQC. All reads

passing QC were subsequently aligned to the GRCh38 build of the

human genome with STAR (v2.7.10b) and read counts per exon

obtained by using Rsubread. Differential gene expression (DGE)

was performed with DESeq2.

Statistical analyses
Statistical analyses were performed with Prism 9 software. Three

independent biological replicates were used for statistical calcula-

tions unless otherwise stated. All statistical tests performed were

unpaired two sided, and a p value of <0.05 was considered statis-

tically significant. Error bars represent standard deviation.
Results

Identification of the recurrent MAX p.Arg60Gln de novo

variant in two independent datasets

Weobserved in theDDDdataset11 two individuals (P1,DDD:

304967 and P2, DDD: 303133) with identical de novomuta-

tions (DNMs) in the tumor suppressor gene MAX, resulting

in an arginine (Arg)-to-glutamine (Gln) substitution at resi-

due 60 (c.179G>A [GenBank: NM_002382.5] [p.Arg60Gln])

and overlapping phenotypes of polydactyly and macroce-

phaly, a rare combination in DDD observed in 18/13,610

(0.132%) participants. Interrogation of a second dataset12

identified a third individual (P3) with the same de novo

p.Arg60Gln variant with a phenotype that also included

polydactyly. The variant was confirmed by Sanger

sequencing in all available affected individuals and family

members (Figure 1A), and conservation analysis in

DECIPHER showed the Arg60 residue, and the flanking resi-

dues, to be fully conserved to zebrafish (Figure 1B). The
The Americ
p.Arg60Gln variant was not present in approximately

251,356 alleles in gnomAD nor is it present in dbSNP

(v.153). Interrogation of the catalog of somatic mutations

in cancer (COSMIC), however, revealed the variant has

been identified 56 times in tumor tissue (COSM166665,

COSV52414939) fromfivedifferent tissues,most commonly

kidney (17) followedbycentral nervous system (10), large in-

testine (9), endometrium (7), and hematological/lymphoid

(3). Analysis of the variant predicted it to be pathogenic

in all software tested, including CADD, REVEL, SIFT,

PolyPhen2, andGrantham (Figure 1C).We therefore sought

to confirm if the recurrent p.Arg60Gln variant was the cause

of disease in the three individuals identified.

The MAX p.Arg60Gln alteration causes a syndromic

overgrowth disorder

Based on the promising genetic analysis, a more detailed

clinical investigation of the individuals was performed. A

clinical summary can be found in Table 1. In brief, all three

caseshad3-or 4-limbpolydactyly, and twoof the individuals

alsohadaprogressivemacrocephaly (P1 andP2, Figure 2). P1

also has bilateral microphthalmia, which is more severe in

his left eye and large chorioretinal colobomas, affecting the

optic nerve and central vision (Figure S1). He subsequently

developed retinal exudation requiring cryotherapy and

developed a cataract in his right eye. P1 displayed autistic

traits, but his intellectual development was appropriate for

his level of visual impairment. P2 is also autistic and has

developmental delay. In addition, he displayed delayed vi-

sual maturation, with visual inattention diagnosed at

3 months of age, but had normal vision by 44 months of

age. A comparison of brain MRI scans between P1 and P2

showedmarked similarities, includingprominent perivascu-

lar spaces in the basal ganglia/peri-caudate region (Figures 2I

and 2M). P2 also has prominent perivascular spaces more

posteriorly adjacent to the trigone of the right lateral

ventricle (Figures2Mand2N).P3was foundtohaveanormal

occipital frontal circumference (OFC) at birth, and there was

no evidence of polymicrogyria on postmortem MRI but

showedaswollenbrainwithdecreasedgray-whitematterdif-

ferentiation and decreased demarcation of the cortex. Sys-

temically, P3had4-limbpolydactyly andmultiple additional

complications, including an atrial septum defect, hypospa-

dias, single umbilical artery, and died 1 h after birth due to

bilateral renal agenesis. Neither P1 nor P2 have any known

cardiac or renal phenotypes; however, P1 did have a persis-

tent patent foramen ovale, which is now closed.

