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Abstract
Background: Uniparental disomy (UPD) is the inheritance of two homologous 
chromosomes from the same parent. UPD may result in clinical phenotypes 
when occurring on chromosomes with specific imprinting pattern, when leading 
to homozygosity of a deleterious recessive allele inherited from one carrier par-
ent, or when associated with a mosaic aneuploidy. Due to the importance of UPD 
in genetic disease etiology, UPD analysis has started to be implemented in the 
context of exome sequencing (ES) or genome sequencing.
Methods: We developed an in-house algorithm TRIPS (Trio Parentage/UPD 
Studies) to identify UPD events in trio ES cases. This method identifies regions 
with uniparental inheritance by utilizing the trio genotyping data obtained from 
the concurrent SNP array to delineate the parental origin of the SNPs in the 
proband.
Results: We identified 16 UPD events from 2675 ES trios. Among those, four 
events led to imprinting disorders, seven unmasked a pathogenic/likely patho-
genic variant in a recessive disease gene, and two were consistent with a mosaic 
genome wide paternal UPD pattern. Twelve of these UPD events directly contrib-
uted to the molecular diagnosis of the patients.
Conclusion: Our study demonstrated the contribution of UPD to the molecular 
diagnosis in one clinical ES cohort, thus UPD analysis should be incorporated 
into routine clinical ES interpretation.
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1   |   INTRODUCTION

Uniparental disomy (UPD) is a chromosome variation that 
two homologous chromosomes (or a segment of the ho-
mologous chromosomes) are transmitted from one parent 
without the contribution of the other parent. UPD events 
can be classified into different types. Uniparental isodi-
somy (iUPD), where two identical chromosome homologs 
are inherited from one parent, leads to whole chromosome 
homozygosity; while uniparental heterodisomy (hUPD) is 
the presence of two different homologs from the same par-
ent. A mixture of iUPD and hUPD on the same affected 
chromosome, which we refer to as segmental iUPD with 
hUPD, is also possible because of meiotic recombination. 
In addition, segmental iUPD can occur due to mitotic re-
combination, in which only a segment of the chromosome 
pair originate from one parent while the rest of the pair 
are of bi-parental origin.

UPD can result in clinical consequences when it dis-
rupts the normal imprinting pattern on certain chro-
mosomes, or results in homozygosity of a parental 
disease-causing variant in autosomal recessive genes. 
It can also be associated with other chromosomal aber-
rations such as low-level mosaic aneuploidy, which may 
contribute to phenotypic abnormalities. UPD can be de-
tected by distinguishing polymorphic loci originated from 
parents using short tandem repeats analysis or SNP array. 
Up to now, at least over 3300 UPD cases have been reported 
(Nakka et al., 2019), and it has been estimated that UPD 
event occurs at a rate of 1 in 3500 to 1 in 5000 based on 
clinical case data (Liehr, 2010; Robinson, 2000). However, 
a recent report suggested that the prevalence of UPD in 
general population is 1 in 2000 births (Nakka et al., 2019), 
occurring more frequently than previously thought.

Exome sequencing (ES) has been successfully applied 
to provide molecular diagnoses for patients with a wide 
spectrum of genetic conditions, and the diagnostic rates 
range from 20.1% to 36.1% depending on different phe-
notypic categories (Yang et al., 2013, 2014). ES has been 
performed in conjunction with chromosomal microarray 
(CMA) or SNP array for the detection of copy number vari-
ant (CNV) and copy neutral runs of homozygosity (ROH) 
suggestive of UPD or identity-by-descent (Yuan et al., 
2020). A retrospective analysis of 11,020 ES cases with 
concurrent or sequential CMA or SNP array indicated that 
pathogenic CNV/UPD could contribute in 10.6% of all 
molecularly diagnosed cases (Dharmadhikari et al., 2019). 
Various robust algorithms have been developed over the 
years to identify potential UPD events from ES data (King 
et al., 2014; Magi et al., 2014; Nakka et al., 2019; