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PTPN4 germline variants result in aberrant
neurodevelopment and growth
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Summary
Protein-tyrosine phosphatases (PTPs) are pleomorphic regulators of eukaryotic cellular responses to extracellular signals that func-

tion by modulating the phosphotyrosine of specific proteins. A handful of PTPs have been implicated in germline and somatic hu-

man disease. Using exome sequencing, we identified missense and truncating variants in PTPN4 in six unrelated individuals with

varying degrees of intellectual disability or developmental delay. The variants occurred de novo in all five subjects in whom segre-

gation analysis was possible. Recurring features include postnatal growth deficiency or excess, seizures, and, less commonly,

structural CNS, heart, or skeletal anomalies. PTPN4 is a widely expressed protein tyrosine phosphatase that regulates neuronal

cell homeostasis by protecting neurons against apoptosis. We suggest that pathogenic variants in PTPN4 confer risk for growth

and cognitive abnormalities in humans.
Introduction

Protein-tyrosine phosphatases (PTPs) represent the largest

family of human phosphatases.1 PTPs are signaling mole-

cules that regulate a variety of cellular processes, including

proliferation, differentiation, and oncogenic transforma-

tion.2 Protein-tyrosine phosphatase, non-receptor-type, 4

(PTPN4 [MIM: 176878]) encodes a non-receptor tyrosine

phosphatase that in neurons interacts with glutamate re-

ceptor delta 2 and epsilon subunits and mediates signaling

downstream of the glutamate receptors through tyrosine

dephosphorylation.3 PTPN4 is broadly expressed, with

highest expression in human neurons and fetal astrocytes,

as well as thyroid.3–8 Genome Aggregation Database (gno-

mAD) data indicate that PTPN4 has a high probability of

loss-of-function (LoF) intolerance with a loss-of-function

observed/expected upper bound fraction (LOEUF) of

0.28, indicating that no more than 28% of the expected

loss-of-function variants were observed and therefore

PTPN4 is likely under selection against loss-of-function

variants.9

Here, we describe six individuals with neurodevelop-

mental phenotypes and growth or morphological

anomalies who carry rare, putatively deleterious sequence

variants in PTPN4. Clinical data were obtained through
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written informed consent. In all cases, the procedures fol-

lowed were in accordance with the ethical standards of

the respective institution’s committee on human research

and were in keeping with national standards. PTPN4

sequence variants were identified in all of these individuals

by clinically based exome sequencing (except subject 2

who had a targeted gene panel) performed in CLIA- or

ISO15189-certified laboratories and confirmed by Sanger

sequencing. The clinical phenotypes of these individuals

and a description of their PTPN4 sequence changes—

including in silico prediction of effects on protein function

via PolyPhen-2,9 SIFT,10 and MutationTaster11 and allele

frequencies reported in the gnomAD, ClinVar, and Human

Gene Mutation Database (HGMD)—are summarized in

Table S1.
Material and methods

Conservation analysis
The protein sequences for 300 unique PTPN4 orthologs (Verte-

brata) were downloaded from the NCBI Ortholog database entry

for PTPN4. The sequences were aligned in Geneious Prime

2020.2.2 (Biomatters, Auckland, New Zealand) using the Clustal

Omega function to calculate the amino acid conservation at

each position (% identity based on frequency).
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e; 7Centre de Référence Déficiences Intellectuelles de Causes Rares, Paris,

Children’s Hospital, Indianapolis, IN, USA; 9University of Exeter Medical

ical Genetics and Genomics, Spectrum Health/Helen Devos Children’s Hos-

ment, Michigan State College of Human Medicine, Grand Rapids, MI, USA;

d; 13Department of Psychiatry, University Hospitals Cleveland Medical Cen-

uman Genetics and Genomics Advances 2, 100033, July 8, 2021 1

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

mailto:axa886@case.edu
https://doi.org/10.1016/j.xhgg.2021.100033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xhgg.2021.100033&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biochemical analysis
Clone preparation

DNA sequence corresponding to amino acids (aa) 611–926 of

PTPN4 was amplified via PCR from cDNA clone ID BC010674.

PCR product was purified using NucleoSpin PCR clean-up kit

(Clontech) and cloned into pET24-based vector using InFusion

HD cloning kit (Clontech). Transformations and plasmid isola-

tions were performed using standard protocols. Resulting PTPN4

expression construct contained N-terminal 63 his tag followed

by TEV protease cleavage site.

PTPN4 mutagenesis

p.Arg808His variant was introduced in thewild-type (WT) construct

via PCR using InFusion HD kit. PCR primers encodedmutated DNA

sequences. Variants were verified by DNA sequencing.

PTPN4 WT and p.Arg808His purification

Rosetta2 cells were transformed withWTor p.Arg808His encoding

construct of PTPN4. Overnight starter cultures were prepared by

inoculating 100 mL of Luria-Bertani (LB) media (Thermo Fisher

Scientific) with several colonies and grown overnight at 37�C.
Large-scale cultures were grown in 23 TY media at 37�C until op-

tical density (OD) reached �0.6 and then induced with 0.25 mM

isopropyl b-D-1-thiogalactopyranoside (IPTG) and grown at 18�C
overnight. The cells were harvested by centrifugation and lysed

in buffer containing 50 mM HEPES (pH 7.5), 500 mM NaCl,

10% glycerol, 0.25 mM tris(2-carboxyethyl)phosphine hydrochlo-

ride (TCEP,Sigma-Aldrich), 5 mM MgCl2, and protease inhibitor

cocktail. PTPN4s were purified using Roche cOmplete Ni-NTA

resin using manufacturer’s instructions. Proteins were further pu-

rified using Superdex 75 (GE Healthcare) size exclusion column in

the final formulation buffer (50mMHEPES [pH 7.5], 10% glycerol,

500 mM NaCl, 0.25 mM TCEP).

PTPN4 p.Arg808His purification

Arctic Express cells were transformed with p.Arg808His encoding

construct of PTPN4. Overnight starter culture was prepared by

inoculating 100 mL of LB media with several colonies and grown

O/N at 37�C. Large-scale culture was grown in Terrific Broth (TB)

media (Sigma-Aldrich) at 37�C until OD reached�1, then induced

with 0.25 mM IPTG and grown at 12�C for 24 h. The cells were

harvested by centrifugation and lysed in buffer containing

50 mM HEPES (pH 7.5), 500 mM NaCl, 10% glycerol, 0.25 mM

TCEP, 5 mM MgCl2, and benzamidine protease inhibitor cocktail.

