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Abstract

The forkhead transcription factor FOXE3 is critical for vertebrate eye development. Recessive and dominant variants cause
human ocular disease but the full range of phenotypes and mechanisms of action for the two classes of variants are
unknown. We identified FOXE3 variants in individuals with congenital eye malformations and carried out in vitro functional
analysis on selected alleles. Sixteen new recessive and dominant families, including six novel variants, were identified.
Analysis of new and previously reported genetic and clinical data demonstrated a broad phenotypic range with an overlap
between recessive and dominant disease. Most families with recessive alleles, composed of truncating and forkhead-domain
missense variants, had severe corneal opacity (90%; sclerocornea in 47%), aphakia (83%) and microphthalmia (80%), but
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some had milder features including isolated cataract. The phenotype was most variable for recessive missense variants,
suggesting that the functional consequences may be highly dependent on the type of amino acid substitution and its
position. When assessed, aniridia or iris hypoplasia were noted in 89% and optic nerve anomalies in 60% of recessive cases,
indicating that these defects are also common and may be underrecognized. In dominant pedigrees, caused by extension
variants, normal eye size (96%), cataracts (99%) and variable anterior segment anomalies were seen in most, but some
individuals had microphthalmia, aphakia or sclerocornea, more typical of recessive disease. Functional studies identified
variable effects on the protein stability, DNA binding, nuclear localization and transcriptional activity for recessive FOXE3
variants, whereas dominant alleles showed severe impairment in all areas and dominant-negative characteristics.

Introduction

The FOXE3 transcription factor, a member of the forkhead
box (Fox) family, is important for vertebrate lens development
(1-3). Fox proteins share a highly conserved winged-helix DNA-
binding domain (forkhead domain, FHD) and are divided into
subgroups (A-S) based on sequence similarity both within and
outside the domain. Phylogenetically, FoxE proteins most closely
resemble the FoxD family (4). The Fox protein subclasses have
distinct non-forkhead domains, binding partners, cofactors,
spatiotemporal expression patterns and developmental roles.
The FoxE family consists of Foxel, associated with thyroid
and palatal development, and Foxe3 (4). Despite the fact that
ocular expression of Foxe3 in mouse embryos is limited to
the lens (2,3), both mice and humans carrying FOXE3 variants
display complex ocular phenotypes including anterior segment
anomalies and/or microphthalmia in addition to lens anomalies
(1-3,5,6).

Pathogenic FOXE3 variants can cause dominant or recessive
eye phenotypes. The first reported pathogenic variant, in an
individual with posterior embryotoxon, cataracts and myopia
(OMIM #610256), was a heterozygous frameshift mutation near
the stop codon, which removed the five C-terminal residues
and added an erroneous tail extending past the native stop
codon by 111 amino acids (1). Subsequently, three independent
heterozygous extension variants were found in families with
anterior segment dysgenesis (ASD) and/or congenital cataracts
(7-9); these variants occur within the stop codon and append
a different 72-amino acid tail. Heterozygous missense variants
in the forkhead domain were also reported in a family with
Peters anomaly and a simplex case with syndromic cataracts,
respectively (5,10); an additional heterozygous missense variant
[c.146G > C p.(Gly49Ala)] was initially reported to be causative in
a family with ocular disease but later shown to be a population-
specific variant (7,11).

A second class of FOXE3 variants with recessive phenotypes
was subsequently identified in individuals with aphakia,
microphthalmia and/or sclerocornea (OMIM #610256) (6) and
were homozygous in many cases (associated with consan-
guinity). These alleles include missense variants within the
forkhead domain and frameshift or nonsense variants that
truncate the protein (6,7,11-13). Heterozygous carriers are
typically unaffected, suggesting that the two types of variants
have different cellular or developmental properties. Current
functional data are limited and do not distinguish these classes
(14). Importantly, the FOXE3 gene contains a single exon; its
mRNA is unspliced, so truncating variants would not be expected
to trigger nonsense-mediated decay resulting in normal
expression of the mutant mRNA and corresponding protein.

In this study, we report 16 new families with pathogenic
recessive (14) or dominant (2) FOXE3 alleles, including 6
novel variants. To determine their mechanism of action, we

functionally characterized two dominant and four recessive
alleles in vitro.

Results
FOXES3 recessive alleles and phenotypes

By screening subjects with anterior eye malformations, we iden-
tified recessive FOXE3 pathogenic or likely pathogenic variants
in 22 individuals from 14 families (Table 1; Figs 1 and 2; Supple-
mentary Material, Supplementary Data; Supplementary Mate-
rial, Fig. S1). All variants were absent or rare (<0.02%) with
no homozygotes detected in gnomAD (Table 1). Sclerocornea
or another corneal opacity was the most consistent feature,
reported in all but one (Individual 5) subject with available data.
Most affected individuals had microphthalmia though bilateral
normal eye size was noted in four patients and microphthalmia
was unilateral in five; of note, all individuals with normal eye
size also had a diagnosis of glaucoma, raising the possibil-
ity that increased intraocular pressure modified the eye size.
The corneal opacity was typically dense, significantly limiting
vision and precluding any view of the anterior segment. Pri-
mary aphakia was observed in all individuals in whom lens
phenotypes could be assessed except in one case with congen-
ital cataract (Individual 5). Less commonly identified features
involved iris anomalies, reported in every case where this fea-
ture was examined, optic nerve atrophy (one) and optic nerve
coloboma (one). Clinical features were typically limited to ocular
anomalies, but in one family (Individuals 9A and 9B), intellectual
disability and autism were also present; genetic investigation
(clinical microarray and research exome analysis of OMIM genes)
did not identify an alternative explanation for the cognitive
phenotype.

Twelve different variants were identified, six of which were
novel. Seven alleles were missense variants affecting the
forkhead domain; four alleles were frameshift and one was
nonsense. The novel missense variants had CADD scores >25
and REVEL scores >0.5, indicating likely pathogenicity. The
novel frameshift variants ¢.148 170dup p.(Gly58Argfs*174),
c.543del p.(Pro182Argfs*42) and c.844_850dup p.(Glu284Alafs*3)
met ACMG criteria to be considered pathogenic (PVS1, PM2,
PM3, PP4, +PP1; see Supplementary Material, Supplementary
Data for specific details), while the novel missense alleles
€.286G > A p.(Ala96Thr), c.359G > C p.(Argl20Pro) and c.371C>T
p-(Thr124Met) were considered likely pathogenic (PM1, PM2,
PM3, PP2, PP3, PP4, +PP1 and PMS5; see Supplementary Material,
Supplementary Data for specific details). The previously
reported missense allele c.244A>G p.(Met82Val) (15) was
most common, detected in three families. Other recurrent
alleles included the c.21_24del p.(Met7llefs*216), c.232G> A
p.(Ala78Thr) and c.720C > A p.(Cys240*) variants and the novel
€.371C > T p.(Thr124Met) allele.