CCND2 is upregulated in the presence of MAXArg60Gln

Becauseof theco-occurrenceofmacrocephalyandpolydactyly,

a combination of phenotypes often observed inmTOR hyper-

activationdisorders,which result inCCND2 stabilization,17we

hypothesized that the MAXArg60Gln variant may also result in

CCND2 stabilization. We therefore introduced the c.179G>A

(p.Arg60Gln)mutation intowild-typeMAX (MAXWT)C-termi-

nally tagged with FLAG. As expected, transfection of

MAX Arg60Gln, compared toMAXWT, intoHEK293 cells resulted
an Journal of Human Genetics 111, 119–132, January 4, 2024 121
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Figure 1. The recurrent de novo c.179G>A (p.Arg60Gln) variant in MAX causes a macrocephaly- and polydactyly-associated
syndrome
(A) Representative electropherogram showing c.179G>A pathogenic variant in individual P1 compared to an unrelated control. The
c.179G>A variant is highlighted by the arrow.
(B) Conservation analysis of the p.Arg60Gln variant inMAX shows the Arginine-60 residue, and the surrounding amino acid sequence is
conserved in all organisms tested.
(C) Variant information and bioinformatic predictions for the c.179G>A (p.Arg60Gln) variant.
(D) 2D genomic and proteomic structure of MAX showing the location of the c.179G>A (p.Arg60Gln) variant. Additional published
truncating and missense variants predisposing to hereditary pheochromocytoma are indicated in blue and black arrows, respectively.8,9
in a significant increase inCCND2protein (Figure3A). Further-

more,we found thatwhile serumstarvingcells for 24h resulted

in a reduction inCCND2 inMAXWT transfected cells, a similar

reduction in CCND2 was not observed in MAXArg60Gln trans-

fected cells (Figure 3B). Analysis of protein lysate from cells

treated with cycloheximide, however, revealed CCND2 was

not being stabilized in the presence of either MAXWT or

MAXArg60Gln,withnosignificantdifference inCCND2degrada-

tionobserved (Figure 3C).Nodifference in levels ofCDK4were

observed;however,we sawa significant increase inphosphory-

lated RB1 (Figures 3C–3E). Instead, real-time qPCR on RNA ex-

tractedfromtransfectedcells revealedthat thesecellshadsignif-

icantly more CCND2 mRNA than did cells transfected with
122 The American Journal of Human Genetics 111, 119–132, January
MAXWT (Figure 3F). This significant increase in CCND2

mRNAwassubsequently confirmedbyreal-timeqPCRofblood

RNA from P1 (Figure 3G). Altogether our data indicate that

CCND2 is not stabilized but CCND2 transcription is signifi-

cantly increased in cells containing MAXArg60Gln, resulting in

a significant increase in CCND2 protein and activation of

downstream pathways.

The p.Arg60Gln alteration in MAX leads to a more

specific heterodimerization between its b-HLH-LZ and

the b-HLH-LZ of c-Myc

To gain further insights into why MAXArg60Gln resulted

in increased CCND2 expression, we evaluated the impact
4, 2024



Table 1. Clinical summary of 3 individuals with the MAX c.179G>A (p.Arg60Gln) variant

Case Sex
OFCa (age,
year.month) VMEG Polydactylyb ID Ophthalmic Cardiac

Additional
phenotypes

P1 M þ1.94 (0.0)
þ3.4 (7.1)

yes þþ/þþ appropriate for
the level of visual
impairment;
autistic traits

chorio-retinal
colobomas affecting
optic nerves and
vision; developed
exudative retinopathy
in both eyes

persistent patent
foramen ovale
(now closed)

gastro-esophageal
reflux, 4 phalanges
on left thumb,
pectus carinatum

P2 M þ3.2 (2.6)
þ3.02 (9.9)

no þþ/þ- autistic with
GDDc

delayed visual
maturation

no cardiac
phenotype

perianal abscesses
(developed aged
4 years)