PTPN4 was purified using Roche cOmplete NiNTA resin, employ-

ing a 2 M urea wash to remove excess chaperonin protein. Protein

was further purified using Superdex 75 (GE Healthcare) size exclu-

sion column in the final formulation buffer (50 mM HEPES [pH

7.5], 10% glycerol, 500 mM NaCl, 0.25 mM TCEP).

Kinetics experiments

Kinetics experiments were carried out on a BMG Pherastar FS

(BMG Labtech). Absorbance values were measured at 405 nm at

25�C for each time point. Experiments were performed by mixing

increasing concentrations of each of the PTPN4 variants, ranging

from 100 nM top concentration with two-fold serial dilution

versus a fixed concentration of pNPP (5 mM) in a 50 mL reaction

volume, with a 10 mL 1 N NaOH stop reaction. The buffer was

phosphate-buffered saline (PBS), 10 mM Na2HPO4, 1.8 mM

KH2PO4, 137 mM NaCl, 2.7 mM KCl. Initial linear reaction rates

were calculated during a 20–60 min reaction. The enzyme kinetics

were deduced from fitting the Michaelis-Menten equation with

the GraphPad Prism software.

Circular dichroism

70 mg ofWTand R808H PTPN4were buffer exchanged into 20mM

sodium phosphate (pH 7.5), 150 mMNaCl and concentrated to%
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400 mL using Amicon centrifugal filters (Millipore). Note that

TCEP was left out of the buffer to avoid any spectral artifacts due

to oxidation of TCEP, which is unstable in phosphate buffers.

The buffer-exchanged samples were spun at 10,000 rpm for

5 min at 4�C to pellet any aggregates. No pellet was observed. Cir-

cular dichroismmeasurements were taken using a Jasco J-815 spec-

trophotometer with an MPTC-490 6-cell 52 Peltier thermostatted

cell holder. Spectra were recorded at 20�C from 190 to 250 nm at

0.1 nm intervals using a 1 mm pathlength quartz cuvette. The

samples were scanned at 50 nm/min with a 1 nm bandwidth

and a 4 s data integration time (DIT) four times and plotted as

an average of all four reads. A spectrum of buffer alone was sub-

tracted from the data. Thermal denaturation curves were collected

by measuring the change in CD signal at 209 nm and 222 nm as a

function of temperature from 20�C to 88�C with a temperature

ramp rate of 1�C/min and a DIT of 4 s. WT data were collected

every 1�C from 20�C–40�C and 65�C–88�C, and every 0.5�C
from 40�C–65�C. R808H data were collected every 1�C from

20�C–35�C and 60�C–88�C, and every 0.5�C from 35�C–60�C.
WT was measured at 0.175 mg/mL, and R808H was measured at

0.167 mg/mL. The CD signal in mdeg was buffer subtracted and

converted to mean molar ellipticity per residue (MRE) using the

following equation:

qMRE ¼ M

c$l$nr

$qdeg;

with molecular weight (M) in g/dmol, concentration (c) in g/mL,

pathlength (l) in cm, number of residues (nr), and ellipticity

(qdeg) in degrees. For the thermal denaturation curves, the MRE

was converted to fraction denatured as follows. The pre-transition

points (characteristic of the native state) were fitted to a linear

curve and MRE values extrapolated from this and denoted yN.

The post-transition points (characteristic of the denatured state)

were fitted to a linear curve and MRE values extrapolated from

this and denoted yD.MRE values (y) were converted to fraction de-

natured (fD) using the following equation: fD ¼ (y � yN)/(yD �
yN). The data were fit to a Boltzmann sigmoid using Prism to

extract the temperature of unfolding (Tm).
Neuronal studies
PTPN4, PTPN4 p.Gly239Arg, and PTPN4 p.Arg808His cloning into

the expression vectors

The synthetic human gene PTPN4 was assembled from synthetic

oligonucleotides and/or PCR products by the GeneArt Gene Syn-

thesis (Thermo Fisher Scientific) as reported previously.12 The sin-

gle-nucleotide substitution variants PTPN4mutG715A (amino

acid sequence PTPN4 p.Gly239Arg) and PTPN4mutG2423A

(amino acid sequence PTPN4 p.Arg808His) were ordered from

the GeneArt Gene Synthesis (Thermo Fisher Scientific) as the var-

iants of PTPN4 sequence. The mutated genes were inserted into

pMA cloning vectors. The final constructs were verified by

sequencing. The PTPN4, PTPN4 p.Gly239Arg, and PTPN4 p.Ar-

g808His sequences were next cloned separately into the pSyn-

EGFP-N1 expression vector (with restriction enzymes SacI and

AgeI flanking the desired sequences) for PTPN4-EGFP or PTPN4

p.Gly239Arg-EGFP or PTPN4 p.Arg808His-EGFP fusion protein

expression in neurons. The ligation of 50 ng pSyn-EGFP-N1 vector

with either 100 ng PTPN4 or 100 ng PTPN4 p.Gly239Arg or 100 ng

PTPN4 p.Arg808His insert sequences was performed overnight at

room temperature (RT) using 5 U ExpressLink T4 DNA ligase (Invi-

trogen). Next, 2 mL of ligation reaction was transformed into



chemically competent Escherichia coli TOP10 strain, and the bacte-

ria were plated onto LB agar plates containing 50 mg/mL kana-

mycin. The plasmidwas isolated from 3mL single-colony bacterial

cultures using GenElute Plasmid Miniprep kit (Sigma-Aldrich) ac-

cording to manufacturer’s protocol. The correct clones were

selected by NheI and HindIII restriction enzyme digestion, and

the sequence was verified by sequencing with the primers

designed in Primer3Plus. Finally, QIAfilter Plasmid Midi Kit (QIA-

GEN) was used for purification and isolation of the larger amount

of plasmid DNA.

Primary neuronal cultures

The culture of primary hippocampal neurons was set from post-

natal day 0 Wistar rats of either sex. The hippocampi were

dissected in ice-cold Hank’s balanced salt solution (HBSS, Sigma-

Aldrich), washed 3 3 10 mL of ice-cold HBSS, and treated with

10 mL per one hippocampus of 2.5% trypsin enzyme (Gibco) in

4 mL HBSS for 20 min at 37�C water bath with occasional flicking.

