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Abstract

Kabuki syndrome is a rare autosomal dominant condition characterized by facial features, various organs malformations,
postnatal growth deficiency and intellectual disability. The discovery of frequent germline mutations in the histone
methyltransferase KMT2D and the demethylase KDM6A revealed a causative role for histone modifiers in this disease.
However, the role of missense mutations has remained unexplored. Here, we expanded the mutation spectrum of KMT2D
and KDM6A in KS by identifying 37 new KMT2D sequence variants. Moreover, we functionally dissected 14 KMT2D missense
variants, by investigating their impact on the protein enzymatic activity and the binding to members of the WRAD complex.
We demonstrate impaired H3K4 methyltransferase activity in 9 of the 14 mutant alleles and show that this reduced activity is
due in part to disruption of protein complex formation. These findings have relevant implications for diagnostic and

counseling purposes in this disease.

Introduction

Kabuki syndrome (KS, MIM #147920, MIM #300867) is a rare au-
tosomal dominant condition characterized by striking facial
features such as elongated palpebral fissures with eversion of
the lateral third of the lower eyelid, short columella with

depressed nasal tip, skeletal anomalies, dermatoglyphic abnor-
malities, mild to moderate intellectual disability and postnatal
growth deficiency (1,2). Additional findings include congenital
heart defects, genitourinary anomalies, cleft lip and/or palate,
susceptibility to infections, gastrointestinal abnormalities,
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ophthalmologic defects, ptosis and strabismus, dental anoma-
lies (including widely spaced teeth and hypodontia), ear pits,
visceral abnormalities and premature thelarche (3). In 2010,
whole-exome sequencing successfully identified heterozygous
loss of function mutations in the KMT2D gene (MIM #602113,
NM_003482.3, also known as MLL2 and MLL4) as the major cause
of KS (4). KMT2D encodes a conserved member of the SET1 fam-
ily of histone lysine methyltransferases (KMTs), which catalyzes
the methylation of lysine 4 on histone H3 (H3K4), a modification
associated with active transcription (5-7). The enzymatic func-
tion of KMT2D depends on a cluster of conserved C-terminal
domains, including plant homeodomains (PHD), two phenylala-
nine and tyrosine (FY)-rich motifs [FY-rich, N-terminal (FYRN)
and FY-rich, C-terminal (FYRC)] and a catalytic Su(var)3-9,
Enhancer-of-zeste, Trithorax (SET) domain. In mammalian
cells, KMT2D functions as a major histone H3K4 mono-/di-/tri-
methyltransferase (8-15) that is required for the epigenetic con-
trol of active chromatin states in a tissue-specific manner (16).

In addition to KMT2D mutations, a subset of KS individuals
has been identified with either point mutations or microdele-
tions encompassing the X-linked gene, KDM6A (MIM #300128,
NM_021140.3, also known as UTX) (17-19), which encodes for a
Histone H3 lysine-27 demethylase. KDM6A plays a crucial role
in chromatin remodeling (20,21) and interacts with KMT2D in a
conserved SET1-like complex (16).

More than 600 KMT2D mutations have been identified so far
in KS patients; roughly 84% of them are truncating events (22)
including non-sense, indels, small duplications, splice-site, and
frameshift mutations, while the remaining 16% are represented
by missense variants whose pathogenicity has not been investi-
gated. As a consequence, the interpretation of missense muta-
tions has remained a challenging problem in genetic diagnosis
and counseling.

Here we surveyed a cohort of 505 KS patients to expand the
mutation spectrum of KMT2D and KDM6A, and investigated the
functional impact of missense mutations in the pathogenesis of
the disease.

Results
Mutation screening of KMT2D and KDM6A

To expand the spectrum of mutations targeting KMT2D and
KDMB®6A in KS, we integrated our mutation database with muta-
tional screening of 202 newly diagnosed KS patients for a total
of 505 cases, by using Sanger sequencing and/or multiplex
ligation-dependent probe amplification (MLPA) of the KMT2D
coding sequence, followed by KDM6A analysis in patients
resulted as KMT2D-negative. We identified a total of 208 KMT2D
variants distributed in 196/505 (39%) patients, including 37 that
have not been described before (Table 1). These included 54
non-sense mutations (26%), 59 frameshift mutations (28%), 69
missense mutations (33%), 13 splice site variants (6%), 12 indels
(6%) and 1 gross deletion (Table 1). Missense mutations were
distributed across the entire length of the KMT2D gene (Fig. 1A)
and were represented by 8 missense variants (11%) localized
within the PHD 1-6 domains, one change (1%) in the Coiled Coil/
Poly Q region, 25 variants (36%) localized within the C-terminal
of the protein (amino acid 4507-5537) and 36 (52%) variants lo-
calized outside of known domains and/or in uncharacterized
portions of the protein. Among the KMT2D variants identified,
66 occurred de novo and 32 were inherited from an apparently
asymptomatic parent, whereas for the remaining 110 variants
we had no access to parental DNA.

Moreover, we identified 14 KDM6A variants; 12 of those were
predicted to be pathogenic based on publicly available algo-
rithms (see Materials and Methods) and 7 were never described
previously. Seven of the variants were de novo, while for the
remaining ones the inheritance was unknown. Thus, 210/505
(41%) KS patients in our cohort carried genetic alterations in one
of these two genes; the underlying event in the remaining 295
cases remains unknown (see Discussion).

Pathogenic assessment of missense mutations by
bioinformatics tools

Analogous to previous studies, most KMT2D variants in KS are
inactivating truncating events that render the protein function-
ally defective due to the loss of the catalytic SET activity.
However, ~30% (69/208) of the mutations found in our data set,
and 100 of 621 (16.1%) mutations from a recently published
mutational analysis review (22), are in-frame amino acid
changes that affect various residues along the KMT2D protein.
To begin to elucidate the functional consequences of KMT2D
missense mutations in KS, we first applied published bioinfor-
matics tools to the 58 unique missense variants identified in
the 69 KS patients (see Materials and Methods). These predic-
tion algorithms classified 16/58 variants (identified in 20/69
patients) as pathogenic or likely pathogenic, while 24/58 var-
iants (30/69 patients) were scored as likely benign, and 18/58
(19/69 patients) as variants of uncertain significance (VOUS,
Table 2).

To further assess how KMT2D missense variants may affect
protein function/activity, a combination of structure-based
methods was employed. Since KMT2D is a multi-domain pro-
tein too large to be accurately modeled using computational
methods, we aimed to predict and analyze the individual struc-
tures of single KTM2D domains. Three-dimensional models
were obtained for the ZF-7, FYR and SET domains (QMEAN
scores of 0.63, 0.68 and 0.73, respectively) of the human KMT2D
(see Materials and Methods for details). Moreover, a crystal
structure at 1.4 A resolution of the WIN domain was retrieved
from the Protein Data Bank. Eight missense variants were ana-
lyzed to test their effects on protein stability (AAG) and change
in total charge (ACharge). The analysis showed that all eight
variants target highly conserved regions/residues within these
domains (Supplementary Material, Fig. S1) and are expected
to significantly alter their structure (Supplementary Material,
Fig. S2). In particular, with one exception (p.H5059P, which falls
on the N-terminal residue of the predicted ZF-PHD7 and can be
poorly analyzed), all variants were predicted to alter the total
charge of the domain and/or the protein stability
(Supplementary Material, Fig. S3). These data suggest that the
missense variants located in the ZF-PHD7, FYR, WIN and SET
domains affect the normal structure of the KMT2D protein and
may thus potentially alter/impair the protein function.