P3 M Normal (0.0) no þþ/þþ N/A N/A atrial septal
defect

hypospadias, renal
agenesis, single
umbilical artery,
flattened thoracic
vertebrae

VMEG, ventriculomegaly; GDD, global developmental delay.
aOFC presented as standard deviations relative to the UK_1990 mean for age and sex.
bPostaxial polydactyly indicated for both hands and both feet (hands/feet), i.e., þþ/þþ indicates polydactyly on both hands and feet, þþ/� indicates on hands
only.
cSat aged 12 months; walked at approx. 24 months; spoke single words aged 5 years; started to speak 3-word sentences aged 5 years 11 months.
of themutation on the overall structure and homodimeriza-

tion using an isolated b-HLH-LZ domain of MAX (Max*).

The far-UV CD spectra of the WT (Max*WT) and Arg60Gln

(Max*Arg60Gln) b-HLH-LZ recorded at 25�C showed typical

spectroscopic signatures of a protein composed of a mixture

of random and a-helical structures with the two minima

centered around 208 and 222 nm (Figure 4A). Given that

bothMax*WTandMax*Arg60Gln display the samehelical con-

tent indicated that the secondary, tertiary, and quaternary

structure of both proteins are similar.

We next evaluated the relative ability of Max*WT and

Max*Arg60Gln to heterodimerize with c-Myc*. We show the

temperature denaturations of Max*WT and Max*Arg60Gln in

the presence of c-Myc* to be at molar ratios of 10 mM:10 mM

(open circle) and 15 mM:10 mM (filled circle), respectively

(Figures 4B and 4C). Two apparent transitionswere observed.

As described previously,18,19 the first transition corresponds

to the denaturation of Max*WT homodimer (T� ¼ 25�C) and
the second to the denaturation of the WT heterodimer

(T� ¼ 41�C). Interestingly, for Max*Arg60Gln:c-Myc*, the ho-

modimer transition was not as apparent with only one clear

transition (T� ¼ 41�C) corresponding to the Max*Arg60Gln:c-

Myc* heterodimer. The lack of the homodimer transition

and population indicates the Max*Arg60Gln mutant heterodi-

merizes more efficiently with c-Myc* than Max*WT. In sup-

port of this, molecular modeling revealed that the Oε1 of

Gln60 can reach within 4 Å of the Hz of Lys392 on c-Myc* to

establishchargedHbondsbut also reduces electrostatic repul-

sions with Lys392 in theWT heterodimer (Figure 4D).

The Arg60Gln alteration in Max weakens its affinity for

the canonical E-box and leads to a more specific

heterodimeric b-HLH-LZ:E-box complex

Previous studies have shown the replacement of Arg60 by an

alanine significantly reduces the binding affinity of the ho-

modimeric b-HLH-LZ to the E-box sequence.20 In the struc-

turesof thehomodimer21,22 andheterodimer23bound to the
The Americ
E-box, the side chain of Arg60 contributes to hydrophobic

tertiary interactionsand formsa saltbridgewithaphosphate

group through its charged guanidino moiety. Compared to

arginine, the glutamine side chain is slightly smaller. How-

ever, it has a similar polar surface area (albeit neutral) and a

slightly smaller hydrophobic surface area with one less

methylene. Fromthe simple replacementofArg60 bya gluta-

mine in the structures of the Max homodimer bound to an

E-box (not shown), we noted that while the NH2 of the car-

boxamide can form anH bondwith a PO4 group, it will lack

the electrostatic counterpart. Hence, we hypothesized that

this lack of electrostatic interaction will lead to a reduction

in affinity for the E-box sequence. As anticipated, we found

Max*Arg60Gln binds the E-box sequence with a lower

apparent affinity than Max*WT (Figure 5A). Furthermore,

the Max*Arg60Gln homodimer is much less stabilized by the

presence of the E-box. This is despite themean residue ellip-

ticity (MRE)of theMax*Arg60Glnmutant before the transition

being much less than that of the Max*WT. Altogether, this

suggests that the population of the homodimer bound and

with a fully folded basic region is less for the Max*Arg60Gln

compared to the Max*WT homodimer. Congruently, the

transition, which corresponds to the dissociation of the

dimer from DNA and into its monomeric components, oc-

curs at a lower temperature (56�C vs. 59�C). This indicates
that at the same concentration, the homodimeric