After 3 3 10 mL warm HBSS wash and dissociation, the neurons

were plated at a density of 120,000 cells per 18 mm diameter

coverslip (Assistent) coated with 50 mg/mL poly-D-lysine (Sigma-

Aldrich) and 2.5 mg/mL laminin (Roche) in Neurobasal A medium

(Gibco) supplemented with 2% B-27 (Gibco), 1% penicillin-strep-

tomycin (Sigma-Aldrich), 2 mM GlutaMAX (Gibco), and 12.5 mM

glutamate (Sigma-Aldrich). The cultures were developed in humid-

ified 5% CO2 incubator at 37�C.
Transfection

The rat primary hippocampal neurons (DIV16) were transfected

with pSyn-PTPN4-EGFP or pSyn-PTPN4, p.Gly239Arg-EGFP, or

pSyn-PTPN4 p.Arg808His-EGFP expression vectors. Additionally,

pSyn-EGFP plasmid was used as a control. Briefly, 1 mL Lipofect-

amine 3000 (Thermo Fisher Scientific) or 0.5 mg plasmid and

1 mL P300 Reagent were incubated separately with 150 mL Neuro-

basal A each for 5 min at RT. Next, the plasmid and transfecting

reagent were mixed and incubated 20 min at RT. The transfecting

mix was incubated with cells for 1 h and replaced with the condi-

tioned medium. Following 48 h after transfection, the neurons

were fixed with 4% paraformaldehyde and 4% sucrose in PBS for

7 min, washed 3 3 10 min with PBS, and subjected to immuno-

staining. The transfections were repeated on three independent

neuronal cultures.

Immunofluorescence staining

The neurons were permeabilized using 0.1% Triton X-100 in PBS

(PBST) for 10 min and blocked with 5% bovine serum albumin,

5% normal goat serum in PBST for 1 h at RT. Subsequently, the

cells were incubated with primary antibodies in blocking solution

overnight at 4�C. The antibodies used were chicken anti-GFP

(1:500, ab13970, Abcam) to enhance the EGFP signal, mouse

anti-PSD95 (1:500, MAB1598, Merck Millipore) to visualize gluta-

matergic synapses, and rabbit anti-MAP2 (1:500, #4542, Cell

Signaling) to visualize dendrites. After washing 3 3 10 min with

PBST, the cells were incubated with secondary antibodies (Alexa

Fluor anti-chicken 488, anti-mouse 647, anti-rabbit 555, 1:1,000,

Life Technologies) for 1 h at RT, washed 3 3 10 min with PBST,

and mounted with DAPI Fluoromount-G (SouthernBiotech).

Imaging and quantification

All images were acquired using confocal microscope LSM 700,

Axio Imager Z2 (Zeiss), using EC Plan-Neofluar 403/1.30 Oil

DIC M27 and Plan-Apochromat 633/1.40 Oil DIC M27 objectives

and Zen software (Zeiss). The images were captured by snap as well

as in a stack of nine 0.3-mm-thick z sections (2.7 mm total range) by

frame scan mode. For the whole neuron visualization, the 403

snap images are presented with the 0.83 zoom factor on frame
H

size 1,024 3 1,024 (pixel size is 0.20 mm). For dendrite images,

the maximum intensity projection pictures of 633 flattened z

stacks are presented with 0.73 zoom factor on frame size

2,048 3 2,048 (pixel size equals 0.07 mm). The images were

analyzed using Zen Blue software (Zeiss). For quantification, the

number of EGFP-expressing dendritic spines was counted on

50 mm length of three secondary dendrites from 14 neurons (n

¼ 42 dendrites per variant). The statistical analysis was performed

using unpaired Student’s t test in GraphPad Prism version 7.03.
Results

Case summaries

Subject 1 (Figure 1A) is an 11-year-old male of mixed Euro-

pean and African American descent with a de novo

c.715G>A change in PTPN4 that results in a p.Gly239Arg

amino acid change. This variant was predicted to be

benign by PolyPhen-2, tolerated by SIFT, disease-causing

by MutationTaster, and classified as a variant of uncertain

significance (VUS) using Varsome10 following American

College of Medical Genetics (ACMG) guidelines.11 His clin-

ical features include severe developmental delay (DD),

autism, limited speech, congenital dermal melanocytosis,

several cafe-au-lait macules, and generalized overgrowth-

obesity and macrocephaly (>99th percentile for height,

weight and head circumference). From the age of 7 years,

when consistent measurements were obtained, he was

88th percentile or greater for weight and height, with a

body mass index (BMI) of 75th percentile or greater. He

stood with his knees flexed and was unable actively to

extend them fully and ambulated with a crouch gait with

symmetrical internal rotation of the hips and bilateral

hamstring tightness. Spine X-rays showed no notable

bony abnormalities. A brain magnetic resonance imaging

(MRI) scan obtained at 10 years of age was normal. Family

history is significant for a maternal half-brother diagnosed

with autism at age 14.

Subject 2 (Figure 1B) is a 23-month-old European male

who carries a de novo c.191T>G (p.Leu64Trp) substitution

in PTPN4 predicted to be probably damaging by Poly-

Phen-2, disease-causing by SIFT, damaging by Muta-

tionTaster, and classified as a VUS. His clinical features

included speech and motor developmental delays, with

axial and appendicular hypotonia with a wide-based gait.

He had minor dysmorphic features as follows: prominent

forehead, deep-set eyes with mildly upslanting palpebral

fissures, a flat nasal bridge and wide nose, a wide philtrum,

and thin upper lip with normal palate and dentition. In

addition, he had a facial hemangioma, a single abdominal

cafe au lait spot, and post-natal growth deficiency with

relative macrocephaly (weight: 5th percentile, height: 2nd

percentile, head circumference, 79th percentile). Brain

MRI at 23 months of age demonstrated a small multilocu-

lated cystic area in his right frontal lobe likely representing

large perivascular spaces or a benign neuroepithelial or

neuroglial cyst. He has no confirmed seizures and a nega-

tive electroencephalogram (EEG), although he has had
uman Genetics and Genomics Advances 2, 100033, July 8, 2021 3



Figure 1. Individuals with PTPN4 variants
(A) Subject 1 at 11 years of age. Macrocephaly (upper panel) and tapering fingers (lower panel). (B) Subject 2 at approximately 2 years
showingmacrocephaly with prominent forehead and facial hemangioma (upper panel) and tapering fingers with broad distal phalanges
(lower panel). (C) Subject 3 at 4 years showing macrocephaly with tall, broad forehead (upper panel) and broad distal phalanges (lower
panel). (D) Subject 4 at 4.5 years showing macrocephaly also with prominent forehead (upper panel) and tapering fingers (lower panel).
some staring episodes. This subject also harbored a de novo

c.655-2A>G:IVS5-2A>G variant in intron 5 of the Cullin 3

gene (CUL3 [MIM: 603136]). This variant is not found in

gnomAD, HGMD, or ClinVar. Loss-of-function variants

in CUL3 have been associated with autism13–15 and (in

the case of exon 9 splicing defects) with pseudohypoaldos-

teronism, type IIE (MIM: 614496).16 The CUL3 variant in

this subject was interpreted as a pathogenic variant by

ACMG criteria. Neurobehavioral issues aside, however,

CUL3 is not generally associated with growth anomalies

in humans.