Missense variants impair KMT2D methyltransferase
activity

To experimentally test the functional impact of KS-associated
KMT2D missense variants, we generated FLAG-tagged versions
of 14 representative KMT2D mutant alleles that harbor amino
acid changes in both functional N-terminal and C-terminal
domains of the protein including PHD 4-5-6-7, FYRN, WIN and
SET domains, using the FUSION-KMT2D construct as template
(see Materials and Methods) (Fig. 1B).

Downl oaded from https://academ c. oup. conf hng/ advance-articl e-abstract/doi/10. 1093/ hng/ ddy241/ 5042898
by Ospedal e Casa Sollievo della Sofferenza user
on 27 August 2018


Deleted Text: , 
Deleted Text: (
Deleted Text: )) 
Deleted Text: l
Deleted Text: R
Deleted Text: S
Deleted Text: a
Deleted Text:  (
Deleted Text: ), 
Deleted Text: methods
Deleted Text: d
Deleted Text: about 
Deleted Text: Methods
Deleted Text: Variants 
Deleted Text: Uncertain 
Deleted Text: Significance 
Deleted Text: l
Deleted Text: PHD
Deleted Text: 4 
Deleted Text: 8 
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy241#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy241#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy241#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy241#supplementary-data
Deleted Text: u
Deleted Text: -
Deleted Text: , 
Deleted Text: -
Deleted Text: Methods section
Deleted Text: Figure 

3

Human Molecular Genetics, 2018, Vol. 00, No. 00

(penunuod)

d (c2) (#Scru)d 1<D09/T17? 6¢ VN oTFa
d (¥) (.sezvuro)d 1<DE0/TTD 6€ X9 VN geedy
d (9%) (.9zovuro)d 1<D9/0TTd 6€ X VN Sog3
d (9%'s1) («ce0puro)d L<D¥/TT1? 6€ X2 onou aq $11a
d (9%'s1) («c60puro)d L<D¥/T1 6¢ X2 VN ovasl
d (Waraa:1) (.ce6€81v)d L<D¥¥6TTD 6¢ X2 VN 85edy
d (61) (w«seguro)d L<D698IT D 6€ X VN 18143
d Apnis styL, (6v6eurD)d L<DSY8ITD 6¢ X2 VN €9Vl
d Apms styL, («16EUrD)d L<D6¥/1T2 6€ X VN <19V
d Apmnas styL (,TT6EUD)d L<DIE/TITD 6€ X2 onou aq STHE
d (61) (.coeguro)d L<DV0/IT7D 6€ X VN 8/143
d (92) (.c68guro)d L<D¥/9117D 6€ X onou aq reas
d (9%) (.zr8guD)d L<DPEVITD 6€ X9 VN STl
d (Ciarad] (w£5LgurD)d L<D697IT D 6¢ X2 onou 2 A%
d (o%) («£02€8av)d L<D6TTITD 6€ X VN Py
d (9%) (.£0£€31v)d L<D6ITTTD 6€ X9 VN THE3
d (9t) (F19g198)d D<DTH80TD 6€ X9 onou 2 9ba
d (61) (#8seuro)d 1<D0S/0T™d 6€ X onou aq 89T g
d (9t) (6Lgguro)d L<DSETOTD $€ X9 onou aQq 95g3
d (6£/'92'sL'Y) (.1ceedry)d 1<D1966° $E X9 onou aq 9813
d Lpris styL (.ceTesho)d V<D96£6' $E X9 oaou aq v
d (6/-££CT) (.ST6231y)d L1<DEh/8D B X9 VN 68793
d (¢£92) (I1£L231y)d 1<DT1€8 [Xp.C) VN gzeds
d Apmis sy, («e¥sTuro)d 1<D/TT8 zE X VN zseds
d (61) (.9v9znio)d L1<D9g6/™ 1E Xd oaou aq 86Ta
d (22) (.sbocd1y)d 1<DgE6LD 1€ X3 onou aq 8eeay
d (9%'z2) (.se9zdav)d L1<DE06LD 1E X3 onou aq oz
d (9%z2) (.se9z8av)d 1<DE06LD 1€ X onou aQq €STa3
d (9%'z2) (.s€9¢81y)d 1<DE06LD 1g X2 VN 65931
d (9%) (.otvzuro)d L1<D9¥TLd 1€ X VN 9993
d (9z'sz'eL'6) (.01¥day)d 1<D82zLd 1€ X9 onou aQq 70Sg3
d (9v‘ze'y) (.660¢31v)"d 1<DS679 1€ X3 VN 9zdsl
d (wL'eL'T'sT) («c06181v)d 1<DL0/SD 9z x° VN 62va
d (61) (.zesturD)d L<D%/952 9z X9 VN 79za
d (81) (w£S2181v)d 1<D6925D TT %9 onou 2 9ged
d (61) (.8e1n10)d RO TA XA 4 < VN L1ET
d (o) (.zeot108)d DI2PS68Y 2 61 X VN €993
d (9t) (sesv1dar)d V<D6THYD 91 X9 VN ceat
d (9%) (.Tvonio)d L<DTT6L? 0T X VN Seds
d Apnis siyL, (weedar)d V<959T0TD fpc) VN ereds
d (9%) (.ezeih1)d H<L699D $c) VN 63
9SUXS-UON

Azl

UONIBDYISSE[D HINDY ERlICICICN| a3ueyd vv JUBLIEA uoxnur/uoxy SdUBILIDYU] ai

110Y0D INO Ul payNuapI S}UBLIEA YONAS PUe LN ‘T 9[qe.l

Downl oaded from https://academ c. oup. conf hng/ advance-articl e-abstract/doi/10. 1093/ hng/ ddy241/ 5042898

by Ospedal e Casa Sollievo della Sofferenza user

on 27 August 2018



Human Molecular Genetics, 2018, Vol. 00, No. 00

4

(panunuod)