Max*Arg60Gln will be less frequently bound to the E-box

than the wild type. We therefore anticipate that

Max*Arg60Gln should be more prone to heterodimerize with

c-Myc* and bind to the E-box sequences as a heterodimer

than the WTcounterpart.

In order to validate the latter assertion, we ran

thermal denaturation monitored by CD of the mixes

(15 mM:10 mM) between both constructs of Max*

and c-Myc* described above but in the presence of the

E-box sequence. When exposed to specific DNA, the

temperature denaturation of the Max*WT:c-Myc* (dark)
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Figure 2. Clinical phenotype of individuals with the de novo Arg60Gln MAX variant
Photographs and brain MRI scans of P1 (A–D) and P2 (E–H) are shown. Photographs show macrocephaly with a prominent forehead at
<1 year of age (A and E), aged 7 (B) and 10 years (F), and postaxial polydactyl of the hands (C and G) and of the feet (D and H). Axial MRI
T2 and FLAIR images demonstrate prominent perivascular spaces in the basal ganglia on the left in P1 (I and J: white arrow) and on the
right in P2 (M and N: black arrow). P2 also has prominent perivascular spaces more posteriorly adjacent to the trigone of the right lateral
ventricle (*). Hand X-rays of P1 (K–L) and P2 (O–P) show post-axial polydactyly of both the right (K and O) and left (L and P) hands. The
parents of all subjects gave informed consent for publication of photographs.
mix displays two distinct transitions corresponding to the

population homodimer and heterodimer bound to the

E-box sequence, respectively (Figure 5B). However, for

Max*Arg60Gln:c-Myc* (light), thehomodimeric complexpop-

ulation is barely apparent, indicating a larger population of

heterodimeric complex. This is further supported by the
124 The American Journal of Human Genetics 111, 119–132, January
higher helical content as judged by the more negative

MRE. In fact, the larger population of homodimer complex

in the case of Max*WT leads to a larger population of free

c-Myc* and hence lower global helical content since the

latterdoesnot readily fold intoahelicalhomodimer. Inorder

to further validate the ability of Max*Arg60Gln to
4, 2024



Figure 3. The Arg60Gln variant in MAX results in increased expression of CCND2 and not CCND2 stabilization
(A) RepresentativeWestern blot of CCND2 in HEK293 cells transfected withMAXWTorMAXArg60Gln in the presence (þ) or absence (�) of
serum or after serum starvation for 24 h and reintroduced for 20 min (�/þ).
(B) Summary of CCND2 intensities normalized against B-actin. Plots show summary of 3 biological replicates.
(C) Representative Western blot of CCND2, CDK4, phosphorylated-RB, and total RB in MAXWT or MAXArg60Gln transfected cells in the
presence or absence of cycloheximide.
(D) Summary of CDK4 band intensities normalized against B-actin (n ¼ 3).

(legend continued on next page)
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preferentially partition as a heterodimer,weused EMSA. The

electrophoretic mobility shifts of the fluorescently labeled

E-box (250 nM) by a mixture of Max*WT and c-Myc*

(1,000 nM:500 nM) and Max*Arg60Gln and c-Myc*

(1,000 nM:500 nM), respectively, and in the presence of an

increasing amount of a non-specific (scrambled E-box from

0 nM to 2,000 nM) are shown in Figure 5C. These ratios

were chosen in order to visualize and quantify both the

Max* homodimers and the respective heterodimers as a

function of the concentration of competing and non-spe-

cific DNA. The heterodimeric complex has a smaller electro-

phoretic mobility than the homodimeric complexes such

that both complexes can be resolved.16,19 To evaluate the

partition of Max*WT andMax*Arg60Gln between their respec-

tive homo- and heterodimeric E-box-bound states, we inte-

grated the intensities of both populations of complexes

(Figure 5D). This revealed that the fraction of heterodimeric

and specific complex is higher in the case of Max*Arg60Gln.