Subject 3 (Figure 1C) is a 3-year-old European/African

American male who carries a de novo c.393_396del

(p.Gln132ThrfsTer17) frameshift change in PTPN4. This

change is predicted to severely truncate the 926-amino-

acids-long protein causing haploinsufficiency and classi-

fied as a pathogenic variant by ACMG criteria. Pregnancy

was the result of natural conception and there was no evi-

dence of maternal diabetes mellitus or other suspected

teratogen exposure. Chromosomal microarray performed

on amniocytes suggested normal male pattern. He was

evaluated at 20 months of age for multiple congenital

anomalies including congenital heart defect (pulmonary

valve stenosis, aortic valve insufficiency, large ventricular

septal defect, and aberrant right subclavian artery), unilat-

eral right-sided radial deficiency with oligodactyly (two

digits present; Figure S1), and unilateral right talipes equi-

novarus as well as vertebral anomalies (thoracic region

block vertebrae with rib fusions and an isolated left lumbo-

sacral hemivertebra). Other features include develop-

mental delay, post-natal growth deficiency (height < 1st

percentile, weight 2nd percentile), and progressive macro-
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cephaly (increase from 20th percentile at birth to >99th

percentile at 16months). BrainMRI obtained at 20months

revealed mildly diminished cerebral white matter volume

with prominence of the ventricles and supratentorial

extra-axial spaces. Renal ultrasound was normal, and

there was no tracheoesophageal fistula or anal anomalies.

A differential diagnosis of VACTERL association (vertebra-

anal-cardiac-tracheoesophageal fistula-renal-limb; MIM:

192350) was considered. CHARGE syndrome (MIM:

214800) was also considered; however, ophthalmologic

examination was normal and Chromodomain helicase

DNA-binding protein 7 (CHD7 [MIM: 608892]) gene anal-

ysis was normal. Split hand/foot malformation (SHFM)

with long bone deficiency (SHFLD) (MIM: 119100) was

previously noted in association with 2q14.2 chromosomal

breakpoints without localization of the responsible

gene(s).17,18 Subject 3’s limb defects (Figure S1), taken in

isolation, could lie within the heterogeneous SFHM

spectrum.

Subject 4 (Figure 1D) is a 19-year-old male of European

descent who carries a de novo heterozygous c.2171T>C

(p.Ile724Thr) substitution in PTPN4 that was found to be

possibly damaging by PolyPhen-2, damaging by SIFT, dis-

ease causing by MutationTaster, and classified as a VUS

by ACMG criteria. Birth weight was measured at the 65th

percentile, with a head circumference at the 99th percentile

(þ2.5 SD). Childhood height generally tracked the mid-

percentile range (71st percentile at 14 years), and head

circumference remained at the top of the range, measuring

at 99th percentile (þ2.6 SD) at age 14 years. His clinical fea-

tures included moderate intellectual disability (ID), atten-

tion deficit disorder (ADHD), autism spectrum disorder



(ASD), astigmatism, hyperacusis, joint laxity, and general

unsteadiness, but no seizures. Primary dentition was ex-

tracted at age 3 years due to decay. A brain MRI scan at

3.5 years of age revealed a large cavum septum pellucidum

and vergae, a slight reduction in white matter around the

posterior horns, and associated thinning of this region of

the corpus callosum. He had an early working diagnosis

of Sotos syndrome I (MIM: 117550). Nuclear-receptor-

binding set domain protein 1 (NSD1 [MIM: 606681])

testing at age 4.5 years identified neither a pathogenic

variant nor copy-number variant (CNV) at this locus.

Subject 5 is a 15-year-old female of Asian descent who

carries a c.2512 C>T (p.Arg838Ter) change in PTPN4.

This variant was present in gnomAD in 1 person (1/

251,432) and dbSNP (rs1259252500; frequency T ¼
0.000004, derived from gnomAD data above), but was

absent from ClinVar. Parental DNA samples could not be

obtained for testing. The variant was predicted damaging

by SIFT and disease causing by MutationTaster. Symptoms

included borderline intellectual functioning with a full-

scale IQ of 71, motor tics, ADHD, and recurrent absence

seizures. EEG showed generalized spike wave discharges.

A brain MRI at age 8 years was normal; however, spinal

MRI showed a diastematomyelia associated with a lipoma

from L3–L4 extending into her sacrum, and L5 butterfly

vertebrae. Her height was 30th percentile, weight 63rd

percentile, head circumference 7th percentile (consistent

with relative microcephaly). Besides hypermetropia and

astigmatism, she had eye movement abnormalities.

Subject 6, a 17-year-old male of European descent,

carries a de novo c.1738G>T (p.Asp580Tyr) variant in

PTPN4 that was found to be probably damaging by Poly-

Phen-2, damaging by SIFT, disease causing by Muta-

tionTaster, and classified as a VUS by ACMG criteria. His

clinical features included mild intellectual disability,

ADHD, and growth abnormalities (weight > 99th percen-

tile, height 2nd percentile, occipitofrontal circumference

[OFC] 98th percentile, consistent with relative macroce-

phaly). Seizures started at 17 months of age. EEG showed

numerous paroxysmal generalized bursts of spikes-waves.

The epilepsy was treatment resistant until the age of 10

years, when treatment with zonisamide was initiated.

There was a family history of paternal childhood seizures

and a 14-year-old male sibling with ASD and rare fever-

induced seizures between 1 month to 7 years of age.

In addition to these six primary subjects, other subjects

with PTPN4 variants either (1) of unclear significance, or

(2) culled from the literature are included in Table S1 for

comparison as follows (subjects A–D, in red text):

Subject A, a female of European descent, was born at

39 weeks of gestation with symmetric intrauterine growth

retardation and deceased at 7 days of life. Her birth weight

was 2.42 kg (2nd percentile), birth length was 44 cm (�0.8

percentile), and head circumference was 28 cm (<1 percen-

tile). She was found to harbor a maternally inherited

c.2423G>A (p.Arg808His) change in PTPN4, which was

present in her mother in 9/96 reads for 9.3% mosaicism
H

(95% confidence interval, 4.3%–17.1%). This PTPN4

change is predicted to be probably damaging by Poly-

Phen-2, tolerated by SIFT, disease causing by Muta-

tionTaster, and classified as a VUS by Varsome. The pro-

band was also found to harbor a maternally inherited

c.2533þ1G>A (p.IleValSer25þ1Gly>Ala) change in Stro-

mal Antigen 2 (STAG2 [MIM: 300826]), which is predicted

to destroy the canonical splice donor site in intron 25,

leading to abnormal gene splicing. This type of change is

not amenable to evaluation by PolyPhen-2, SIFT, or Muta-

tionTaster but was classified as a pathogenic variant by Var-

some. The individual had severe microcephaly, semilobar

holoprosencephaly with a formed but thin splenium of

the corpus callosum, and hypoplastic left heart syndrome.