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab142#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab142#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab142#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab142#supplementary-data

Human Molecular Genetics, 2021, Vol. 30, No. 17 | 1593

‘A[Turej I9UjoUR UT UoTIBINW
paynuspI 9y} jo 3odaz snotadid st 'Joy DIYM W ‘UBISY YINOS ‘VS ‘UI9)1SeT S[PPIA ‘N ‘OUneT “T ‘UBISY Ised ‘Y1 ‘Uelsy ‘v ‘umouyun‘n ‘A1a81ns ‘xS ydu Y ‘uoxojokiquus 1otraisod ‘14 ‘oatou ondo ‘NO ‘snwdeisAu ‘SAN ‘payoads
jou ‘SN ‘erwreyiydoiorut ‘TN 391 “T ‘erserdodAy SUT ‘HI ‘SUOISSUPE [ESUIOD0PLI ‘YD ‘euodne[d “T9 ‘1oeieied ‘IyD ‘[eiruaduod ‘D ‘sisauadshp juswidas 1019jue ‘qSV "payoads ssa[un [e1s)e[iq d1e SII[BWOUR 947 ‘[9A0U Ik SI[[[E pP[od
‘(snosumsuesuod) snofzowoy pawnsaid;

“Kyotusdoyred pajorpaid sa1edrput 50 < 2102s TIATY PUR OZ < 3102 AAVD ‘(dIA YSnoIy) passadde el 'pA JISNQP WO01)) s2102s TIATY pue parydadvd,
‘snots)aep/Butdewep pajorpaid--weq (dIA YSNoiy} passadde 1 A JISNAP Wolj) TIN-INNH.LVA ‘191Se], UOTIeINA 10ssassy uoneinpy ‘zusydAjod ‘LdISp
‘(uerrea Aue 10j Juasaid saj034zowoy ou) qvwous ur £ousnbaig,
'€'98TCT0 JNN UO pasedq
"I-V YIM pa[aqe] a1k A[IUue] swes Y3 JO SISqUISW (SI9qUINU SATINDISUOD SARY SIT[IWE] PIIR[AIUN

(2) n n (sog XS) LvD n - —/zs /1 uoisuaxi  (000TE~) AN (2Z43%°81v0Ce,)d D <1856 1°H M Ko/ 91
(2) N HIprw ‘voI (6T XS) IvD ad - —/cs' /1 uosualxi  (000TE~) AN (2L3%381v0zE,)d D<18562 19H M Loz ast
(2) n HI pliuwt (g€ xS) LvD ad - —/es(1 uosudxi  (000TE~) AN (2/.3x981v0ce,)d D <18562 19H M L5 D91
(2) SAN M9TA ON 1314 ON BAUI0D0I9[DS —/zs /1 uoisuaxi  (000TE~) AN (2/43%°81v0Ce,)d D <1856 1°H M hsg 491
(2) - HI priwt (£vT xS) IvDD ad - —/cs' (1 uosuaxi  (000TE~) AN (2L3%381v0zE,)d D<18562 19H M ‘Kov Vol
(8) ™ HI PIIN (43¢ XS) 1vDD BIUIOD0IDTW PIIN - —/c'ST  uowlsuaxi  (000Te~) AN (2/,3%®1950z€,)d D <D6S6 1°H MmL/8 ast
(8) n n n B3UI0D013]DS —/zrsT  uoisuaxd  (000Te~) AN (¢/43%21950¢¢g,)d D <9656 1°H M KLS oST
(8) ™ n (£8Z XS) IvDD n - —/c'sT  uowsualxi  (000TE~) AN (2/43%21950z€,)d D <9656 1°H M ‘Aeg gst
VDI ‘HI pliut
(8) 10  ‘erdopa10d (Log-6T XS) IvD ad - —/zrsT  uoisuaxa  (000Te~) AN (¢/,3%21950¢¢g,)d D <9656 1°H M ‘L6S VST
sa[9[[e dtuadoyred Jueurwioq
(9) n n n n N —/9¢ uoneduniL TETEY/L (+0%¢sAD)d Vv <D0ZLD WOoH vsn vl
(9) n n n n N —/9¢ uoneduniL TETEV/L (x0vzsho)d Vv <202, WoH Vs ‘Ag vl
(9) n n erjeyde Arewtg BIUIODOIIDS IN —/9¢ uoneduniy, TETEV/L (x0vzsho)d Vv <D0TZ/LD woH v ‘AgT €T
- 92 eIpUIuy enjeyde Lrewid BAWIODOIRPS  (YMIqIe)-  ZT/ZL0/€'ST  S/S wed +088.2/6 (L) d L<DTLED WoH Vi ‘wg [A
- - uopeduniL ovsoe/e  (e.syervgenio)d  dnposg w82
- n n n B3UI0D0I3[S IN  z/L0/€5C /S wed $088£¢/6 (enbeTiyL)d L<DLLED I®HD V1 ‘48g a1
- - uopeduniL ovsoe/e  (e.spervysenio)d  dnposg e
- n n epjeyde Arewud ¥ B3UIOD0IAS IN T/L0/€5C  §/S wed $088.¢/6 (enwzTyL)d L<DILED 1®H D vi ‘hsg VIl
- 90 n eneyde Lrewnd B3UI0D0IR]OS - €€6'0/0ce  s/S'wed  (0S00S2) AN (01d0z181v)d D <D6SED WoH an ‘Az D01
- 00 n M31A ON B3UI0DOIA]OS €€6'0/0'ce  S/Swed  (0S00S2) AN (01doz181v)d D <DESED woH I ‘Wt :(0)4
- 0D n enfeyde Lrewtd BIUIODOIADS - gg60/0cE  S/swed  (0S00ST) AN (01d0z181v)d D <DESED woH an ‘A9 Vot
sistyyd
(44] ¥ 19D M31A ON M31A ON fyoedo [eauIod [N RASSY  0SL0/CVC  S/S Wed 0808¥Z/S (1emzeem)d D <DI6CD woH 146 g6
00 ¥
(c2) “Aydoxre NO 1314 ON 1314 ON £yoedo [RAUIOD INT  0SL0/2%C §/S weq 0808%2/S (renize3m)d D<DI6CD WOoH TA€T V6
(s2) n n n n IN  S/LL0/6'FC S/s wed 8T6L¥T/S (renzeem)d D <V687D woH vsin 8
- - uonedunil  (0000S~) dN (z¥.sj81vegroid)d PPEYS D
(s1) SAN M31A ON epyeyde Lrewnd B3UI0D013]S IN  S/80/8°€C §/S weq [AY5 14444 (reazsro)d D <V¥ied ®HD M A1g : 04
- - wuopeounil  (0000S~) dN (g¥.sjBivegroid)d [PPEYS™
(s1) SAN “19 M31A ON 1314 ON B3UI0D0I3OS INT  S/80/8°€C §/s wed TSTYIT/HT (renzgre)d D <Vhbed I®HD M ‘Asg \74
(2) epuIuy enjeyde Lrewitid BIUIOD0IAS IN  S/808€C  S/S Wed TSTHIT/T ‘(renzsism)d D <V¥hTD woH vs ‘Aot 9
(2) G/8'0/8°€C §/S weq TSIH9T/7C (reazgan)d D <V¥beD
() 1D‘asv HI1 1vD 1e[od 1ouue BaUWIOdODIW T [NP[IWY  298'0/8%C §/s ‘wed THS8%C/0T (ryrgserv)d Vv <9Dzeed 1°H D n e S
- BSUI0D 0} PayoeNe JUBUWSI  edwiodowiw T fpedo S1S°0/29C S/ wed  (¥269/2) N (ryr96e1V)d Vv <5987
(s1) 90 M31A ON sud] 1T ‘enyeyde Arewnd ¥ [eawiod agepdwod  (M<T)IN  298°0/8°4C §/s "wed THS8%C/0T (tyL8ze1v)d v <9Dzeed PBHD  V/M ‘wis b4
'auI020101
- 90 VDI ‘HI epjeyde Arewnid ‘fedo [esurod IN ¥o11 - uopedunil  (00092~) AN (¥/1.8381v8sAD)d dnpo/178¥T™ WOoH VS ‘wg €
(2) SAN n n ©3UI0D0I3OS IN - uoneduniL 81659/  (91z4SpRULPN)d ¥P¥C 1272 JWOoH vs:n ot
(2) SAN n n BUI0D0I9[DS IN - uoneduniy 81659/1  (91z4SIRULRN)d ¥P¥T 122 JWIOH vsn qc
() SAN n n B3UI0D0IA[DS N - uopeduniy, 81659/  (91Z4s3e1/3°9W)d [°P¥e 127 JWOH vsn v
mEOQOHOU meMOUDNUME
() NO n n ‘fAoedo [esurod a19A98 TN 919A3S - uoneduniy 81659/T (9Tz4SIR1ILAPN) d PP¥Z 12 woy VS ‘AT 1
sara[e dtuaSoyied sA1SSID9Y
nmﬁbm:m nmm:m&u
BEX EElsslo] sup sua1 BAUIOD  3ZIS 9qO[DyTIATI/AAYD 021]1s Uf 5dVIN 109JJ9 PaAdIpaId apnospNN Ayso867  utduo 83y Al APUI