Collectively, our results demonstrate that the MAX

p.Arg60Glnmutation leads to a b-HLH-LZ thatwill partition

more readily as a heterodimeric and specific DNA complex

with c-Myc than will its WT counterpart (Figure 6). Hence,

it is likely that thismutationwill increase the transcriptional

activity of c-Myc in individuals bearing this mutation.
Transcriptome analysis reveals differential expression of

c-Myc target genes

To better understand the transcriptional effect of the

MAXArg60Gln variant on c-Myc target genes, we performed

mRNA sequencing on HEK293 cells transfected with either

MAXWT or MAXArg60Gln. Following alignment to the

GRCh38 human genome with STAR, read counts were

collected using Rsubread, and genes with less than 5 reads

in all samples were discarded. This left 20,868 genes remain-

ing for DGE analysis with DESeq2. Compared to WT trans-

fected cells, we observed significant (padj < 0.05) upregula-

tion of 3,122 genes, of which 250 had a log2FC > 1.0

(Table S1), and downregulation of 3,259 genes, of which

311 had a log2FC < �1.0, in MAXArg60Gln transfected cells

(Figures 7A and 7B; Table S2). REACTOME pathway enrich-

ment analysis of all differentially expressed genes identified

those involved in translation (FDR 3.483 10�16) and meta-

bolism of RNA (FDR 1.22 3 10�15) and proteins (FDR

1.00 3 10�17) were the most significantly enriched

(Table S3). Enrichment analysis of up-regulated genes alone

identified translation (FDR 1.62 3 10�48), metabolism of

RNA (FDR 2.63 3 10�40) and RNA processing (FDR

4.82 3 10�33) to be most significantly enriched (Table S4),

whereas RHO GTPase cycle (FDR 1.27 3 10�21), signaling

by Rho GTPases, micro-GTPases, and RHOBTB3 (FDR 2.02

x 10�20), signaling by Rho GTPases (FDR 3.78 3 10�20),
(E)– Summary of phosphorylated-RB bands relative to total RB (n ¼
(F) Real-time qPCR of MAXWT or MAXArg60Gln transfected HEK293
GAPDH (n ¼ 3).
(G) Real-time qPCR of control and individual P1 CCND2 mRNA in pe
(n ¼ 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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and signal transduction (FDR 1.68 3 10�17) were the most

enriched pathways for down-regulated genes (Figures 7C

and 7D; Table S5). A complete list of all significantly differ-

entially expressed genes can be found in Table S6.

To determine if the genes identified were transcription-

ally regulated by c-Myc, the list of DEGs were compared

to a dataset of known Myc target genes identified by Kim

et al.24We found 1,175 of the 1,469Myc direct target genes

identified by Kim et al. were expressed in our HEK293 cell

dataset, and of these, 565 (48.1%) were significantly differ-

entially regulated by MAXArg60Gln. We found 324/565

(57.3%) were up-regulated and 241/565 (42.7%) were

down-regulated. Further interrogation of the significantly

differentially expressed genes found that 83/324 (25.6%)

up-regulated genes, including CCND2, had the CACGTG

E-box promoter sequence, whereas 53/241 (22.0%) of the

down-regulated genes had this sequence.
Discussion

Through analysis of two large exome datasets, we have identi-

fied three individuals with a recurrent de novo heterozygous

c.179G>A (p.Arg60Gln) variant inMAXwith amacrocephaly-

and polydactyly-associated syndrome. When ectopically ex-

pressed, the variant led to increased transcription and protein

levels of CCND2 inHEK 293 cells. However, in contrast to pre-

vious studies linking CCND2 tomacrocephaly-associated syn-

dromes,17 this increase was not due to its stabilization but was

due to increased transcription. Biophysical analysis of the

MaxWT and MaxArg60Gln b-HLH-LZ domains (Max*WT and

Max*Arg60Gln) confirmed a significant decrease in the affinity

of the Max*Arg60Gln homodimer toward the canonical E-box

sequence found atMyc target genes. Moreover, in the absence

of DNA, we observed a more favorable formation of the

Max*Arg60Gln:c-Myc* b-HLH-LZ heterodimer compared to

Max*WT:c-Myc*. In comparison to the WT, we also observed

an increase in the potential of theMax*Arg60Gln:c-Myc* hetero-

dimer to bind to the canonical E-box sequence. Overall, the

b-HLH-LZ of the Max*Arg60Gln variant was found to disfavor

the formation of the repressive homodimeric E-box complex

and synergistically favor the formation of the heterodimeric

and activating DNA complex with c-Myc*.

Max, as a homodimer, can compete for specific and non-

specific transcriptional start sites (TSSs) with Myc (c-, L, N)/

Max) and Mad (Mxd1, 2, 3, and 4)/Max heterodimers, as

well as a plethora of other b-HLH and b-HLH-LZ with

E-box sequences and non-specific DNA as target. Hence,

the loss of affinity of the MAXArg60Gln variant for the E-box

is predicted to allow for the binding of the aforementioned

heterodimers. Moreover, the concomitant increase in free

MAXArg60Gln vs. MAXWT is not only expected to partition
3).
cells showing fold change of CCND2 mRNA normalized against

ripheral blood mononuclear cell RNA normalized against GAPDH
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Figure 4. TheArg60Glnalteration leads to amore specificheterodimerizationbetween theb-HLH-LZofMAXand theb-HLH-LZof c-Myc
(A) Far-UV CD spectra of Max*WT (dark blue) and Max*Arg60Gln (light blue) recorded at 20�C, pH 6.8, and 15 mM. The data are reported in
mean residue ellipticity (MRE).
(B) Temperature denaturation of Max*WT and c-Myc* at 10 mM:10 mM (light) and 15 mM:10 mM (dark), respectively. The vertical dashed
line represents the apparent T� of the Max* homodimers.
(C) Temperature denaturations of Max*Arg60Gln and c-Myc* at 10 mM:10 mM (light) and 15 mM:10 mM (dark), respectively.
(D) Cartoon representations of the apo-form of WT heterodimeric HLH of c-Myc*:Max* (6G6J) displaying the side-chains of Phe43,
Arg60, and Leu64 on Max and those of Phe374, Lys392, and Leu396 on c-Myc. Cartoon representation of a model of the
Max*Arg60Gln:c-Myc* heterodimeric HLH. Yellow and green spheres are carbon atoms while red and blue spheres represent oxygen
and nitrogen atoms, respectively.
intoac-Myc/Maxheterodimerbutalsoas aMad/MaxandN-,

L-Myc/Max heterodimers, depending on their respective

and relative expression. According to the human protein

Atlas (proteinatlas.org),25 c-Myc is expressed 10- to 20-fold

higher than all members of the Mad family and Max,

whereas N-Myc and L-Myc are barely detected. It is therefore

reasonable to assume that the E-box-bound heterodimers

with the MAXArg60Gln variant at promoters will include, in

addition to c-Myc, a significant population of MDX/

MAXArg60Gln. Accordingly, RNA sequencing of HEK293 cells

ectopically expressing the MAXArg60Gln variant revealed up-

and downregulation in expression of c-Myc target genes vs.

cells expressing MAXWT at the same level.

Todate, the associationofmacrocephalywithpolydactyly

has been observed in a range of disorders, including

megalencephaly-polydactyly-polymicrogyria-hydrocepha-

lus (MPPH; MIM: 615938), due to stabilizing mutations

in CCND2,17 and megalencephaly-capillary malforma-

tion (MCAP; MIM: 602501) due to mutations of the
The Americ
PI3K-AKT-mTOR pathway upstream of CCND2.26 These

so-called PIK3CA-related overgrowth syndromes (PROS),

or mTORopathies result in hyperactivation of mTOR

and stabilization of CCND2 through reduced GSK3b-me-

diated phosphorylation of CCND2-Thr280.27 In keeping

with this, we observed increased CCND2 in cells trans-

fected with MAXArg60Gln, but this was not due to

CCND2 stabilization but instead due to increased tran-

scription. This finding was confirmed in individual P1

who showed increased levels of CCND2 in peripheral

blood RNA. While this is in contrast to mTOR pathway

mutations, two studies have identified de novo gain-of-

function variants in MYCN protogene, a bHLH tran-

scription factor (MYCN) (MIM: 164840) associated with

megalencephaly, ventriculomegaly, hypoplastic corpus

callosum, intellectual disability, polydactyly, and neuro-

blastoma.28,29 The MYCNThr58Met and MYCNPro60Leu var-

iants were found not to be phosphorylatable at Met58,

leading to its accumulation in cells and appeared to
an Journal of Human Genetics 111, 119–132, January 4, 2024 127
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Figure 5. The Arg60Gln mutation weakens the affinity of the b-HLH-LZ of MAX for the canonical E-box but leads to a more specific
heterodimeric b-HLH-LZ:E-box complex
(A) Temperature denaturation of Max*WT (dark) and Max*Arg60Gln (light) in the presence of the canonical E-box at a 10 mM:10 mMmolar
ratio of protein:DNA duplex, respectively.
(B) Temperature denaturations of Max*WT (dark) andMax* Arg60Gln (light) in the presence of c-Myc* and the canonical E-box at molar
ratios of Max*:c-Myc:DNA duplex of 15 mM:10 mM:20 mM. The vertical dashed line represents the apparent T� of the Max*WT:E-box
complex.
(C) Gels of the EMSA of the fluorescently labeled canonical E-box duplex (250 nM) by Max*WT (500 nM):c-Myc* (250 nM) and Max*
Arg60Gln (500 nM):c-Myc* (250 nM) in the presence of increasing amount of non-specific duplex DNA (nsDNA) (same length and
composition but with the E-box scrambled), respectively.
(D) Corresponding bar graphs reporting the relative Max* homo- (blue) and heterodimeric (purple) populations.
induce CCND1 and CCND2 expression in neuronal pro-

genitor and stem cells in vitro.

In comparison to Kato et al.,28 we observed no significant

difference in CCND1 expression in our RNA sequencing

data, but significant upregulation (padj < 0.05) of CCND2

(log2FC¼ 0.54) andCCND3 (log2FC¼ 0.4). AsCCND1 aber-

rations are known to contribute to neuroblastoma, this

might explain why, as opposed to individuals with

MYCNThr58Met, individuals with the MAXArg60Gln variant
Figure 6. Schematic representation of the effect of the Arg60Gln
Max has an increased ability to partition as a heterodimer bound to
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donot have neuroblastoma, despite the overlapping pheno-

types and underlying molecular mechanisms. These differ-

ences could be due to the different cell types analyzed; there-

fore, further research is required to better understand how

these overlapping transcriptional networks are regulated,

and in turn dysregulated, in disease.

Thephenotypic spectrumof the three individuals, in addi-

tion to the macrocephaly and polydactyly, was broad,

ranging from hypospadias, renal agenesis, single umbilical
mutation on Max
DNA and activate the transcription of c-Myc target genes.
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Figure 7. RNA sequencing shows dysregulated transcriptome in the presence of MAXArg60Gln