d (61) (69,8301d56T21YL)d VI2PE8S9™D JT3S) onou aq zs1ad
d Apnis styL, (o1,8301d1£0ZSH) d DVI[ePELZ9 ¢T29™D 0¢ VN sTeal
d (61) (9,518£7050281v) d VOI2POST9 6¥197 67 X oaou aq A4
d (61) (co.s3841586TaY.L) d DIPPYS6S™ I C) VN 80za
d (61) (¥6.53d1LgS6TNST)d DIPP/S8S™ [TX? onou aq VARl
d (9%) (.0z1sIsh1/z6TUD)d DIPP6LLS™ 9z x@ VN a3
d (s¥) (8T.83uD5881sL7)d dnpzsos 9z X2 VN eq3l
d Apms sty L, (¢£1.831416581dsv) d D[ePS/SS™D ST xd onou aq <SP
d (61) (98.s1R1VEE9TdSY)d LLDDDOLYOVISPS06% 96872 61 % VN 65STa
d (61) (1z.s1ma158p101d) d DIPPHSHH 91 X3 onou 2@ 88143
d (08‘zz'61) (¢s.s3rRA6LETIRN) A LVIPP9ETy SETY™D ¥1 VN $2Sa
d (08‘zz'e1) (cs.s11BN6LETIDN) LVISP9ETy SEIYD 3T X3 VN 1TE9
d (61) (se.simaTT¥ETIRA)d D[ePTZOY €1 %9 onou aq 44k
d (61) (98,s1195% 1z 11RA) d D[9P0ELE™D AR C) VN 60€93
d (e¥'618T) (0T.83STHPS0TO1d) d DDDIOVOLLODIBPTLIE 191ED 1T %2 VN €0zay
d (9%) (69,5114 16663°91N)'d odnpge6zd 1T % onou 2 SHa
d Apms sty (¢.83sTHB6TINT)d [9PL6SE 965E 1T % VN 695931
d Apmas sty L (9,s151H8691Y.L)d 2dnp160z2 o1 VN SHSE
d (92) (s8¢.8181v5HSnaT)d LI9PYeEIT™ 0T X2 VN 6veay
d (92) (s8¢,8581v5psneT)d LI9PPe9IT™D 0T X2 VN 9T1a
d (61) (¢,8319520501d)"d 1dnpgost 0T X3 onou aQq 9STa
d (wL'9%) (s.s3rABYPNRT)d LDIPPOVET SHET D 0T X2 VN 68931
d (9%) (£1.831959%¢s£D) d LDIPP9E0T SE0T D 8%d VN [ST
d (9%) (bz.s3s£TnD)d VISPS0L ™D 9xd VN 8Sd3
d (s¥) (t1.89R1V£615£D)d DI°P88s S x onou aq 8a3
d (9%) (0s.s312A85TS4D)"d 113PTLD 12¢) onou 2q S/
d Apmis sty L (8s.834106711RA)d DLV.LIPP6YY 9vh D $ X9 VN Leed3
d Kpras sy, (z.s3o11911198) d vdnpsyed X9 VN 69%a
d Apnas sty L, (¢,s31v6£U1D)d DDIPPSET ¥ETD g xo VN ST
ummﬂmwsm.u.m
d (¢4'sL'ce'y) (Wwspss1y)d L<D09£9T 2 [4$.C) VN oeTad
d (¢2) (.ovesday)d L1<DSTO9T™D 0S X VN [
d (22'9%'TT) (.£20581y)d L<D6L0ST™D 8% X VN T
d (¢L'9%C2) (w£20581y)d L<D6/0ST 2 8h x° VN Shas
d (92'81) (,Tz0s81y)d L<DT90ST 8% X2 VN LLET
d (61) (.800sn1D)"d 1<957Z0STD I C) VN £8d3
d (9v) (.9ss¥shT)d L1<V999¢1d o x° onou aq e/
d (61) (.eosvuro)d L<D/0SETD 6¢ X° onou aq ST
d (LL%L'TT'6) (Ww8¥¥e1y)d L<D0SPET D 6€ X2 VN oSy
d (LL'vL'TT'e) (Ww8¥¥81y)d L<DOSFET D 6¢ X2 onou aq €813
d (cz'61) (61e¥d1y)d L<VSS6CLD 6¢ X° onou aq 63193
d (61) (.z8zHdry)d L<D¥¥8C1 2 6€ X9 onou aQq 0S€g
d (61) (.z8zHdry)d L<DtH8217 6€ X9 onou aQq 7893
UOT}BDYISSE[D HINDV ERLEICI N a3ueyd yv JUBLIBA uoIuI/uoxy 20UBILIYUL ai

panunuop 1 A[qeL

Downl oaded from https://academ c. oup. conf hng/ advance-articl e-abstract/doi/10. 1093/ hng/ ddy241/ 5042898

by Ospedal e Casa Sollievo della Sofferenza user

on 27 August 2018



5

Human Molecular Genetics, 2018, Vol. 00, No. 00

(penunuod)

q1 (61) (na1r61T01d)d 1<DT/SED [AC) d pauRyul [444:V!
a1 (61) (na1rerro1d)d 1<Dz65ED ARG N paqul Thedsl
a1 (61) (na1rerroid)d 1<Dz6g€D ARG W pa1LRYul STzl
a1 Apmas sty L (Aooveery)d D<D/E]TD IARC) IN-d pa1uayu] L0LET
SNOA Apnis styL, (na158801d)d 1<D¥S922 0T X2 VN [8Ya3
a1 (¢2) (1y1z6901d)d V<D¥£0Z2 0T X N paiueyul RA%:0:1
a1 (20) (1y1z6901d)d V<D¥/0TD 0T X2 VN STAR:D:|
a1 (2L's¥'61) (ur5/%9014)d V<D0¥6T2 0T X3 N paauLyut 69793
SNOA Apmns sty L, (01d6s€31v)d D<9H9/0T g xo VN 85y
SNOA (61) (eu60z1yL)d 1<D929 S x? VN 95za
d (s¥'61) siHO/TUD' d D<DHOTSD ¥ X N paiusyur qel?dl
a1 (61) (01g911195)d D<19¥ED € %3 N paiusyur oTTa
9SUISSIN
d (9%) (tz.s131v06%5847)d VVIeP0/¥9T 69791 D €S VN gesal
d (9%) (1z.8181v06¥%584T) d VVISPO/YIT 69%9TD €5 % VN $od3
d (s2) (9.1eAOBYSUSY)d LOVVIPPTHH9IT 8EH9TD €5 % VN Sseds
d Kpnis sty,L, (¥1.81n218%£SSIH)d DVI[ePH¥09T €091 0S VN sesasl
d (sv) (cT.8mMa19zT53Yd)d 1dnpy/gST 8% X2 onou aq 9Tg
d (61) (ov.s3r9s1T0SND) d D[EPTE0STD 8% X9 VN sTIas
d (61) (8¥.sye1VS98%01d)d 5dnpzesyT > Va2 <) onou aq L6193
d Apnis styL, (b1.83911£E9P19S) d DdnpsegeT™d 48] VN 18y
d (61) (8T.JstH6ZoVIYL) d 0dnpyggetd 478 onou aQq YAR:p|
d (c2) (€z.s301d¥65PRIV)d DIPPO8LET ™D 5% VN ovsa
d (61) (6S.831958THHRIV)d 1dnp//zero 6¢ X° onou aq 12193
d (9%) (cc.smatzsevdin)d 1dnpezrer 6€ X VN $Sa
d (61) (co.s3stHZZEVUD) d VI2P99621 2 6¢ X2 onou aq z61ad
d (61) (co.sma191ZH01d) d DIBPLYITT D 6€ X2 VN L1
d Apmas sty (vL.8381HS06EUID) d DPPSTLITD 6€ X3 onou aq S6va
d Kpras sy, (¥1.81n97669¢2ud) d 5dnpg601T 2 6¢ X2 onou aq 0593
D9HOLIDDLYDD
d (97) (9s.s118A689¢R1Y) d 1D[3P8/0TT 990TT "D 6€ X9 onou aQq 10193
d (9%) (cz1.s301V9ES€81Y)d DI2P9090T "2 8E X VN 0gg
d (61) (€.s341D890cuD) d VIePE0T6™ $E X9 VN z81a
d (61) (Th.sjusy1igzuD)d VVSUITERS 0E¥8™D € X3 onou aq evedsl
d (9%) (6z.s7°1V8SLTA1D) d D[epPELT8™D £€ X9 VN 0893
d A 1) (vz.siTenseszes)d D[°P9618™ zex® oaou aq eTed
d (6£'61) (01.8319596V2RIV) d 1dnp1gy/ T X9 VN 8/2d3
d (cz'e1) (1z.81M1959z241)d D[ePY6£97d 1€ X9 VN €szay
d A 1) (81.83usv9orzesh)d VIop8E/L9 1E X VN 9,193
d (9%) (0s.s¥R1VETCTAD) d DDDD[PPTHI9 8£99°D 1€ X onou aQq 1993
d (18°££-SL'9%'sv'Te'0T'y) (s9.s3316612141)d 119PS659°2 1g X2 VN Tread
d (18‘£4-SL 9% S¥‘TT'0T'Y) (so.s70116612141) d LI9PS659°2 1E X onou aq zoTgs
d (18‘2£-SL'9%'sv'TT'0T'Y) (s9.s301166T2141) d LI9PS659°2 TE X3 onou aQq 6,931
d (s2) (s9.s30116612141)d DI2P¥6592 TE X9 VN L9293
UOT}BDYISSE[D HINDV ERLEICI N a3ueyd yv JUBLIBA uoIuI/uoxy 20UBILIYUL ai