1aded st} ut pariodai sased £IX04 MAU I0J UOTIULIOJUT d139ua3 pue didAjousyd ‘T S[qeL



1594 | Human Molecular Genetics, 2021, Vol. 30, No. 17

Figure 1. Ocular features associated with FOXE3 variants. (A-W) Ocular photographs. Individual 12 (right, A, B; left, C, D) at 1 month (A, C) and 6 months (B, D) showing
aniridia and silvery gray appearance to cornea typical of FOXE3 (A-C) along with acquired phthisis of right eye (D); Individuals 7A (right, E) and 7B (right, F, left G) showing
corneal opacity (7B underwent bilateral keratoplasty); Individual 15A (right, H, I) showing corectopia and mild iris hypoplasia as well as posterior embryotoxon (I, yellow
arrow); Individual 15C (right, J, left, K) showing sclerocornea; Individual 15D (right, L, left, M) showing mild iris hypoplasia and posterior embryotoxon; Individual 16A
(left, N, O) with mild iris hypoplasia and posterior embryotoxon temporally (yellow arrow); Individual 16B (right, P; left, Q) showing sclerocornea with central clearing;
Individuals 16C (right, R; left, S) and 16D (right T, U; left, V) showing posterior embryotoxon temporally and nasally and mild iris hypoplasia. (W) Ocular image of
Individual 16D taken just prior to OCT imaging of the iridocorneal angle. (W) OCT imaging of Individual 16D showing temporal iridocorneal adhesion.

In ten families, the variant was homozygous (with known
consanguinity in seven); compound heterozygous variants were
identified in the remaining four. Biallelic truncating variants
were identified in five families, while biallelic missense variants
were identified in seven, and trans missense and truncating vari-
ants were found in the remaining two families (Supplementary
Material, Fig. S1). Affected individuals with biallelic missense
variants were more likely to have at least one normal sized
eye (7/10), associated with early glaucoma, compared to those
with biallelic truncating variants (1/8). While iris hypoplasia or
aniridia was reported in four individuals with missense variants,
significant corneal opacity precluded assessment of the anterior
segments in most individuals.

Including these new cases, clinical and genetic information
has been reported for 111 individuals from 49 families with
biallelic FOXE3 variants (Supplementary Material, Table S1, Fig. 3)
(6,7,11-27). In order to avoid skewing from variability in family
size, we counted each family once using an average frequency
of various features within the family and then averaged the
frequency of features by the number of families assessed for
each feature; since corneal opacity often precluded examination
of the anterior segment, lens and retina, for these features, the
number of families assessed is lower.

Corneal opacity was the most consistent feature, seen in 90%
of those with data available; sclerocornea was specifically noted
in 46.6%, Peters anomaly in 7.5%, other severe corneal opacity in
26.1%, mild to moderate corneal opacity in 10.6%, and no details
regarding the opacity were available for 9.2%. Aphakia was seen
in 83% and cataract was noted in 17% (though lens phenotype
was only assessed in 29 families). Finally, bilateral microph-
thalmia was noted in 64.2%, asymmetric microphthalmia (with
normal eye size of contralateral eye) in 15.6% and bilateral nor-
mal eye size in 20.2%. Interestingly, glaucoma was noted in

32/34 normal sized eyes with data available; glaucoma was also
reported in some microphthalmic eyes. While iris anomalies
were only reported in 16 individuals from 14 families, this is
primarily due to a lack of view of the anterior segment in most
cases. Among families where the iris was specifically assessed,
iris anomalies were noted in 89%, including aniridia/absent iris
in 31.3%. Similarly, optic nerve anomalies such as coloboma or
hypoplasia were only reported in 9 families but were seen in 60%
of those in whom the posterior segment was assessed, and other
retinal anomalies, notably retinal detachment, were occasionally
reported. The vast majority of FOXE3 cases have isolated ocular
findings, but syndromic anomalies are noted in some cases. The
only recurrent anomaly was intellectual disability/developmen-
tal delay, noted in Individuals 9A and 9B and in four previous
case reports (7,11,15,16). In four of the five families, the FOXE3
variant was homozygous and truncating variants were present
in three.

In order to determine whether missense alleles have a milder
effect compared to truncating variants, we compared clinical
features in all reported families. Overall, biallelic missense vari-
ants were identified in 64 individuals from 25 families, while
biallelic truncating variants were seen in 39 individuals from
18 families; the remaining 6 families had a combination of
missense and truncating variants (5) or an in-frame deletion (1).
Using normalized family data, we compared those with biallelic
missense variants to those with biallelic truncating variants
(Fig. 3). While cataract and lack of corneal opacity were only
seen in families with biallelic missense variants, this difference
approached but did not reach statistical significance (P=0.14 and
P=0.07, respectively). Increased frequency of at least one normal
sized eye (typically associated with glaucoma) within the bial-
lelic missense group also approached significance (P=0.0504).
While assessed in fewer individuals, the rates of glaucoma, iris
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Figure 2. FOXE3 variant summary. (A) Sanger chromatogram traces for novel FOXE3 variants identified in this study. In each panel, the normal sequence is shown
on the top and variant location is marked in red. (B) Schematic of FOXE3 protein with pathogenic alleles indicated. Red text, alleles reported in this study; bold (red)
text, novel alleles in this study; underlined text, alleles with functional analysis presented in this study. Filled black arrows, recessive alleles; empty arrows, dominant
alleles. Arrow top circles, frameshift; diamonds, truncation; no symbol, missense allele. Numbers above arrows indicate the number of unique variants at that position.
Black box indicates the forkhead domain (amino acids 71-165); striped gray boxes correspond to the two predicted nuclear localization signals at amino acid positions

57-66 and 162-170.

anomalies and optic nerve phenotypes were similar in both
groups (80.3% versus 79.2%; 81.3% versus 96.4; 40% versus 57.5%,
respectively). Overall, the phenotype associated with missense
variants was the most variable, ranging from a severe disease
indistinguishable from truncating variants to milder presenta-
tions; the majority of individuals with clear corneas and iso-
lated cataract had one of two missense variants, ¢.307G> A
p-(Glu103Lys) or c.351C > G p.(Asn117Lys) (17,20), suggesting that
the functional consequences may be highly dependent on the
type of amino acid substitution and its position.

Among recessive families, most alleles are unique or rare,
affecting only one or two families, but several were seen more
frequently. Including the new cases reported here, the c.21_24del
p-(Met7llefs*216) and c.720C > A p.(Cys240*) alleles are reported
in six and nine families, respectively, with homozygous cases
and South Asian ancestry suggesting remote founder effects.
Likewise, the ¢.232G > A p.(Ala78Thr) allele was seen in four
families, three with compound heterozygosity; two families with
reported ethnicity were European but the allele is seen in both
European and Latino populations in gnomAD samples. The sim-
ilar c.244A > G p.(Met82Val) allele, reported in eight families, is
seen in diverse populations in both affected families and gno-
mAD samples. The novel c.371C > T p.(Thr124Met) allele appears
to be more common in East Asian populations and several
other alleles reported in two or three families also had carriers
identified among ethnically matched populations in gnomAD

(Supplementary Material, Table S1). Fourteen recessive alleles
are not present in gnomAD, while the remaining 13 have a low
carrier frequency (less than 1 in 10 000) with no homozygotes.

FOXE3-dominant alleles and phenotypes

Two dominant pathogenic extension alleles were identified
in nine individuals from two families (Fig. 1), both previously
reported and neither present in gnomAD (Table 1; Fig. 2). These
are two different extension alleles, which modify the stop
codon (TGA > TCA, TGA > CGA) but preserve the frame, adding
a 72-amino acid nonsense peptide to the C-terminus. While
CADD scores are lower for these variants (15-17), the CADD
score only assesses the effect at the site of the change and
does not consider the effect of the erroneous protein tail that
extends the length of the protein. The dominant pathogenic
variants resulted in cataracts in all cases where the lens could be
evaluated. The cataracts typically did not require removal until
early/middle adulthood. Affected family members were aphakic
at the time of evaluation so no details regarding the specific
cataract phenotype were available. Eye size was normal in all
individuals, but mild anterior segment anomalies affecting the
cornea and/or iris were noted in some individuals. Sclerocornea
was observed in two family members (15C and 16B). This finding
is typical for individuals with recessive FOXE3 variants, but no
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second pathogenic variant in the single exon FOXE3 gene was
identified in trans in either case.

Including these new cases, heterozygous extension alleles
were identified in 29 individuals from 7 families (Supplementary
Material, Table S2) (1,7-9,28). Three distinct variants change the
stop codon into a codon for Leu, Ser or Arg in six independent
families, extending the reading frame by 72 codons, and
one frameshift allele alters the six C-terminal codons and
incorporates an erroneous tail extending past the native stop
codon by 111 amino acids (in the +1 reading frame). Using
normalized family data, as described above, we determined the
distribution of features. In almost all cases, cataract (98.6%) and
normal eye size (95.7%) were seen but bilateral microphthalmia
with unilateral aphakia was reported in one individual. Surgical
removal of cataracts was typically not required until adulthood
(2040 years). Corneal opacities were occasionally reported

including Peters anomaly (3.75%), sclerocornea (9.2%), other
severe corneal opacity (3.1%) and unspecified corneal opacity
(8.3%), and milder corneal scleralization was noted in an
additional 10.4%; other corneal anomalies were also reported
but inconsistently assessed including posterior embryotoxon
and microcornea. Iris anomalies were common, reported in
56.7%, and consisted of mild iris hypoplasia, iris coloboma
and/or iridocorneal adhesions. Posterior segment anomalies
were rare, but optic disk coloboma and retinal detachment were
occasionally seen.

Ocular phenotypes have also been occasionally reported in
individuals with heterozygous missense alleles in the FOXE3
forkhead domain, which would be expected to result in recessive
disease (Supplementary Material, Table S2) (5,10,29), and one
heterozygous parent in a recessive family (c.557del variant)
had unilateral corneal cloudiness and decreased visual acuity
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(11); however, in two other cases with a FOXE3 heterozy-
gous missense or a small in-frame duplication variant, an
alternative genetic cause was identified (8,15). These recessive
heterozygous alleles may predispose individuals to cataracts
and corneal disease but require environmental or genetic
‘second hits’ for expression or these individuals may simply
be carriers of recessive alleles with an unrelated explanation for
their ocular phenotype.

Molecular modeling wild-type and mutant FOXE3
proteins

At the present time, the experimentally determined structure
of FOXE3 is not available, but several other FHD structures with
similarity to FOXE3 exceeding 60% were resolved including rat
Foxd3 (30), human FOXC2 (31) and human FOXA2 (32). The
FHD sequence is highly conserved for all members of the Fox
family. It generally consists of three main alpha-helices, two or
three beta-strands and one or two loops termed ‘wings’. Helix
3 (H3) is the location of the major groove DNA-contact and it is
responsible for the specificity of binding (30) and helix 1 (H1) is
involved in maintaining the conformation of the FHD necessary
for transactivation (33). A small additional 3;¢ helix 4 sometimes
forms downstream of helix 2 with a hinge loop separating these
structures. The H2 and H4 juxtaposed helices are known to
merge into one upon domain swapping and dimerization in the
forkhead box P family (34).

We performed ab initio molecular modeling of wild-type
FOXE3 as well as recessive (p.Met82Val, p.Phel86Serfs*38,
p.Glu236Serfs*71, p.Cys240*) and dominant (p.Leu315Alafs*117
and p.*320Serext*72) variants (Supplementary Material, Fig. S2);
functional analysis was also performed for these six alleles,
which will hereafter be referred to using their short format,
where applicable (i.e. p.Phel86fs, p.Glu236fs, p.Leu315fs and
p-*320ext). The full-length wild-type protein contains an FHD
(amino acids (aa) 71-165), with important DNA-binding activity,
and two predicted nuclear localization signals (NLS), at aa57-
66 and aal62-170 flanking the FHD. Structurally, the FHD is
predicted to contain two antiparallel g-sheet strands (termed
B-hairpin; aa129-147) and four «-helices (¢1 aa76-86; o2 aa%4-
102; o3 aal12-125; a4 aal49-157). C-terminal to the FHD, three
small additional alpha helices are found (aal75-178, aa227-232,
aa254-256).

In the structure predicted for the p.Met82Val protein, the
B-hairpin and o4 structures are notably lost within the FHD, o2
is elongated and a small «-helix between «2 and «3 is added.
Outside of the FHD, the three native «-helices are reduced
in length, and five small new «-helices (aa32-35, aa43-47,
2a222-225, aa242-246, aa287-289) are predicted, slightly altering
the overall tertiary fold. For p.Glu236fs, the protein truncation
is predicted to disrupt «3, remove @4 and add an «-helix
between «2 and «3 within the FHD. Due to the frameshift and
premature truncation, only one «-helix remains outside the FHD
(aal74-178). For p.Phe186fs, the protein truncates shortly after
the second NLS; within the FHD, this results in a loss of o4, an
elongation of «2 and an additional a-helix between «2 and «3.
Due to the frameshift and premature truncation, all secondary
structures outside of the FHD are lost. For p.Cys240*, the FHD is
largely similar to wild-type, with a slight elongation of «2 and an
additional small «-helix observed between «2 and «3. However,
all native a-helices outside the FHD were lost; only one small
a-helix, aa215-217, was predicted. Finally, for both dominant
variants p.*320ext and p.Leu315fs, almost all secondary and
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tertiary structures are lost throughout the protein, resulting in a
highly unrecognizable structure in comparison to the wild-type.

Expression and subcellular localization of mutant
FOXE3 proteins

Wild-type and mutant FOXE3 proteins (Fig.4A), detected by
western blot analysis using an N-terminal FLAG tag, were
variably expressed following transient transfection with equal
amounts of expression plasmids (Fig.4B and C). Recessive
mutant p.Met82Val was expressed similarly to wild-type, but
p-Cys240*, p.Phel86fs and p.Glu236fs proteins were markedly
decreased (64%, 4% and 32%, respectively). Dominant variants
p-Leu315fs and p.*320ext also showed reduced protein levels
(26% and 32% of wild-type, respectively) (Fig. 4B and C). In a
parallel RT-PCR experiment, the level of FOXE3 mRNA was
similar in all samples (Fig.4B). These results suggest that
the analyzed frameshift and extension mutants are relatively
instable.

To assess subcellular localization of mutant proteins, we
immunostained transfected cells for the N-terminal FLAG epi-
tope. The FOXE3 proteins were primarily nuclear, but cytoplas-
mic staining was significantly increased for all mutants except
p-Glu236fs (Fig. 4D and E), despite retention of both NLS motifs.
The percentage of FLAG+ cells with cytoplasmic staining was
highest for the dominant mutants, particularly p.Leu315fs (25%).

DNA-binding activity of FOXE3 variants

To test the DNA-binding activity of wild-type and mutant FOXE3
proteins, we performed EMSA using a dsDNA oligonucleotide
probe [referred to as FHB (forkhead binding) that contains a
consensus binding site of the closely related forkhead protein
FOXD3 (4) (GATTGTTTGTTT)] (35) or a mismatch derivative,
FHBmut (GATTGCCCGTTT) (Fig.5A). In these experiments,
wild-type FOXE3 interacted strongly with FHB, forming three
DNA-protein complexes (one major and two minor) of slower
mobility; no binding was observed with the mismatch probe
(Fig. 5A). Minimal binding was observed with untransfected HLE-
B3 cell extracts, presumably reflecting low-level expression of
endogenous FOX protein(s). A supershift assay with N-terminal
antibody confirmed the specificity of FOXE3 binding in all three
DNA-protein complexes (Fig. 5A).

To investigate how FOXE3 pathogenic variants affect DNA
binding, we performed EMSA with proteins corresponding to
recessive (p.Met82Val, p.Phel86fs, p.Glu236fs, p.Cys240*) and
dominant (p.Leu315fs and p.*320ext) variants. Since several vari-
ants were associated with decreased expression (Fig. 4B and C),
we adjusted the amount of plasmid DNA in each transfection
to achieve similar FOXE3 protein levels (Fig. 5B and C). Among
recessive mutants, p.Met82Val had noticeably reduced DNA-
binding capacity, whereas p.Glu236fs and p.Phe186fs bound FHB
similarly to wild-type, and p.Cys240* demonstrated a slightly
increased binding capability (Fig. 5B). Both dominant mutants
(p.Leu315fs and p.*320ext) showed moderately reduced binding
(Fig. 5C). These results are consistent with ab initio molecular
modeling of recessive mutants, which predicted p.Met82Val and
p-Cys240* to have the greatest and least change in FHD structure,
respectively. However, the moderate binding of both dominant
extension mutants to FHB probe was surprising given the highly
disorganized structures predicted by I-Tasser (Supplementary
Material, Fig. S2). These observations illustrate the limitations of
ab initio predictions and the intrinsic robustness of FHD folding
in vivo.
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Figure 4. FOXE3 proteins and their western blot analysis and subcellular localization. (A) Diagram of wild-type (WT) and mutant FOXE3 proteins used in functional
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mutation. (B) Nuclear extracts from HLE-B3 cells transiently transfected with plasmids encoding WT or mutant FOXE3 proteins with N-terminal FLAG tag, and RT-
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Quantification of western blot signals. Most mutant FOXE3 proteins are less abundant than WT despite similar transcript levels. (D) Subcellular localization of FLAGFOXE3
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FOXE3 protein dimerization studies

Some forkhead-domain proteins self-associate to form homod-
imers (34,36-39). To investigate the dimerization of wild-type and
mutant FOXE3 proteins, and the potential for dominant-negative
molecular effects, we coexpressed T"ASFOXE3 variants with wild-
type FOXE3™¢ and performed parallel coimmunoprecipitation
(co-IP) assays on cell extracts with mouse anti-FLAG, anti-myc
or control IgG (Fig. 6). The precipitated proteins were detected
in western blots using goat anti-FOXE3 sera and were distin-
guished by the reduced mobility of FLAG- versus myc-tagged
isoforms. In these reciprocal experiments, wild-type FOXE3™¢
was coimmunoprecipitated with every F/ASFOXE3 mutant, but
the anti-Myc co-IPs were somewhat less efficient. Although the
interacting proteins were overexpressed in transfecto, our results
suggest that FOXE3 proteins may self-interact (dimerize) in vivo.

Transactivation by variant FOXE3 proteins

The transcriptional activity of wild-type and variant FOXE3
proteins was tested in parallel luciferase cotransfection assays
using the (FHB)s-TK-luc reporter in lens epithelial (HLE-
B3) and embryonic kidney (HEK293) cell lines. Transfections
were performed with mutant and wild-type constructs, alone
and in combination, adjusting the amount of expression
plasmid to achieve comparable protein levels for each variant
(Fig. 7A and B).

All variants differed significantly in their transactivation abil-
ity compared to wild-type FOXE3. Wild-type FOXE3 activated
luciferase expression 1.8-fold in HLE-B3 cells and 3.6-fold in
HEK?293 cells compared to pcDNA3.1 vector controls. p.Met82Val
and p.Glu236fs*71 were less potent, activating luciferase 1.3-fold
in HLE-B3 (both mutants) and 1.2- or 0.9-fold in HEK293, respec-
tively. At the same time, p.Cys240* was more potent, activating
luciferase 5.2-fold in HLE-B3 and 4.9-fold in HEK293, whereas

mparable abundance of FOXE3 protein in cell extracts.

p-Phe186fs*38 had mixed effects [4.0-fold in HLE-B3 but 1.2-fold
in HEK293 (Fig. 7A)].

The transcriptional effects were most pronounced for the
two dominant mutants, which expressed less luciferase than
the controls, 0.7- to 0.9-fold in HLE-B3 and 0.3-fold in HEK293
(Fig. 7A). To evaluate dominant-negative effects, we performed
similar assays with mutant and wild-type FOXE3 proteins coex-
pressed in approximately equal ratios. In these mixing exper-
iments, combinations involving recessive mutants gave inter-
mediate luciferase levels, but combinations involving dominant
mutants consistently resulted in low luciferase levels, at or below
negative controls, even with added wild-type FOXE3, 0.85- to 1.0-
fold in HLE-B3 and 0.5- to 0.6-fold in HEK 293, for p.Leu315fs and
p-*320ext variants, respectively (Fig. 7B). These results suggest
that the extension alleles have dominant-negative effects on
transcription.

Discussion

These data confirm the role of recessive FOXE3 pathogenic
variants in microphthalmia associated with primary aphakia
and sclerocornea, and dominant pathogenic extension variants
in cataracts with variable milder anterior segment dysgenesis.
Extraocular features were noted in only one family among 16 in
our study, and all carriers of recessive alleles were unaffected.
Including the new families reported here, there are now 27
different recessive FOXE3 pathogenic variants identified in 49
unrelated families. While truncating alleles were less common
(9/27 unique alleles), they were more likely to occur in multiple
families, so 41/98 disease alleles were truncating, while 57/98
were missense (56) or in-frame deletion (1) alleles. Primary
aphakia with corneal opacity and microphthalmia is the typical
recessive phenotype, but occasional patients with biallelic
variants are reported with dominant-like features of cataract
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that WT FOXE3 can dimerize with itself and every FOXE3 mutant tested. Numbers 1-8 indicate the positions of different FOXE3 proteins, identified above the gels.

without corneal opacity, typically with one of two specific
missense alleles [c.307G>A p.(Glul03Lys) and ¢.351C>G
p-(Asn117Lys)]. Underrecognized associations include normal
eye size (unilateral or bilateral) in the context of early-onset
glaucoma, iris anomalies and optic nerve anomalies. Given
dense corneal opacities, full clinical assessment of FOXE3 defects
requires alternative imaging modalities, such as ultrasound,
optical coherence tomography (OCT), or magnetic resonance
imaging (MRI) to diagnose; thus, the complete spectrum of
FOXE3 ocular defects in many affected individuals may not be
fully identified. In prior studies, all individuals with primary
aphakia undergoing penetrating keratoplasty were found to
have atrophic iris tissue, suggesting that the absence of the lens
disrupts iris development; however, since no genetic analysis
was performed, the causative variant(s) in these cases may
directly affect development of both structures (40). Indeed,
mouse models (dysgenic lens, Foxe3%') support a role for Foxe3
in iris development; Foxe3+/— mice have intact lens epithelia
but hypoplastic iris tissue and iridocorneal and iridolenticular
adhesions (41).

Most cases with FOXE3 variants have isolated ocular findings;
the only recurrent syndromic anomaly was intellectual disability
or developmental delay, now noted in five families with recessive
disease. While the frequency of intellectual disability in families
with recessive FOXE3 variants is elevated (5/49 families, 11%),

this may represent the increased risk of intellectual disabil-
ity among offspring of consanguineous parents (42) given that
homozygous variants were noted in four of these five families.
However, direct neurological effects cannot be ruled out since
mouse Foxe3 is expressed in the presumptive midbrain of mouse
embryos (2,3). A role for FOXE3 outside the eye was further
supported by a reported association of heterozygous missense
variants in the C-terminal region of the FHD with transthoracic
aortic aneurysms and dissections (TAAD) (43); to date, TAAD has
not been reported in patients with ocular disease, but only one
ocular variant [c.47G > C p.(Gly158Arg)] falls within the TAAD
region. It is not clear whether these variants have distinct effects
on FOXE3 function or if ocular patients may develop TAAD at a
later age (average age of presentation for TAAD was 46 years).
Additional data are needed regarding this association.
Including families reported here, dominant extension vari-
ants have been reported in 29 individuals from 7 families. Three
distinct variants affect the stop codon in six independent fami-
lies and the fourth variant occurs slightly upstream but results
in a similar length erroneous tail. Typical ocular anomalies con-
sisted of cataract, usually visually insignificant until adulthood,
and mild anterior segment anomalies. Interestingly, in almost all
families, some family members have a more severe corneal phe-
notype, resembling recessive disease, suggesting that unknown
modifiers play an important role in determining phenotype.
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Figure 7. Luciferase assays of FOXE3 transcriptional activity. (A) HLE-B3 and HEK293 cells were transfected with (FHB)g-TK-luc plasmid and the FOXE3 expression vectors
indicated. Bar graphs show fold activation over empty pcDNA3.1 vector. Each mutant is significantly different than WT, with dominant alleles having no activity. (B)
Adding WT FOXE3 increased the transcriptional activity of all reactions, but mutant levels still differ from WT, and the activity of dominant alleles is lower than control
(empty pcDNA3.1 vector, gray line at 1.0). Error bars show SEM. Statistical significance is indicated by asterisks as *, P < 0.05; **, P <0.01; *** P <0.001; **** P <0.0001.

A role for modifiers is further supported by the presence of
rare heterozygous missense variants of uncertain significance in
patients with ocular disease. A similar phenomenon is observed
in mice: complete deficiency of Foxe3 in mice results in the
dysgenetic lens (dyl) phenotype, characterized by microphthalmia
and major anterior segment anomalies (2,3), but a proportion of

heterozygotes have corneal and lens defects resembling Peters
anomaly (5). Additionally, one previous study found a common
SNP, c.601G > A p.Val201Met, was enriched among cases with eye
malformations (18).

In vitro data show dominant extension alleles severely
disrupt FOXE3 functions, decreasing protein stability and DNA
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binding, increasing cytoplasmic localization and abolishing
transcriptional activity. In contrast, the recessive alleles had
variable effects. Every allele tested but one (p.Met82Val) had
reduced stability (most pronounced for p.Phel86fs) and all
but one (p.Glu236fs) had moderate cytoplasmic localization.
However, only one mutant (p.Met82Val) had markedly reduced
DNA binding and two (p.Met82Val and p.Glu236fs) had uni-
formly decreased transcriptional activity. Indeed, two mutants
(p.Cys240*, p.Phe186fs) had greater activity than wild-type in
one or both cell lines tested.

Our findings contrast with prior functional studies of
four recessive (p.Arg90Leu; p.Met7llefs*216; p.Argl20Gly; p.Glu
236Serfs*71) and two dominant (p.*320Argextx72; p.Leu315Al
afs*117) FOXE3 alleles (14), which noted strict nuclear local-
ization for all mutants and robust DNA binding to a FOXC1
consensus site (GATCCAAAGTAAATAAACAACAGA) by dominant
and one recessive mutant (p.Arg90Leu) but no binding by the
three other recessive mutants (44). Using a Hela luciferase
reporter assay that included a FOXO1 promoter segment, these
authors showed that recessive mutants had 39-66% of the wild-
type FOXE3 activity, whereas dominant mutants retained 75%
of wild-type activity, without dominant-negative effects. Only
two alleles overlap between these studies and the experiments
used different binding sequences and cell lines. We used a
consensus sequence for FOXD3, which is phylogenetically closer
to FOXE3 (4) and performed assays in human lens cells, which
are physiologically relevant. Of note, our luciferase results for
one mutant differed between the two cell lines tested here.

Some FOX transcription factors self-interact, forming homo-
or heterodimers. Dimerization was demonstrated for FOXP pro-
teins but has been considered a unique feature of this family,
since it requires an alanine residue in a specific position within
the FHD hinge loop, which allows subunits to swap domains
(34,45). In other FHDs, the corresponding residue is proline,
except for FOXE3 (ala) FOXS1 (ala) and FOXJ1 (cys), raising the
possibility that these proteins undergo similar dimerization. Our
data suggest that wild-type FOXE3 can dimerize with wild-type
and mutant FOXE3 proteins. If FOXE3 dimers form in vivo, this
may exacerbate the deleterious effects of pathogenic variants in
heterozygous carriers, particularly for extension variants, which
appear to act as dominant-negative alleles.