(A) Volcano plot showing adjusted p value vs. log2 fold change of all expressed genes. Significantly up- or downregulated genes
(padj < 0.01) are shown in blue except those that also have a log2fold change less than �1 or greater than þ1, which are shown in red.
(B) Heatmap based on the significantly differentially expressed transcripts. The samples (columns) and transcripts (rows) have been clus-
tered to group things most alike between each biological replicate for MAXWT and MAXArg60Gln transfected cells.
(C) Dot plot showing the top 25 gene ontology (GO)-enriched terms based on GeneRatio.
(D) Bar plot of the top 25 GO-enriched terms based on gene number. A recurrent de novo MAX p.Arg60Gln variant causes a syndromic
overgrowth disorder through differential expression of c-Myc target genes.
artery, flattened thoracic vertebrae, and death 1 h after birth

in the most severely affected individual (P3) to perianal ab-

scesses in P2.Wehypothesize that these inconsistent pheno-

typesmay be due tomisregulation of additional genes down-

stream of c-Myc. This is supported by RNA sequencing

analysis, which showed broad transcriptional dysregulation

in the presence of the MAXArg60Gln variant. Similar broad

transcriptional dysregulation has also been observed as a

result of genomic aberration of transcription regulators that

compete for the same E-box promoter sequence as Max and

c-Myc. For example, a recent study showed loss of MITF, en-

coding the microphthalmia-inducing transcription factor,
The Americ
in amelanomacell line led to2,136genesbeingdifferentially

expressed, of which 1,516 showed at least a 2-fold change

in expression.30 Loss-of-functionmutations inmicrophthal-

mia-inducing transcription factor (MITF) cause a similar

macrocephaly-associated syndrome known as COMMAD

(coloboma, osteopetrosis, microphthalmia, macrocephaly,

albinism, and deafness; MIM: 617306).31 Altogether, we hy-

pothesize that in the presence of the MAX p.Arg60Gln

variant, or biallelic loss-of-function mutations in MITF,

c-Myc has reduced competition for the E-box sequence,

resulting in dysregulated expression of downstreamMyc-as-

sociated genes. This could go some way to explain the
an Journal of Human Genetics 111, 119–132, January 4, 2024 129



overlapping phenotypes observed between COMMAD and

the cases described herein.

Currently, therapeuticoptions for individualswith thishet-

erogeneous group of overgrowth syndromes are limited.

mTOR inhibitors derived from rapamycin, namely everoli-

mus and temsirolimus, have been used for the treatment of

tuberous sclerosis complex-associated angiomyolipomas

(MIM: 191100) and PTEN hamartoma tumor syndrome

(PHTS;MIM:601728)butwithmixed results.32–35Recent suc-

cess has been achieved using alpelisib to treat PIK3CA-associ-

ated disorders, including CLOVE syndrome (MIM: 612918);

however, this is only applicable to individuals harboring a

PIK3CA mutation.36 While these therapeutics are unlikely

to mediate the disease phenotypes resulting frommutations

inMAX, therapies that modulate binding of c-Myc to the ca-

nonical E-boxmay have some promise. Of particular interest

is adominant-negative formofMyc,knownasOmomyc-CPP,

that has recently started clinical trials as a treatment for

c-Myc-driven cancers.37 Given that the disease mechanism

described in this study results in excessive c-Myc-driven tran-

scription, it is possible that Omomyc could be an effective

treatment for individuals with germlineMAXmutations.

In summary, we have identified a recurrent germline de

novo p.Arg60Gln variant in MAX as a cause of a macroce-

phaly- andpolydactyly-associated syndrome.Weprovide ev-

idence that the MAX p.Arg60Gln variant may cause the dis-

ease because of the loss or reduction of the repressing

function of the MAX homodimer bound to the E-box

sequence and to the concomitant increase in the binding

of the c-Myc/Max heterodimer. This is proposed to result in

less competition from MAXArg60Gln than from MAXWT for

the E-box promoter sequence and dysregulation of c-Myc-

mediated transcription of target genes, including CCND2.

Thus, unlike previously described macrocephaly-associated

disorders, the mutation inMAX does not result in stabilized

CCND2 but instead increases transcription of CCND2. Mol-

ecules that competitively bind the E-box sequence may

therefore serve as an effective therapeutic for individuals

harboring germline MAX-associated pathogenic variants.
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