panunuop 1 A[qeL

Downl oaded from https://academ c. oup. conf hng/ advance-articl e-abstract/doi/10. 1093/ hng/ ddy241/ 5042898

by Ospedal e Casa Sollievo della Sofferenza user

on 27 August 2018



Human Molecular Genetics, 2018, Vol. 00, No. 00

6

(ponunuod)

d1 (9s's/'sv'22) (sAo¥1zs81y)d L<DOY9STD 8p x° VN 9za
SNOA (9v‘zest) (Brv681541D)d V<DS9SSTD 8% X9 N paequl T/1931
d1 Kpmas sy, (8xvyo15s£D)d D<I0TESTD 8 x° onou aq T9va
SNOA (61) (01d860514.1)d D<VZ6CSTD I C) VN 6219
d1 (9%) (o1d6S05stH) d D<V9/ISTD 8h x° onou aq 9,93
d1 (9%) (reAavgosaud) d D<IL00TSTD A C) onou aq £8ET3
a1 Apmas sty (stHO£0S81Y)d V<D680ST 8% X9 d paasyul sy
d1 (s¥'s1) (s£o0g0s81y)d L<D880ST 2 8p x° onou aq SeTas
SNOA (s¥'s1) (s£00g0581v)d 1<D880ST™d 8% X2 VN $STE
d1 (97) (n198zosdsvy)d D<DP80STD 8% X9 onou aQq <8€a3
SNOA (61) (1y.r596¥e1Y) d V<DE68YT D 8% X9 VN 29893
SNOA Apms sty BrvveyshT)d D<VI8EYT D 57 VN [AR:p'S
a1 (61) (na161H¥01d) d 1<D9SZET D 6€ X9 N P31 qul 0193
SNOA (61) (na1e91¥01d)d L<D88¥ZI D 6€ X9 VN 2L0TI
SNOA (61) (uroz9THd1y)d V<DS8¥TI D 6€ X2 VN LyTa
SNOA Apmas sty L (oxgToTHUD)d D<VZ0ETLD 6€ X9 VN sgeds
a1 (61) (noyzorsh)d H<V0L0ZT D 6¢ X2 d paauLyul Sb0Tds
a1 (61) (nozeeeurd)d D<DY6/LITD 6€ X d payeyul €629
q1 Kpnis styL, (19sv6,£01d)d L<D08ETTD 6¢ X2 d pa1uayul RAX:p
SNOA (61) (sA09s9gs1y)d 1<D9960T2 6€ X VN 29893
d1 (61) (1enooseAo)d L<D66V01D ViR .c) onou aq z6Ta
a1 (2) (Ae1Hedsy)d D<Y9SZOT D SExo VN 8/£a3
a1 (20) (A1D61Hedsy)d H<VY9ISZ0T D SE X3 VN L6293
a1 (61) (renseecran) d D<VZ6T0T D $g X3 d payeyul LSETI
a1 (61) (renseecran) d D<VZ610T PE X2 d paasyul ReTAX: 0
a1 Kpras sy, (teavzeeho)d L1<DT/667 $E X9 N pa3uayul SEVHE
SNOA Apns sty L, (teaszezery)d L<D¥//8 $E X9 VN L0£Ed3
SNOA (o) (1q11¥8z01d)"d V<1258 $€ X9 VN [Tad
a1 (es'61) (o1dot9gneT)d D<16C8LD P C) N pa1Rqul [8Ta3
a1 (es'61) (o1g019zZnT)d <1628 pc N pe3uayul 44X
a1 (¢0) (s£D09vz81v)d 1<D8/ELD 1€ X9 VN oy
SNOA (61) (1yL¥zezoid)d V<D0/6972 TE X9 VN 2L0TI
a1 (61) (1951 /7701d)d L1<DT1892 TE XD N pe3uayul ReT4 %01
SNOA Apmas sty L (reasvzznaT)d D<DEELD 1E Xd VN L0EET
a1 (61) (dsvetezho)d V<58£99D TE X9 N paRYul Sb0za
a1 (61) (dsvetezdd)d V<58£99d pc N pe3uayul 61T
a1 Apmas sty (dsvosgTArD)d V<D6¥5S5D st VN sesas
a1 (9%) (8ryzestu)d H<YSISHD 91 X d paauLyul yedsl
SNOA (61) (s£D9s¥1198)d D<DLTYH D 9I x° VN 8eTa
a1 (61) (tuLszvTam)d D<LESTHD ST X3 N pa3uayug /193
a1 (9%) (amgryIneT)d V<DTSTh D ST x® N paRYul 28T
a1 (9%) (reAsT¥TI9N) d D<V6¥TyD ST X3 N pe3uayul £8TTA
d1 (cz'61) (sf116€TN[D)d V<DILIYD 1 %3 onou aq £0€931
a1 (9%) (uHgsz1diy)d V<DELLED PARC) d paiuRyul zeds
UOT}BDYISSE[D HINDV ERLEICI N a3ueyd yv JUBLIBA uoIuI/uoxy 20UBILIYUL ai

panunuop 1 A[qeL

Downl oaded from https://academ c. oup. conf hng/ advance-articl e-abstract/doi/10. 1093/ hng/ ddy241/ 5042898

by Ospedal e Casa Sollievo della Sofferenza user

on 27 August 2018



7

Human Molecular Genetics, 2018, Vol. 00, No. 00

(penurnuod)

d Apns sty &1 DOVI[EPT +12S9T 02591 $S-€5 Ul VN 96% a3

d (22) P2 L<VZ-¥yo¥1D iaA R VN 09ed3

d (st) zz.o1dsinD 1s/¥1eA'd (TET19PT8EYT ¢SThT 1 VVVOSUIS-ZSZHT 9-2SThT D SH—bP Ul oaou aq 1931

d (61) 9¢,5701dz88yur’d {ZEZ19PS/8HT FHIpT 1 D<DE-FHIVT D 8%—/¥ UL oaou aq S6Ta

d (61) 9¢,8301d¢88%N[D'd ‘ZET[PPS/8YT FHIFT V<DL +EH9PTD 8-/ ul onou aq 06293

d (£2'9%) S.SI91IFTovusY'd {09119P666ET 0V8ET 1 V<D S+ 666E172 €H-C¥ UL VN 34w

d (sv) 11.201dsj81vT9STIBA'd ‘€ T[9PE69Y T89¥'1 V<OI +£69%2 81-/T Ul oaou aq otzd
SNOA Apms sty &1 D<D9-¥85HD £1-9T Ul VN 6CSa3
d Apns styL, &1 D<VT-ZEIYD yI-€1 Ul VN 61593
SNOA Apms sty L, &1 DI2P9-0¥8™ /-9 Ul VN Ty
d (9%) SLSIOYETAD d 'DVYSUITOY 00%'1 H<V £-10%2 g-gut onou aq ozad

d (9%) 98,5181v65195°d $ZZ19P00% £LT'1 V<D 1+00¥2 $-gur VN 193

d (61) 98,51965S'd HZCIPP00Y LT D<VT-LLTD €-z Ut oaou aq 98zg3

a11s 2o11ds

d1 (92's/'9%'z2) (19pL6¥5311)d 1PPT6%9T 68¥9T"2 €5 %o VN esa

d1 (9s's2'9v'22) (1op6¥sen)d [PPT6¥9T 687912 €5 X3 onou aq €0V
SNOA (o%'sT) (dnpososna1 ss05dsy)-d dnpgoTST €91STD 8y x° VN LT3
a1 (61) (dnpgsecD zs6£0)d dnpy/81T #5811 6¢ X2 d pajuRyul 8zTay