Overall, this study significantly increases (by 40%) the num-
ber of families reported with pathogenic FOXE3 variants, both
dominant and recessive. In general, truncating and FHD mis-
sense variants in FOXE3 are recessive but extension alleles,
which add an erroneous protein tail beyond the native stop
codon, are dominant. However, phenotypes vary significantly,
with overlap between recessive and dominant ocular features.
Functional data show variable disruption of protein stability,
subcellular localization, DNA binding and transactivation for
recessive alleles and severe impairment for dominant extension
alleles.

Materials and Methods
Human subjects

This study was approved by the Institutional Review Boards of
the Children’s Hospital of Wisconsin, Medical College of Wiscon-
sin and General University Hospital in Prague, including sample
collection protocols at Einstein Healthcare Network, Wills Eye
Hospital and the University of Iowa. Written informed consent
was provided by all participants and/or their legal guardians,
including permission to publish photographs, as applicable. DNA

was extracted from blood or saliva samples following standard
procedures. Cases with FOXE3 variants were identified through
genetic screening (below) of study populations with develop-
mental ocular anomalies. Literature review of reported FOXE3
variants (Supplementary Material, Tables S1 and S2) was com-
pleted using HGMD (46) and PubMed (pubmed.ncbi.nlm.nih.gov).
In order to avoid skewing due to discrepant family size, ocular
features were normalized by family by averaging the features
within each family and then averaging across all families. Not
all features are noted for every individual, so all percentages
were calculated based on the number of individuals assessed
for each feature. Family members without genetic testing results
reported or with insufficient clinical description were excluded
from the analysis. For cases with corneal opacity, if a specific
diagnosis was not provided, cases were categorized as ‘other
severe corneal opacity’ if noted as ‘complete’ or ‘opaque’, if
visual acuity was reported as perception of light or worse, or
if reported to have no view of the anterior segment. Statistical
analysis of features seen in families with biallelic missense
versus biallelic truncating variants was performed using a two-
sided Fisher’s exact test in GraphPad Prism (GraphPad Software,
San Diego, CA).

Genetic analysis

The FOXE3 coding region (NM_012186.3) was examined by direct
DNA sequencing of PCR products, using overlapping primer
pairs (Supplementary Material, Table S3) as described (11), or via
exome sequencing (47,48). Sanger sequencing was used to con-
firm variants and perform segregation analysis. Variants were
assessed in comparison to the general population using gnomAD
v2.1.1 (49), published FOXE3 control data (11), and Czech popula-
tion frequency data curated by the National Centre for Medical
Genomics comprising 3616 exomes and 88 genomes (ncmg.
cz). Homozygous genotypes were confirmed by trio segrega-
tion, TagMan assays using probe Hs03021807_cn (Thermo Fisher
Scientific; Waltham, MA), copy number assessment of exome
data using VarSeq CNV Caller (Golden Helix, Inc., Bozeman, MT)
or microarray analysis as previously described (50) in all but
one family with known consanguinity. Pathogenic effects were
evaluated using SIFT, Polyphen2, Mutation Assessor, Mutation
Taster, FATHMM-MKL, Combined Annotation Dependent Deple-
tion [CADD (Phred)] and Rare Exome Variant Ensemble Learner
(REVEL) scores, implemented via dbNSFP v4.1a (51) accessed
through the Ensembl Variant effect predictor (52). Pathogenicity
was assessed using ACMG/AMP criteria (53). All pathogenic/-
likely pathogenic variants were deposited in ClinVar, accession
numbers SCV001593176-SCV001593189.

Six representative FOXE3 variants were selected for in
silico and functional analysis as described below: recessive
p-Met82Val, p.Phe186Serfs*38, p.Glu236Serfs*71 and p.Cys240*
and dominant p.Leu315Alafs*117 and p.*320Serext*72, hereafter
referred to as p.Met82Val, p.Phel86fs, p.Glu236fs, p.Cys240*,
p-Lue315fs and p.*320ext.

Modeling FOXE3 protein structure

3D structures for wild-type (NP_036318.1) and mutant (reces-
sive p.Met82Val, p.Phe186fs, p.Glu236fs, p.Cys240* and dominant
p-Leu315fs and p.*320ext) full-length polypeptides were modeled
using I-Tasser (54) and annotated using Pymol 2.4 (55). The loca-
tion of the FHD was determined based on UniProt (https://www.u
niprot.org) and the NLS was identified using PredictNLS https://
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rostlab.org/owiki/index.php/PredictNLS and PSORT II Prediction,
https://psort.hgc.jp/form2.html.

Plasmids and expression constructs

Since the FOXE3 coding segment lacks introns, wild-type and
mutant alleles were amplified by PCR from genomic DNA sam-
ples using FOXE3 primers (Supplementary Material, Table S3) and
subcloned in pcDNA3.1/myc-His A (Invitrogen, Carlsbad, CA). N-
terminal FLAG epitope tags were added by inserting a phospho-
rylated dsDNA adaptor encoding an optimal start codon, FLAG
peptide and the N-terminal portion of the FOXE3 open reading
frame (Supplementary Material, Table S3) into the BamHI site
of FOXE3 constructs. FOXE3™¢ constructs were generated by
PCR, using FOXE3 genomic forward and C-terminal Myc reverse
primers (Supplementary Material, Table S3). All clones were
verified by Sanger sequencing.

For luciferase cotransfection assays, we added FOXD3 binding
sites to TK-luc reporter plasmid, which contains a minimal
herpes simplex virus (HSV) thymidine kinase (TK) promoter
driving Photinus firefly luciferase. Complementary phosphory-
lated oligonucleotides (Supplementary Material, Table S3) with
three FOXD3 consensus binding sites (NAWTGTTTRTTT) were
annealed, ligated via BamHI sticky ends and inserted in the
BamHI site of TK-luc, upstream from the TK promoter. The result-
ing construct, (FHB)s-TK-luc, contains six FOXD3 binding sites:
5-GGATCCGTATTGTTTGTTTAAGCACTAGGTATTGTTATTTTAA
GCACTAGTGATTGTTTGTTTAAGCAGCTAGGATCCGTATTGTTTG
TTTAAGCACTAGGTATTGTTATTTTAAGCACTAGTGTTTGTTTGT
TAAAGCAGCTAGGATCC.

Cell culture and transfection

Human B3 lens epithelial (HLE-B3) cells (CRL-11421, ATCC, Man-
assas, VA) were cultured in Minimum Essential Media (MEM)
supplemented with 20% fetal bovine serum (FBS), non-essential
amino acids, 1 mMm Na pyruvate and penicillin/streptomycin
(Thermo Fisher). HEK293 human embryonic kidney cells (CRL-
1573™, ATCC) were grown in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% FBS. Transfections were per-
formed at 70-90% confluence with Lipofectamine 2000 reagent
(Invitrogen) and harvested 48 h later.