STAG2 encodes a member of the kinesin family of proteins

that acts as a plus-end-directed microtubule motor, partici-

pating in transport of cellular cargo in neurons as well as in

other cell types. STAG2 variants have been implicated in X-

linked recessive Mullegama-Klein-Martinez syndrome

(MIM: 301022). De novo STAG2 variants have additionally

been described in holoprosencephaly,19,20 and subject A

was previously reported in Corona-Rivera et al.18 with

STAG2 discussed as a candidate for her phenotype. Because

the X-linked STAG2 variant was inherited from a healthy,

non-mosaic mother, its pathogenicity and the exact rela-

tive contributions of STAG2 and PTPN4 variants to this

subject’s phenotype are challenging to disentangle.

Szcza1uba et al.12 reported a 5-year-old European individ-

ual with a mosaic de novo c.215 T>C (p.Leu72Ser) PTPN4

variant, predicted to be probably damaging by PolyPhen-

2, damaging by SIFT, and disease causing by Muta-

tionTaster. His clinical features include psychomotor and

speech delay, developmental delay, ritualized behavior

and sensory deficits, various upper limb stereotypies, and

autistic-like features but without seizures or growth or

brainMRI abnormalities. Here, we refer to him as subject B.

Christodolou et al.21 reported a de novo deletion of

PTPN4 in monozygotic twins with delayed motor and

cognitive development, limited speech, seizures, and sub-

stantial postnatal deceleration in growth (height, weight,

OFC). These subjects are referred to as subjects C and D.

For analysis within the phenotypic table (Table S1), we

excluded subjects A–D. The coexistence of a STAG2 variant

in subject A obscures interpretation of the phenotype in

that individual, which was more severe than what was

observed in the other individuals. Subjects B–D have previ-

ously been described. Subject B has a mosaic variant, and

subjects 9 and 10 had genetic evaluation that was limited

to CNV analysis. Because of these limitations, we include

them here only for comparison.

Subjects 1–6 have a range of cognitive findings, from

borderline intellectual function to intellectual disability

or developmental delay, and 4/6 had speech delays. Our

cohort also demonstrates a variety of dysregulated growth

patterns: 4/6 had longitudinal growth anomalies (height

and/or weight), 4/6 had absolute or relative macrocephaly

and 1/6 had absolute or relative microcephaly; 3/6 had gait
uman Genetics and Genomics Advances 2, 100033, July 8, 2021 5



or ambulatory anomalies; 3/6 had brain MRI anomalies,

particularly cystic or ventricular anomalies; 2/6 had sei-

zures or abnormal EEGs; 4/6 had ADHD, two of those indi-

viduals with comorbid autism; 2/6 had skin anomalies;

and 2/6 had spinal anomalies, with both having butterfly

vertebrae and one having a split cord malformation (dia-

stematomyelia). Congenital heart defects were seen in 1/6.

Characterization and conservation of variant

substitutions

PTPN4 is a large modular 926-amino-acid protein localized

in the cytoplasm and at the plasma membrane. It contains

an N-terminal FERM (Band 4.1, Ezrin, Radixin, and Moe-

sin) domain, a PDZ (PSD-95/Dlg/ZO-1) domain, and a

C-terminal catalytic tyrosine phosphatase domain, within

which lies a catalytic motif (amino acids HCSAGIGR, resi-

dues 851–858).2,3,22,23 After the suppression of the FERM

domain, which is responsible for protein anchoring to

the plasma membrane,22,24 the phosphatase is exclusively

cytoplasmic.25 PTPN4 is proteolyzed in the cell by calpain

in response to physiological stimuli, leading to enzyme

activation.22 The active form of PTPN4 consists of the

PDZ protein-protein interaction domain23,24 and the PTP

domain, which is responsible for substrate dephosphoryla-

tion.26

The variants in this study comprise two truncations and

four missense variants. Two missense variants lie within

the FERM domain, one missense variant lies within the

PDZ domain, while two truncations and one missense

variant lie within the phosphatase domain but not within

the HCSAGIGR catalytic motif (Figure 2A). Analysis of

nucleotide sequence conservation across 300 vertebrate or-

thologs (blue; 140 mammalian orthologs, red) is shown in

Figure 2B. Of the six missense amino acid changes in Table

S1, five variants are located at highly conserved residues

(98%–100% conservation across all orthologs). Residue

239 was located at a locus with 60%–70% conservation

across all orthologs but showed mammalian conservation

at the level of 99%. For residue 239, one sequence (Mus car-

oli) has a substitution of glycine with alanine, which in

some contexts can be neutral. However, due to glycine’s

unique conformational flexibility attributable to a

hydrogen-containing side chain, even apparently neutral

variants can be forbidden in certain contexts. In aggregate,

there is a high degree of conservation at the loci of variant

substitutions in our subjects.

Subcellular localization of p.Gly239Arg within neurons

The PTPN4 p.Gly239Arg variant (subject 1) is located in

the non-catalytic FERM domain that anchors the protein

to the plasma membrane and promotes PTPN4 interaction

with its target membrane receptors.22,24 To assess whether

the p.Gly239Arg and p.Arg8080His variants affect proper

subcellular distribution of the protein, we transfected

mature rat hippocampal neurons (DIV13) with human

PTPN4-EGFP-, PTPN4 p.Gly239Arg-EGFP-, or PTPN4 p.Ar-

g808His-EGFP-expressing vectors to produce PTPN4 vari-
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ants fused with the EGFP protein. Additionally, the fluores-