a1 (61) (19P£S6£0 8¥6eT)d 1PP098TT €H]TTD 6¢ X° d paiuLyul [TTa

a1 (9%) (dnpsyecurd ov6enaT)d dnpoggIT 6T8IT 6€ X9 W pa3usyul /93

a1 (61) (dnpsoecuro)d dnpotr/IT #T/11D 6¢ X2 N paIqul 18743

a1 Apmas sTyL (dnpsyzguro)d dnpzzell 0ceIlD 6€ X VN pre 1OV

a1 Apms sty (dnpsyzguro)d dnpzzz11 02Z1TD 6€ X9 VN $8€d3

d1 Apras sty (19pg0¥TsAD TORTI9S) d [2POTZY 20TH™ $T X9 onou aq p0LET
SNOA (61) (19p¥9801d sv831y)d [PP16SC CESTD 0T X VN YLTasl
a1 Apmas sy, (1opgsLu1Ds9ze1Y)d [2P60£T €872 0T X3 N paiueyul FOTE
epul

d1 (61) (dsvorssifL)d D<182S9T D $S X9 onou aq 0z1g3

d (82) (dx1005581v)d L1<D86%9T 2 €5 %9 VN 6873

d1 (61) (19T LpS81y)d L<OZIHITD [4$.C) onou aq L0193
SNOA Apnis styL, (£1oz9vsdsy)d DH<VYS8EIT D [4$.C) VN 08va3

d1 (€8'28°C2) (udzersdry)d V<DS629T D 15 X9 VN L9%93

d1 (€8z8‘C2) (uHzersdiy)d V<5S629T2 1S X3 VN 06931

d (8s'ze'e1) (s&15z%SND)d V<DELTITD 1S X3 onou aq 69143

d1 (9%'z2) (upovesdry)d V<D6T09T 2 05 X9 onou aQq 193

d1 (61) (8ry/Tzsdar)d D<L6¥9ST2 8 x° onou aq 60193

d1 (s£'%) (stH¥TZS81Y)d V<DIF9ST D 8% X2 onou 2q S0V

d1 (s2'%) (stH¥TZSS1Y)d V<DIFISTD 8% X9 VN 612

d1 #) (stH¥TzS31Y)d V<DIH9ST D 8y x° onou aq vl

d1 (9s's2'sv'2e) (sAo¥1es81y)d L1<D0¥9ST 2 8 x° VN YA p
UONRIYISSBD HINDVY 90UdI9JoY a3ueyd yv JUBLIBA UONUI/U0Xg 9dUBILIYUL ai

panunuo) T d[qeL

Downl oaded from https://academ c. oup. conf hng/ advance-articl e-abstract/doi/10. 1093/ hng/ ddy241/ 5042898

by Ospedal e Casa Sollievo della Sofferenza user

on 27 August 2018



Human Molecular Genetics, 2018, Vol. 00, No. 00

8

*90UBDYIUSIS UMOUUN JO JUBLIBA SNOA ‘udtuaq A1 ‘g D1uadoyred A1 ‘g1 druadoyed ‘g

"QCLINGL UT 3SUSSSTW 3m 13133303 pa3031ad,

VAT £q paynuspl,
JUBLIBA IS0 YIIm 1932301 Pa12312Q,

‘syueLeA sno34zo191ay punodwod M Sjusned,

*231s 2211ds Jouop 2y 3dnisip 03 pa3Ipa1d ‘UOXS Jo SsBq ISE] U3 UL S[[Bd,

‘uonenwi drusdoyied Yim 19119301 palda1ad,

d (61) [°P¥601SAT 0/0TusY d ‘19pH8zE 01ZE [9P9 + ¥85€ 7€ + ¥8EED €2z Ut oaou aq LT19

d Apmas sty L, 9zXsINIE6TsAD d {[PP0OZET 9.8 V<DI-S/67 Z1-11 UL oaou a@ $TED

a11s 2o11ds

d (1) &d 6-G X9 onou aQq 0593

d Apnas sty ¢d [ .S VN 1rax
SUONI[AP SSO1H

d Kpras sy, (Bxvsyzruro)d D<VEYLED 9z X2 onou aq 08eg3

d (61) (tenosedsy)d L<V6E672 0z X@ onou aq 1ETEN

SNOA Apmas sty (1£19/¢dsv)d 1<997€T (1% VN LT

SNOA Kpnis sty,L, (dydstonaT)d L1<DEP8Ld 9T X3 VN STy
9SUSSSIN

d Apmas sty (€e.sp9NsTOTIYL)d DIPPHHOE 0z X® VN 18593

d (s8) (£z.s312A6E8USY) d [9P81ST 152D (1% VN ep s

d Apmnas sty (€T.83H£0/D)d SuIGTTZ 8ITTD [1%3 VN THIEd

d (61) (8,s11£19191y 1) d [2P6%8T 9¥81 D 9T X9 VN 6ed3
Yyrysawieig

d (¥8z2) («cL181v)d L<D¥ISD 9%3 onou aq Thedsl

d (¥8'cc'el) (sz£181v)d L1<Db1§D 9x3 onou 2@ 5STCe
9SU3S-UON
VONG

d (61) &d SUI@P89TIL 8£C-S8/ST D 15-8% X9 VN SSYa
UOTS[3Pp SSoIH
UOT}BDYISSE[D HINDV ERLEICI N a3ueyd yv JUBLIBA uoIuI/uoxy 20UBILIYUL al

panunuop 1 A[qeL

Downl oaded from https://academ c. oup. conf hng/ advance-articl e-abstract/doi/10. 1093/ hng/ ddy241/ 5042898

by Ospedal e Casa Sollievo della Sofferenza user

on 27 August 2018



3

-
=
<

LB LB

<
=
B

LE LB

,.
®
=
5
-
7]
=
=
&
m
<
®

LB LB

<
o
7]
=
-
m
B
<

p22715

/@ p2324T

M1417V

—T209I
#——— R359P
/| /———— PBATQ
#——— P885L
#——— P1191L
#——— R1258Q
|/ A—— L1418M
11428T
#———G2213D
| ——— 12245V
A——— R2460C

! [ —— PBI2T

[#——— S116P
| —— Q170H
-~ @——— $1476C

-

#———G1850D

Human Molecular Genetics, 2018, Vol. 00, No. 00 | 9

,_
7]
=
m
=
®
=
&
<

LB LB LB

-
=
<
B
<
<
B
<

LBLPLP V LPV LPLPLPLP P LPV LP P LP

A——— G3500V
A#——— R3656C
i ——— K4024E
—— A4965T
#—— D5028E
#——— R5030C
-#— R5030H
#———— F5034V
A ——— H5059P
#——— T5098P
4#——— C5104R
|/ ——— G5189R
#—— R5432Q
I -—— D54626G
‘#—— R5471M
\#——— R5500W
‘@— Y5510D

9
=]
—
=
m
[a]

/@ ———— R5214C
| #——— R5214H
~#—— W5217R
—#——— R5340Q
—@—— E5425K

. 1 & T
N | | f(ni‘“
- o H B H Hl| b
= : 1 g . BB 3 %E % e g; B E
10‘00 2000 3000 40‘@? 5000 5537
B AA 1358 — 1572
| | B |
COOH
NH2

cAITIG=A
p-E1391K
LP

v
c.4565A>G

cA249A>G  ¢4283T>C  p.QIS22R p.H5059P | T5098P
pMI417V  pI1428T LB Lp v
LB b .15100T>G
p.F5034V
LP

c.15565G>A ¢ 15649T>C c.16273G>A . 16528T>G
pGSIBIR | Ws217R p-ES425K XD
v LP 16019G=A P jeipger P
p.R3340Q PRS4TIM