Wild-type and mutant expression studies

To assess FOXE3 protein levels in HLE-B3 cells transfected with
different FOXE3 expression constructs, we performed western
blot analysis. Cells were harvested by scraping and centrifuga-
tion and lysed in 50 mM HEPES pH 7.4, 150 mm NaCl, 1 mm
EGTA, 10% Glycerol 1% Triton X-100. The lysates were clarified
by centrifugation for 3 min at 12000g. Total cellular protein
extracts were separated by 10% SDS-PAGE and transferred to the
Immobilon-P PVDF membrane (Millipore Sigma, Burlington, MA).
Membrane was blocked in TBST buffer containing 3% non-fat
milk, stained with Ponceau S (Sigma-Aldrich) to verify equal pro-
tein loading and probed sequentially with goat anti-FOXE3 (N17)
antibody (1:1000, SCBT, Santa Cruz, CA) and HRP-conjugated
donkey antigoat IgG (1:2000, SCBT). Immunoreactive proteins
were detected by chemiluminescence using a UVP Bioimaging
System or CL-XPosure film (Thermo Fisher). FOXE3 protein levels
were quantified by ImageJ densitometry (n=3 representative
blots), normalized to wild-type FOXE3 and plotted using Prism 9
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(GraphPad, San Diego, CA). Statistical significance was assessed
using an unpaired t-test. Results are given as mean =+ standard
error of the mean (SEM).

RT-PCR was performed to confirm equivalent levels of FOXE3
mRNA. DNase-treated total RNA (1 pg) was used as the template
for cDNA synthesis (SuperScript III reverse transcriptase, Invit-
rogen). Replicate PCRs were performed using FOXE3 and GAPDH
(normalization) primers (Supplementary Material, Table S3).

FOXE3 subcellular localization

HLE-B3 cells were grown on coverslips in 60-mm culture dishes
and transfected in parallel with FLAG constructs corresponding
to wild-type and six mutant FOXE3 alleles, with equal amounts
of plasmid DNA per dish. After 48 h, cells were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 15 min
at room temperature and permeabilized with 0.25% Triton X-
100 PBS for 5 min. Coverslips were blocked in 10% normal goat
serum in PBS at 37°C for 30 min, incubated overnight with anti-
FLAG M2 antibody (1:500, Sigma-Aldrich), washed with PBS three
times, incubated for 1 h with Alexa 568-conjugated donkey anti-
mouse IgG (1:1000, Thermo Fisher), washed with PBS, mounted
on glass slides with PermaFluor aqueous media (Thermo Fisher)
containing 1 pg/ml 4,6-diamidine-2’-phenylindole dihydrochlo-
ride (DAPI) and imaged with a fluorescence microscope. The
numbers of cells with cytoplasmic and nuclear-restricted FLAG
staining were counted in 10 randomly selected fields and aver-
aged for three independent transfections per construct, with
untransfected HLE-B3 cells as a negative control. The percent-
age of FLAG+ cells with cytoplasmic staining was plotted for
each construct using GraphPad Prism 9. Statistical significance
was assessed using an unpaired t-test. Results are given as
mean + SEM.

Electrophoretic mobility shift assays (EMSA)

DNA binding was evaluated using a 32-bp fragment containing
a single forkhead domain consensus site (FHB) or a modified
site in which nucleotides TTTq613 Were replaced by CCCig1s
(FHBmut) as EMSA probes (Supplementary Material, Table
S3). Probes were prepared by end-labeling complementary
oligonucleotides with biotin using terminal deoxynucleotidyl
transferase (Pierce 3’ end DNA labeling kit, Thermo Fisher) and
slow annealing (1°C per min cooling from 95°C). Nuclear extracts
from transfected HLE-B3 cells were prepared as described below
and incubated with DNA probe for 20 min at 25°C. Binding
reaction was performed as recommended by manufacturer.
Briefly, equal volumes of nuclear extracts from each transfection
and untransfected control were incubated in binding buffer
[10 mMm Tris, 50 mM KCl, 1 mwm dithiothreitol (DTT), pH 7.5]
containing 50 ng/pl of Poly(dI-dC) and 20 fmol of biotin-end-
labeled target DNA. DNA-protein complexes were resolved
by native 5% polyacrylamide gel electrophoresis in 0.5x TBE
(Tris-borate-EDTA) at 4°C with 10 V/cm and were visualized
by chemiluminescence (LightShift System, Thermo Fisher).
Untransfected HLE-B3 extracts were used as a control for
non-specific binding. Supershift experiments were performed
by adding 1 pg FOXE3 antibody (SCBT) to binding reactions
and incubating for an additional 30 min. Equal concentration
of FOXE3 protein and its variants as well as equal protein
loading were verified by western blot analysis, as described
above.
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Immunoprecipitation

HLE-B3 cells were transiently transfected with plasmids express-
ing wild-type or mutant FOXE3 (N-terminal FLAG tag) and wild-
type FOXE3 (C-terminal myc epitope). Nuclear protein extracts
were prepared with CelLytic NuCLEAR extraction kit (Sigma-
Aldrich, St. Louis, MO). Briefly, cells were incubated in cold
hypotonic lysis buffer for 20 min, vortexed in the presence of
0.6% Igepal CA-630, and centrifuged at 10000 x g. Proteins were
released from the nuclear pellet by extraction in 0.42 M NaCl in
the presence of protease inhibitors (Sigma Aldrich).

For immunoprecipitation, nuclear extracts were diluted in
10 volumes equilibration buffer (20 mm HEPES pH 7.5, 1.5 mM
MgCl,, 10 mm KCl, 0.2 mM EDTA, 150 mM NacCl, 10% glycerol) and
divided into three equal parts, which were incubated in parallel
at 4°C overnight with mouse monoclonal anti-FLAG M2 (Sigma-
Aldrich), anti-Myc R950-25 (Invitrogen) or normal mouse IgG
(SCBT) in equal concentrations. Protein G PLUS-agarose beads
(SCBT) were then added for 1 h at 4°C and washed 5 times in the
cold buffer containing 50 mm HEPES, pH 7.5, 150 mm NaCl, 1.5 mM
MgCly, 1 mM EDTA and 0.1% Igepal CA-630. Bound proteins were
released from agarose beads by incubation at 94°C in SDS sample
loading buffer containing 50 mm DTT. Western blot analysis was
performed on immunoprecipitates and input protein extracts
using goat anti-FOXE3 antibody as described above.

Luciferase reporter assays

The transcriptional activity of FOXE3 variants was assessed
by cotransfecting HLE-B3 or HEK293 cells with FOXE3 cDNA
expression and the (FHB)s-TK-luc reporter plasmids. Cells
(10°) were seeded in 24-well plates and harvested 2 days
after transfection with 100 ng (FHB)s-TK-luc reporter, 60 ng
B-galactosidase calibration vector (pcDNA3.1/His/lacZ) and
100-900 ng pcDNA3.1-FOXE3 expression vector per well. We
adjusted the amount of expression plasmid DNA to achieve
comparable levels of wild-type or mutant FOXE3 protein in
nuclear extracts (100 ng for wild-type FOXE3 and p.Met82Val,
500 ng for p.Glu236fs, p.Cys240*, p.Leu315fs, p.*320ext and 900 ng
for p.Phe186fs) but kept the total amount of DNA per transfection
constant (900 ng/per well) by adding empty pcDNA3.1 vector
DNA. Luciferase activity was normalized to 8-galactosidase, and
both enzyme assays were performed using commercial reagents
(Promega, Madison, WI). Fold-transactivation was calculated
relative to pcDNA control transfections, in which the FOXE3
expression vector was replaced with empty pcDNA3.1 vector.
All transfection experiments were repeated at least three times,
with triplicate wells per experiment. Results £SEM were plotted
using GraphPad Prism 9. Statistical significance was assessed
using an unpaired t-test.

Supplementary Material

Supplementary Material are available at HMGJ online.
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