cence was enhanced by immunostaining with anti-GFP

antibody to determine the localization of these constructs

in neurons (Figures 3A–3D). All three constructs were effi-

ciently expressed in the cells, and the fluorescent fusion

protein was present in the cytoplasm and nucleus of hip-

pocampal neurons, as well as in neuronal processes, axons,

and dendrites (Figure 3). Compared to PTPN4-EGFP

and PTPN4 p.Arg808His EGFP, PTPN4 p.Gly239Arg-EGFP

exhibited a weaker and more granular pattern of

staining within dendrites. Imaging of transfected dendrites

by confocal microscopy revealed that the PTPN4

p.Gly239Arg-EGFP protein variant failed to localize to den-

dritic spines. To specifically determine dendrites, we used

MAP2 antibody, and for synapses PSD-95 staining was

used (Figures 4A and 4B). For the statistical analysis, the

number of EGFP-expressing dendritic spines was counted

per 50 mm length of secondary dendrite transfected with

PTPN4-EGFP, PTPN4 p.Gly239Arg-EGFP, and PTPN4 p.Ar-

g808His-EGFP (Figure 4C). The results indicate that the

simple amino acid change in the FERM domain of PTPN4

can prevent its delivery to synapses. In contrast, the

PTPN4 p.Arg808His-EGFP phosphatase domain variant

does not impede protein trafficking to its synaptic

destination.

PTPN4 dephosphorylates the NMDA receptor subunit

GluRe1 (also known as GRIN2A).3 Another important

function of PTPN4 in neurons is the direct dephosphoryla-

tion of GluA2 AMPA receptors, necessary for proper long-

term depression (LTD) expression in cerebellar neurons27

and requiring the anchoring of PTPN4 to the post-synaptic

density (PSD) via its direct interaction with GluRd2 (also

known as GRID2).3,27 Non-catalytic domains of PTPs con-

trol protein subcellular distribution and thereby indirectly

regulate PTP activity by limiting access to specific sub-

strates.28 For example, FERM domain suppression of

PTPN4 leads to cytoplasmic retention in T cells,29 and

the FERM-containing Preso protein subsequently fails to

target dendritic spines after FERM domain deletion.30

Our analysis shows that the PTPN4 p.Gly239Arg protein

aggregates in dendrites and does not enter dendritic spines,

in contrast to WT PTPN4. This mislocalization of PTPN4

p.Gly239Arg protein within neuronal cells is likely to

impair its function. The same mislocalization of variant

PTPN4 was previously described for the p.Leu72Ser variant

harbored in mosaic form by subject 8.12 While it is unclear

how PTPN4 p.Gly239Arg mislocalization in neurons leads

to a downstream phenotype, it is possible that the lack of

PTPN4 p.Gly239Arg at synapses leads to excessive phos-

phorylation of PTPN4 phosphatase substrates (e.g.,

GluRd2, GluRε1) and impacts signaling at these receptors.

Biochemical analysis of p.Arg808His substitution

An individualwithholoprosencephaly and ectrodactylywas

previously described in association with a t(2;4)(q14.2;q35)

translocation.18 Since holoprosencephaly was a phenotypic

outlier inour cohort,wewished to clarify the extremeoutlier



A

B

Figure 2. Domain structure, conserva-
tion, and locations of observed variation
in PTPN4
(A) Variation observed in PTPN4 is shown
for the 926-amino-acid protein, GenBank:
NP_002821.1. Protein domains include
Band 4.1, Ezrin, Radixin, and Moesin
(FERM), PSD-95/Dlg/ZO-1 (PDZ), and tyro-
sine phosphatase (PTP) domains. Protein-
altering variants are shown above the
schematic representation of PTPN4. De
novo variants in subjects 1–6 are shown
in black text, and those of unknown inher-
itance are shown in green. Variants in sub-
jects A and B are shown in red. (B) Conser-
vation at sites of missense substitutions:
for sequence comparisons across all 300
orthologs, the conservation scores were
binned over every 10% to facilitate visual-

ization (e.g., a score of 100% indicates a range of 91%–100% sequence identity). For sequence comparisons of the 140 mammalian or-
thologs, the scores were not binned and are shown as is (i.e., a score of 100% indicates that the amino acid at that position is the same
across all orthologs analyzed). Conservation across all orthologs is marked in blue, whilemammalian ortholog conservation is marked in
red.
genotype-phenotype correlation observed in subject A to

determine if the p.Arg808His variant was a contributor to

the holoprosencephaly phenotype. This variantwas a (likely

post-zygotic)mosaic variant present in only a portion of the

healthy parent’s cells and transmitted to the affected

offspring. Identification of such parental-mosaic transmis-

sions have been shown to be an important complement to

the established approach of screening for de novo substitu-

tions.31–33 As the CUPSAT34 and DUET35 software programs

both suggest the p.Arg808His substitutionwould be destabi-

lizing to the protein, we used circular dichroism spectros-

copy to evaluate the overall conformation of p.Arg808His

constructs in comparison to wild-type PTPN4. Using Escher-

ichia coli-expressed constructs, spectra were recorded from

250 to 190 nm (Figure 5). PTPN4 constructs display a dou-

ble-negative double peak at 208 and 222 nm and positive

ellipticity below 200 nm, consistent with the presence of

substantial a-helical structure. CD spectra of both are super-

imposable (Figure 5A, left panel). Thermal denaturation of

PTPN4 was monitored by CD at 209 and 222 nm

(Figure 5A, middle and right panels). The R808H variant

does not significantly affect the unfolding temperature

(209 nm: p ¼ 0.55; 222 nm: p ¼ 0.30) or the cooperativity

of unfolding (209 nm: p ¼ 0.17; 222 nm: p ¼ 0.19) of

PTPN4. At 209 nm, WT denatures at 49.0�C 5 1.4�C, and
R808H denatures at 48.1�C 5 0.5�C. At 222 nm, WT dena-

tures at 48.4�C 5 1.0�C, and R808H denatures at 47.2�C5

0.1�C. Aggregation of both PTPN4 constructs was observed

when the cuvette was removed from the sample cell, indi-

cating that PTPN4 does not unfold and refold reversibly

when thermally denatured. In summary, the R808H substi-

tution does not alter the secondary structure composition

of PTPN4 compared to WT, nor does the variant affect

PTPN4’s resistance to thermal denaturation or the coopera-

tivity of its unfolding by thermal denaturation.

To further investigate the properties of the p.Arg808His

missense substitution and to delineate the respective con-
H

tributions of inherited PTPN4 and STAG2 variants in sub-

ject A, we examined the effect of p.Arg808His on PTPN4

phosphatase function. We constructed the PTPN4 p.Ar-

g808His vector for expression in Escherichia coli. The puri-

fied (His)6-tagged PTPN4 linker-phosphatase construct

was tested for the ability to dephosphorylate the

commonly used p-nitrophenyl phosphate (p-NPP) sub-

strate in vitro.36,37 Within the limits of experimental error,

the Michaelis-Menten kinetic properties of p.Arg808His

and WT are similar (Figure 5B).

Thus, WT and p.Arg808His appear indistinguishable in

terms of their in vitro catalytic, structural, and chemical

properties. Overall, we label this PTPN4 variant as being

of undetermined pathogenicity. The STAG2 gene has

been reported to be disrupted in holoprosencephaly with

hypoplastic left heart syndrome in males and some fe-

males.19,20 While a contribution from PTPN4 is suggested

by the inheritance of the X-linked STAG2 variant from a

healthy mother who also harbors the autosomal PTPN4

variant only in a low-mosaic form, the phenotype mirrors

the known STAG2 phenotype more closely than pheno-

types we have observed here in subjects 1–6.
Discussion

In summary, we describe a cohort of individuals with pre-

dominantly de novo variants in PTPN4manifesting various

degrees of developmental and growth anomalies. Silencing

of PTPN4 markedly increases neuronal apoptosis.26,38

PTPN4 interacts with glutamate receptor subunits, which

are required for neural development and function.3

Consistent with a neural role, Ptpn4-deficient mice on a

129SvJ background have defective motor learning and

cerebellar long-term depression.5 Furthermore, in

Drosophila, loss of expression of PTPMEG (the single ho-

molog of PTPN3 and PTPN4 in this species) results in
uman Genetics and Genomics Advances 2, 100033, July 8, 2021 7



Figure 3. Expression of human PTPN4, PTPN4 p.Gly239Arg, and
PTPN4 p.Arg808His proteins in rat primary hippocampal neurons
The neurons were transfected with PTPN4-EGFP, PTPN4
p.Gly239Arg-EGFP, PTPN4 p.Arg808His-EGFP, or control EGFP
expression vectors and immunostained with antibodies recog-
nizing: GFP (to delineate PTPN4 localization), PSD95 (to show glu-
tamatergic synapses), MAP2 (to visualize dendrites), and DAPI (for
nuclear staining). (A–C) An overview of DIV18 rat hippocampal
neurons showing PTPN4 and PTPN4 p.Gly239Arg and PTPN4
p.Arg808His protein ubiquitous localization within the cytoplasm
and nucleus of neuronal cell body. (A) The PTPN4 protein is also
present in axons (designated as white arrow), dendrites, and den-
dritic spines. (B) The PTPN4 p.Gly239Arg protein is present in den-
drites, but it does not localize to dendritic spines. (C) PTPN4 p.Ar-
g808His protein is expressed in both dendrites and dendritic
spines. (D) The visualization of neuron transfected with EGFP as
a control. Scale bars, 20 mm.
defective axon growth associated with impaired develop-

ment of mushroom bodies.39 While the closest human

PTPN4 homolog, PTPN3, dephosphorylates the growth

hormone receptor (GHR) and male Ptpn3-deficient mice

display increased weight gain on a mixed 129 SvEv 3

C57BL/6 genetic background,40,41 no change in body

mass of Ptpn4-deficient or Ptpn3/Ptpn4 double-deficient

mice was observed in another study with mice on a

129P2/Ola Hsd background or a C57BL/6 background.7

Subjects with FERM domain variants were noted to have

absolute or relative macrocephaly but tended to lack sei-
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zures or EEG anomalies. The only subject in the cohort

with a PDZ domain variant also has relative macrocephaly,

while one individual with a phosphatase domain variant

had macrocephaly (possibly familial, taking parental mea-

surements into account). Butterfly vertebrae and bony

abnormalities were found only in individuals with trunca-

tions (2/2). While cognitive or developmental delay was

frequent, one person with a truncation (subject 5) had

normal intelligence, albeit with borderline intellectual

functioning (tested full-scale IQ of 71). It remains possible

that cognitive function within the range of normal might

ultimately manifest in the younger subjects with develop-

mental delay in our cohort.42 Subject 2 had a likely patho-

genic missense variant in CUL3, a gene for whom loss-of-

function variants have been associated with autism.13–15

At age 23 months, subject 2 does not carry an autism

diagnosis.

The downstream pathogenic mechanisms by which

FERM-domainmislocalization substitutions lead to pheno-

typic manifestations may not wholly overlap with

mechanisms attributable to phosphatase-domain, PDZ-

domain, or truncation variants. Subject 5’s PTPN4

variant is present in gnomAD, and this variant, as well as

another truncation, has been reported in individuals

with autism43 as a parent-transmitted protein-truncating

variant (PTV). Both PTVs, c.16C>T (p.Arg6Ter) and

c.2512C>T (p.Arg838Ter), were described in an analysis

of a large set of de novo unique PTVs in autism/develop-

mental delay, which were compared to de novo ASD/devel-

opmental delay PTVs that are also observed as standing

variation in the population. As a class, singleton PTVs

with one allele in ExAC showed no over-transmission.

However, removal of PTVs present in ExAC or in a loss-

of-function-tolerant gene (pLI< 0.9) led to amodest excess

of transmitted PTVs in ASD individuals. Overall �1/3 of de

novo variants identified in neurodevelopmental disease co-

horts were also present as standing variation in ExAC, were

enriched for more mutable CpG sites, and conferred no

detectable risk to intellectual disability/developmental dis-

orders and ASDs, consistent with benign variation. Howev-

er, the class of inherited singleton PTVs with one variant in

ExaC and a pLI > 0.9 (which includes PTPN4) includes a

number of high-penetrance neurodevelopmental genes

that are associated with autosomal dominant loss-of-func-

tion intellectual disability or autism phenotypes, including

ARID2, CADPS2, CHD8, CUX1, KMT2C, KMT2D, MBD5,

NIPBL, and PTEN. Thus, there are many genes within this

class for which loss-of-function variation is clearly delete-

rious. Interestingly, subject 5 does not have intellectual

disability or autism.