¢.15176A>C ¢.15292A>C

LP LP

Figure 1. Missense variants distribution across the entire length or FUSION-KMT2D gene. (A) Schematic representation of the KMT2D protein (PHD, plant homeodo-
main; HMG, high-mobility group; Coiled Coil domain; LXXLL domain, motifs with the consensus sequence L-X-X-L-L motif; Poli Q region, Poli Q reach region identified
in this study; ZF domain, Zinc Finger Domain; FYRN, FY-rich, N-terminal; FYRC, FY-rich, C-terminal; WIN, WDR5 Interaction domain, SET, Su(var)3-9, Enhancer-of-
zeste, Trithorax). In black, missense variants found in our cohort of KS patients. De novo variants are indicated in bold, pathogenic variants with P, likely pathogenic
with LP, likely benign with LP, and VOUS with V. (B) Distribution of the functionally analyzed KMT2D missense variants across the FUSION-KMT2D construct composed
of PHD4-5-6 (amino acids 1358-1572) and ZF-PHD7-FYRN-FYRC-WIN-SET-post-SET domains (amino acids 4507-5537). De novo variants are indicated in bold, patho-
genic variants are indicated with P, likely pathogenic with LP, likely benign with LB and VOUS with V.

The 14 tested missense variants have been selected as repre-
sentative of the entire set of variants identified in our KS cohort
that harbor amino acid changes in both N-terminal and C-ter-
minal domains of the protein including PHD 4-5-6-7, FYRN,
WIN and SET domains. This construct was selected because the
protein encoded by the FUSION-KMT2D wild-type vector retains
dose-dependent mono, di and tri methyltransferase activity
in vitro to the same extent of a full-length wild-type protein
(Supplementary Material, Fig. S4), while guaranteeing higher
transfection efficiency (not shown).

We measured the ability of the mutated proteins to catalyze
mono-, di- and tri-methylation of H3K4 (H3K4mel, me2 and
me3) in vitro, using purified nucleosomal histones as substrate
and western blot analysis with antibodies directed against these
three histone marks. In this assay, 9/14 missense variants led to
heterogeneous but significant impairment in H3K4 monome-
thylation, compared with wild-type KMT2D (range 30-80%),
with two additional mutants showing borderline effects (Fig. 2A
and B). Additionally, six of the nine mutations were associated
with reduced H3K4me2, and 6 with reduced H3K4me3 levels
(Fig. 2A and B).

To independently confirm the reduced H3K4 tri-
methyltransferase activity, we used a more sensitive epigenetic
EGFP reporter system that specifically monitors this modifica-
tion (23) (Fig. 2C). Fluorescence data confirmed the significantly
reduced ability to catalyze H3K4me3 for all 6 missense variants
tested (on average, ~50% compared with the KMT2D wild-type
counterpart) (Fig. 2D). Together, these data indicate that, to vari-
ous extents, a subset of KS-associated missense mutations can

inactivate the function of KMT2D, analogous to truncating
mutations.

KMT2D-complex protein interaction

ASH2L and RbBPS interact with KMT2D co-regulating the ex-
pression of target genes (24,25). To determine whether KMT2D
missense variants affect its function by altering the interaction
with ASH2L and RbBP5, we immunoprecipitated protein lysates
from HEK 293T cells co-transfected with Flag-tagged FUSION-
KMT2D constructs and vectors expressing either ASH2L or
RbBPS. Western blot analysis of immunoprecipitated cell lysates
showed that the missense variants located at the C-terminal
of the protein (p.H5059P, p.T5098P, p.G5189R, p.W5217R,
p-R5340Q, p.E5425K p.R5471M and Y5510D) exhibit a weaker
interaction with both ASH2L and RbBPS5, while p.E1391K and
p-.F5034V only distressed the interaction between KMT2D
and ASH2L, when compared with the wild-type construct.
The missense variants p.11428T and p.Q1522R exhibited an
increased interaction with both ASH2L and RbBP5, while the
p-M1417V and p.S1476C only increased the interaction of
KMT2D with ASH2L (Fig. 3A).

Combined conformational 3D modeling and free energy in-
teraction variations (see Supplementary Material, Fig. S2) indi-
cated that the p.R5340Q missense variant—in the WIN motif of
KMT2D—alters the protein domain structure, changing an evo-
lutionarily conserved amino acid position expected to tolerate
Arginine and minimally Methionine (Fig. 3B, left). Since the
KMT2D WIN motif (5337-5342) is necessary for the interaction
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Figure 2. KMT2D missense variants are associated with defective methyltransferase activity and diminished H3K4 methylation. (A) H3K4 Lysine methyltransferase ac-
tivity of mutated FLAG-KMT2D proteins on HeLa nucleosomes. (B) Relative H3K4 methyltransferase activity of semi-purified FLAG-KMT2D proteins on HelLa nucleo-
somes (mean=*SD; n=two independent biological replicates). Data are expressed as fold differences compared with the activity of the wild-type control, arbitrarily set
as 1. Pathogenic variants are indicated with P, likely pathogenic with LP, likely benign with LB, and VOUS with V. Student’s T-test is indicated as *P<0.05; *P<0.01,
***P<0.001. (C) Schematic representation of the epigenetic reporter allele encoding the two halves of GFP separated by a flexible linker region with a histone tail (H3)
and a histone reader (TAF3 PHD) at the N and C termini, respectively (23). Modification of the histone tail by (KMT2D-mediated) trimethylation leads to reconstitution
of the GFP structure and function, which can be measured by fluorescence. (D) The H3K4me3 indicator demonstrated a decreased H3K4me3 activity for the 6 tested
missense variants compared with the WT. Pathogenic variants are indicated with P, likely pathogenic with LP, likely benign with LB, and VOUS with V. Student’s t-test

is indicated as *P<0.001.

with the WDR5S protein (26), we used transient transfection/co-
immunoprecipitation assays to assess whether p.R5340Q alters the
ability of KMT2D [expressed as an Myc-tagged green fluorescent
protein (GFP) fusion] to physically bind a Flag-tagged WDRS protein.

As shown in Figure 3B, western blot analysis of FLAG-
immunoprecipitates using anti-Myc antibodies showed efficient
co-immunoprecipitation of the wild-type KMT2D, but not of the
R5340 mutant, with WDRS5. This was not due to differences in
expression levels/protein stability between the two KMT2D pro-
teins, as documented by western blot analysis of EGFP in the to-
tal cell lysates, indicating that this variant completely abrogates
the interaction with WDRS (Fig. 3B).

Discussion

Here we report the mutation pattern of KMT2D and KDM6A in a
cohort of 505 patients clinically diagnosed as KS-affected, and
document the functional role of a subset of KMT2D missense
mutations in impairing the protein enzymatic activity.