Abnormalities of head growth in our subjects are

notable. The phosphatase activity of PTPN4 has been

implicated in the regulation of cytoskeletal events.44 Over-

expression of PTPN4 in COS-7 cells decreased colony for-

mation, inhibited cell growth, and decreased saturation

density of these cells.45 Furthermore, PTPN4 shows hu-

man-specific brain expression patterns. Primary human



Figure 4. PTPN4 p.Gly239Arg protein is not present in dendritic spines, while PTPN4 p.Arg808His protein localization is not impaired
(A) The rat hippocampal neurons (fixed at DIV18) transfected with PTPN4-EGFP, PTPN4 p.Gly239Arg-EGFP, PTPN4 p.Arg808His-EGFP,
or control EGFP expression vectors, respectively, were immunostained with antibodies against: GFP (to designate PTPN4 localization),
PSD95 (to show glutamatergic synapses), and MAP2 (to visualize dendrites). The PTPN4 and PTPN4 p.Arg808His protein is expressed in
dendritic spines, while no PTPN4 p.Gly239Arg protein was detected there. Bottom panel presents the merged image. Scale bar, 5 mm. (B)
The dendritic spines of neurons transfected with PTPN4-EGFP, PTPN4 p.Gly239Arg-EGFP, PTPN4 p.Arg808His-EGFP, or control EGFP
expression vectors. The white arrows point at the absence of PTPN4 p.Gly239Arg protein in dendritic spines of PTPN4 p.Gly239Arg-
EGFP-transfected neurons. (C) Quantification. The graph shows the number of EGFP-expressing dendritic spines counted per 50 mm
length of secondary dendrite from PTPN4-EGFP (mean, 25.95 5 1.05 SEM), PTPN4 p.Gly239Arg-EGFP (mean, 2.38 5 0.58 SEM),
and PTPN4 p.Arg808His-EGFP (mean, 21.81 5 1.73 SEM) transfected neurons (***p < 0.0001 by unpaired t test, n ¼ 42 dendrites
from 14 neurons per variant; ns, not significant).
versus macaque cell type comparisons, as well as human-

chimpanzee organoid comparisons, show that PTPN4 un-

dergoes concerted differential gene expression as well as

differential expression in neuronal cell types, including in-

termediate progenitor cells and radial glia cells, which are

particularly likely to influence the evolutionary expansion

of the brain.46,47 Analyses of organoid models, which pre-

serve gene regulatory networks and developmental pro-

cesses and are suitable for analysis of recently evolved

gene expression patterns (within six million years), impli-

cate PTPN4 as one of 261 overlapping genes that are likely

to have derived human-specific gene expression patterns

during cortical development.48 A second phosphatase

identified within this gene set is the ubiquitously ex-

pressed Phosphatase and tensin homolog (PTEN [MIM:

601728]). Interestingly, heterozygous PTEN deleterious hu-

man variants show substantial variability in penetrance

and expressivity, manifesting as a range of syndromes

generally with macrocephaly and/or overgrowth but also

in some cases with normal cognitive development.49–52

Loss of mouse Pten results in progressive macrocephaly,

enlarged neuronal soma size, and increased proliferation

and self-renewal of neural stem cells without a major

disturbance of cell fate commitments.53–56

The range of phenotypic outcomes observed in associa-

tion with heterozygous PTPN4 variants in the subjects

described in this paper suggests that incomplete pene-

trance and variable expressivity are likely to influence the

outcome of deleterious variants in PTPN4, and genetic

background likely plays a role in phenotypic expression

(including normal cognition) similar to what is described
H

with other genes or CNVs associated with disorders of

development.57–59

Inconclusion,wehave identifiedsix individualsharboring

rare, heterozygousPTPN4 variants that are likely tobe delete-

rious, in conjunction with neurodevelopmental deficits,

growth anomalies, and variable seizures, structural CNS

anomalies, gait abnormalities, congenital heart defects,

dermatological manifestations, and spinal and vertebral de-

fects. We believe these observations strongly support the

conclusion that damaging variation in PTPN4 is causally

related to a neurodevelopmental disorder (NDD). The key

points of evidence are as follows: (1) excluding one individ-

ual where both parents were unavailable, none of the vari-

ants described in subjects 1–6 were found to be inherited,

and 5 of 6 observed variants are absent from gnomAD,

HGMD, and ClinVar; the variant present in gnomAD is

found in a subject with normal IQ in the borderline intellec-

tual functioning range; (2) PTPN4 is relatively intolerant to

protein-altering variation in the population; (3) all variants

in probands are either predicted to result in loss of function

oraremissensevariantsathighlyconservedresidues inmam-

mals; (4)all variantsarecomputationallypredicted tobedele-

terious with one or more software prediction programs; (5)

model organismevidence suggests a role for PTPN4 inneuro-

development; and (6) functional analysis implicates

impaired subcellular targeting of FERM-variant protein in

neurons. In summary, these data collectively implicate

PTPN4 as an NDD-related gene, adding to the growing list

of human protein tyrosine-phosphatase related disease con-

ditions60–65 and confirming the importance of these pleio-

tropic proteins in diverse aspects of human development.
uman Genetics and Genomics Advances 2, 100033, July 8, 2021 9



Figure 5. Biochemical characteristics and phosphatase activity of variant p.Arg808His PTPN4
(A) Left panel: far-UV CD spectra of PTPN4 in 20 mM sodium phosphate (pH 7.5), 150 mM NaCl. The three replicates are plotted as an
average. Error bars represent SD. The spectra of wild-type (WT) and R808H are essentially identical, which indicates that they have very
similar secondary structure compositions. Middle and right panels: thermal denaturation of PTPN4 in 20 mM sodium phosphate (pH
7.5), 150 mM NaCl monitored by mean molar ellipticity per residue (MRE) at 209 and 222 nm. Error bars represent the SD of three rep-
licates. For visualization purposes, not every data point is shown. The data were fit to a Boltzmann sigmoid using Prism. The R808H
variant does not significantly affect the unfolding temperature (209 nm: p ¼ 0.55; 222 nm: p ¼ 0.30) or the cooperativity of unfolding
(209 nm: p¼ 0.17; 222 nm: p¼ 0.19) of PTPN4. (B) Saturation kinetics of wild-type and variant PTPN4. His-tagged versions of the PTPN4
protein segments comprising the two catalytic domains containing WT and p.Arg808His variant sequences were expressed in bacteria
and purified using nickel affinity chromatography. Equal amounts of WT and variant proteins were used to evaluate enzyme kinetics.
The rate of hydrolysis of substrate (dNPP) is plotted against increasing substrate concentration. Data were fitted to theMichaelis-Menten
equation.
Data and code availability

Variant information for all variants described in this manuscript is

publicly available through ClinVar under the following accession

numbers: p.Gly239Arg: ClinVar: SUB8550358; p.Leu64Trp: Clin-

Var: SUB8550428; p.Gln132ThrfsTer17: ClinVar: SUB8550246;

p.Arg838Ter: ClinVar: SUB8561208; p.Asp580Tyr: ClinVar:

SUB9192275; p.Arg808His: ClinVar: SUB8550877. Variant infor-

mation for p.Ile724Thr is available through the DECIPHER data-

base (ID: 262775) and 100,000 Genomes Project (ID: 119000445).
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