Overall, the mutation detection rate for KMT2D and KDM6A
in our cohort (41%) was lower than that reported in a recent sur-
vey (22). This does not seem to be due to differences in sensitiv-
ity as the same Sanger Sequencing approach was used, and
may be derived from the involvement of other causative genes,
epigenetics mechanisms or yet unrecognized promoter or deep
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Figure 3. Interaction of KMT2D missense mutants with ASH2L, RbBP5 and WDRS5. (A) On the left, immunoblot analysis of KMT2D, ASH2L and RbBPS in HEK293T cell
line transfected with wild-type KMT2D or KMT2D missense mutants followed by immunoprecipitation with anti-Flag antibody. On the right, relative interaction of the
indicated KMT2D missense mutants with ASH2L (top) and RbBP5 (bottom) (mean=SD, n=2 independent replicates). Pathogenic variants are indicated with P, likely
pathogenic with LP, likely benign with LB, and VOUS with V. Student’s T-test is indicated as *P<0.05, **P<0.01 and ***P<0.001. (B) On the left, the predicted amino acid
tolerance for KMT2D p.5340: the presence of Methionine (M) is very slightly tolerated. On the right, immunoblot analysis of KMT2D and WDRS in HEK293 cell line trans-
fected with wild-type WDRS5, wild-type C-Ter KMT2D or the p.R5340Q KMT2D missense mutant before (input) and after immunoprecipitation with the anti-Flag anti-

body. EV, empty vector.

intronic variants affecting normal splicing. Moreover, we cannot
exclude that some patients might have been clinically misdiag-
nosed and present conditions partially overlapping with KS. In
view of multiple studies highlighting the clinical and molecular
overlap of KS (27-31), these samples should be interrogated by
using NGS targeted-genes panels focused on components of the
histone methylation machinery that are associated to diseases
in differential diagnosis with KS.

Our screening revealed 58 different missense variants dis-
tributed across the entire length of the KMT2D gene. Indeed, 9 of
the 14 representative mutations that were tested in our study
had variably reduced histone methylation activity in vitro, in-
cluding H3K4 mono-, di- and/or tri-methylation. This effect is
consistent with the known function of KMT2D as a major
mono/dimethyltransferase, which is enriched at enhancer
regions and is required for enhancer activation during cell dif-
ferentiation, as reported in brown adipose tissue and skeletal

muscle development (11,32), or in mature B cells (33,34). Even
though recent publications focus on the role of KMT2D as major
monomethyltransferase, at least during carcinogenesis (35),
KMT2D is also required during oogenesis and early develop-
ment for bulk histone H3 lysine 4 trimethylation (36). The ability
to modulate H3K4(me3), at active promoters/transcription start
sites is important for the regulation of actively transcribed
genes (14,15), and may reflect in part the formation of
promoter-enhancer loops. As a matter of fact, six of the nine KS
missense variants with reduced histone methylation activity
showed a flawed H3K4(me3) activity in two different assays,
emphasizing the role of KMT2D in modulating histone
H3K4(me3) in vitro.

Of note, all nine functionally defective missense mutations
were localized within the FYRN, WIN and SET domains, and
may contribute to the KS phenotypes by interfering with its en-
zymatic activity in a manner analogous to C-terminal
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truncating mutations. In contrast, amino acid changes in the
N-terminal domain of the protein had minimal effects on H3K4
methylation. Indeed, according to ACMG, most of the amino
acid changes in the N-terminal domain of the protein are classi-
fied as Likely Benign or Variants Of Unknown Significance
(Table 2), suggesting that they may act through different mech-
anisms or represent neutral events.

The entire KMT2D C-terminal domain (aa 4507-5537) is
involved in the interaction with the protein of the WRAD com-
plex (25), albeit the specific amino acid interaction region is not
fully characterized yet. Our study showed that missense var-
iants localized in the C-terminal domains impaired the interac-
tion of KMT2D with other components of its multi-subunit
complex, including WDRS, RbBP5 and ASH2L, whereas most of
the variants localized within the PHD 4-6 do not affect the inter-
action. The same C-terminal missense variants also showed
altered protein domain structure and free energy interaction
levels, suggesting that structural changes occurring in KMT2D
may reduce the interaction with the proteins of the WRAD
complex.

These data corroborate the hypothesis that the reduced
methyltransferase activity is a direct consequence of the lack of
multi-protein WRAD complex formation. Consistently, the mis-
sense variant R5340Q, localized within the WIN domain, fully
abrogated the interaction with WDRS, resulting in a significantly
reduced methyltransferase activity.

The classification and interpretation of KMT2D missense
variants is a significant challenge in molecular diagnostics and
genetic counseling. A number of prediction tools have been
implemented in the last years, mainly as support for NGS data.
However, in silico analyses should not be considered as conclu-
sive evidence in the assessment of variants of unknown clinical
significance. The American College of Medical Genetics and
Genomics and the Association for Molecular Pathology
Standards and Guidelines for the interpretation of sequence
variants (37) recommended that these predictions should be
used as support to additional findings, including functional evi-
dence that can prove the pathogenicity of the variants found.
Recently, different DNA methylation profiling studies showed
that KS patients present a highly specific and univocal
DNA methylation signature that has the potential to be used as
a diagnostic method for differentiating samples with patho-
genic mutations from those with benign variants, and therefore
enabling the functional assessment of genetic variants of
unknown clinical significance (31,38-41).

Although additional studies will be required to dissect the
precise mechanisms underlying the pathogenic role of the mis-
sense variants in KS, our data indicate that a subset of them
may influence the disease status by affecting: (i) the methyl-
transferase activity of the protein and (ii) the interaction with
the WRAD complex.

The biochemical approaches presented here may provide
the basis for the development of diagnostic assays that could be
of support to in silico prediction tools, with the advantage of
addressing the functional effect of the variant.

Conclusions

This study expands the number of KMT2D and KDM6A muta-
tions that are associated with KS and provides evidence that a
number of naturally occurring missense mutations in KMT2D
effectively impact KMT2D interaction and H3K4 methylation ac-
tivity. These data have direct relevance for diagnostic and
counseling purposes.

Materials and Methods

Patients and samples preparation

Our study cohort comprised a total of 505 index patients clini-
cally diagnosed as affected by KS (Table 1), including 202 new
cases that were referred to our institution between 2014 and
2017, and 303 patients from previous studies (19,42-48).

Patients were enrolled after obtaining appropriate informed
consent by the physicians in charge, and approval by the local
ethics committees. KS patients were included following the
inclusions criteria as reported (46). Genomic DNA was extracted
from fresh and/or frozen peripheral blood leukocytes of patients
and their available family members using an automated DNA
extractor and commercial DNA extraction Kits (Qiagen,
Germany). Total RNA was extracted from peripheral blood leu-
kocytes using TRIzol reagent (ThermoFisher Scientific, USA) and
reverse transcribed using the QuantiTect Transcription kit
(Qiagen), according to the manufacturer’s instructions.

Sequencing and MLPA of KMT2D and KDM6A

Mutation screening of all 54 coding exons of the KMT2D (MIM
#602113, NM_003482.3) gene and 29 coding exons of the KDM6A
(MIM #300128, NM_021140.3) gene was performed by PCR ampli-
fication and direct sequencing as reported (46). MLPA analysis
was performed as in (47).

In silico analysis of KMT2D and KDM6A variants

The putative causal and functional effect of missense variants
was estimated by using the following in silico prediction tools:
Polyphen-2 version 2.2.2 (http://genetics.bwh.harvard.edu/pph;
date last accessed 5 July 2018) (49), Align GVGD (http://agvgd.hci.
utah.edu; date last accessed 5 July 2018) (50), PROVEAN v1.1
(http://provean jcvi.org/index.php; date last accessed 5 July 2018)
(51), SIFT v1.03 (http://sift.jcvi.org/; date last accessed 5 July 2018)
(52), UMD-predictor (http://www.umd.be/; date last accessed 5
July 2018) (53) and Mutation Taster (http://www.mutationtaster.
org/; date last accessed 5 July 2018) (54) using default parameters.
Splice-site variants were evaluated for putative alteration of reg-
ulatory process at the transcriptional or splicing level with
Human Splice Finder (http://www.umd.be/HSF3/; date last
accessed 5 July 2018) (55), NNSPLICE (http://www.fruitfly.org/seq_
tools/splice.html; date last accessed 5 July 2018) (56) and
NetGene2 (http://www.cbs.dtu.dk/services/NetGene2; date last
accessed 5 July 2018) (57). Frequency variants were checked on
dbSNP  (http://www.ncbi.nlm.nih.gov/projects/SNP/; date last
accessed 5 July 2018), 1000 Genomes Project (http://www.interna
tionalgenome.org/; date last accessed 5 July 2018), EVS (http://evs.
gs.washington.edu/EVS/; date last accessed 5 July 2018) and EXAC
(http://exac.broadinstitute.org/; date last accessed 5 July 2018).

Protein modeling

Three-dimensional models of the ZF-PHD7 (residues 5059-
5137), FYRN (residues 5180-5327) and SET (residues 5398-5537)
domains of the human KMT2D protein were obtained employ-
ing a combination of threading and homology methods. For
each domain, different models were generated using publicly
available web servers (58-61). Final KMT2D model domains
were obtained using the Modeller program and, as templates,
the server models (62). A total of 200 unique models were gener-
ated by Modeller for each KMT2D domain. Qmean server (63)
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was used to assess the quality of the predicted models and
KoBaMIN web server (64) was used to carry out the protein en-
ergy minimization. The crystal structure of the WIN domain
bound to WDR5 was obtained from the RCSB Protein Data Bank
(PDB code: 3UVK; residues 5337-5347) (65). The effects of mis-
sense variants on KMT2D domains structure and stability were
predicted by the Rosetta Backrub server (66) and FoldX program
(67). Total charge of domains was calculated using the PROPKA
program (68) and the electrostatic surface potentials were com-
puted using the Adaptive Poisson-Boltzmann Solver (APBS) soft-
ware (69). Models’ inspection and model figures were performed
using UCSF Chimera (version 1.11) (70).

Plasmids, cell lines and transfection assays

The pFlag-CMV2 FUSION-KMT2D vector [cDNA spanning
the PHD4-5-6 domains (amino acids 1358-1572)] and ZF-
PHD7-FYRN-FYRC-WIN-SET-post SET domains (amino acids
4507-5537) was a gift of Professor Min Gyu Lee, Department of
Molecular and Cellular Oncology, The University of Texas (25).
We sub-cloned this partial KMT2D sequence into the p3XFlag-
CMV14 vector (Sigma) using standard procedures. Fourteen rep-
resentative KMT2D variants identified in our KS cohort that har-
bor amino acid changes in both N-terminal and C-terminal
domains of the protein, including PHD 4-5-6-7, FYRN, WIN and
SET domains, have been selected for functional assays:
p-E1391K (Likely Pathogenic), p.M1417V (Likely Benign), p.11428T
(Likely Benign), p.S1476C (VOUS), p.Q1522R (Likely Benign),
p.F5034V (Likely pathogenic), p.H5059P (Likely Pathogenic),
p.T5098P (VOUS), p.G5189R (VOUS), p.W5217R (Likely patho-
genic), p.R5340Q (Likely Pathogenic), p.E5425K (Pathogenic),
p-R5471M (Likely Pathogenic) and p.Y5510D (Pathogenic).
Expression plasmids harboring patient-derived KMT2D mis-
sense variants were generated by site-directed mutagenesis
according to standard methods.

HEK 293 and 293T cells were cultured in Dulbecco’s Modified
Eagle Medium with 10% FBS, penicillin (100 U/ml) and streptomy-
cin (100 pg/ml) (Life Technologies). The KMT2D C-terminal ORF
was assembled into the pcDNA3-Myc-EGFP vector (71) by PCR site
directed amplification using human cDNA and the pFlag-CMV2
FUSION-KMT2D vector as templates respectively. The WDRS5 full
length ORF was assembled into the p3XFlag-CMV14 vector (Sigma)
by RT-PCR amplification reactions using cDNA from HEK 293T
cells as template. HEK 293T cells were transiently transfected us-
ing the polyethylenimine method, following the published proto-
cols (72). Cells were harvested 48 h after transfection and used for
protein extraction and histone methyltransferase (HMT) assay.

In vitro HMT assay and epigenetic reporter allele

Partially purified FLAG-KMT2D wild-type and mutant derivative
proteins were extracted from transfected HEK 293T cells by co-IP
buffer (50 mM Tris, pH 7.5, 250 mM NacCl, 1% Triton X-100, 1 mM
EDTA), followed by overnight incubation with EZview ™ Red Anti-
FLAG Affinity Gel (Sigma) at 4°C and final elution in BC100 buffer
(20 mM Tris, pH 7.5, 10% glycerol, 0.2 mM EDTA, 1% Triton X-100,
100 mM NaCl) containing FLAG peptide (Sigma). KMT2D protein
amounts were quantified by Coomassie staining and immunoblot
analysis using mouse monoclonal FLAG antibodies. Enzymatic ac-
tivity against HeLa nucleosomes was measured following a pub-
lished method (25). Briefly, equal amounts of wild-type or mutant
FLAG-KMT?2D proteins were incubated at 37°C for 4 h with HeLa
nucleosomes (Reaction Biology) in KMT buffer (50 mM Tris, pH 8.5,
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100 mM KCl, 5 mM MgCl,, 10% glycerol, 4 mM DTT) supplemented
with S-adenosyl methionine (New England BioLabs). Reactions
were stopped by adding equal volumes of 2x Laemmli buffer and
heated at 100°C for 5 min before loading onto Tris-glycine 4-20%
gradient gels. All assays were performed at least two times
independently.

The epigenetic reporter allele, a kind gift from Dr Hans
T. Bjornsson (McKusick-Nathans Institute of Genetic Medicine,
Johns Hopkins University, Baltimore), was used as described (23).

Co-immunoprecipitation assay and western blotting
analysis

Co-immunoprecipitations were performed using Dynabeads
magnetic beads (ThermoFisher Scientific) and EZview™ Red
Anti-FLAG Affinity Gel (Sigma) following the manufacturer’s
instructions. Complexes were analyzed by Western blot using the
indicated antibodies. Protein extracts were resolved on NuPAGE
Tris-acetate 3-8% gels (for KMT2D) or Tris-glycine 4-20% gels (for
histone H3) (ThermoFisher Scientific) and transferred to nitrocel-
lulose membranes (GE Healthcare) according to the manufac-
turer’s instructions. Antibodies used were mouse monoclonal
antibody to a-tubulin (clone DM1A, Sigma), rabbit polyclonal anti-
H3K4mel (Abcam), anti-H3K4me2 (Active Motif), anti-H3K4me3
(Abcam), rabbit monoclonal anti-Histone H3 (clone D1H2, Cell
Signaling Technology), mouse monoclonal anti-Flag (Sigma cat#
F3165), rabbit monoclonal anti GFP (Santa Cruz), rat monoclonal
anti-HA (Roche), mouse monoclonal anti Myc (Roche), rabbit poly-
clonal anti Ash2 (Bethyl) and rabbit polyclonal anti RbBP5
(Bethyl). Horseradish peroxidase conjugated anti-mouse (Santa
Cruz) or anti-rabbit (Santa Cruz) antibodies, and the ECL chemilu-
minescence system (GE Healthcare) were used for detection.
Image] software (http://imagej.nih.gov/ij/; date last accessed 5
July 2018) was used to quantify band signal intensity. Values are
expressed as fold differences relative to the wild-type protein
sample, set at 1, after normalization for the loading control.

Supplementary Material

Supplementary Material is available at HMG online.
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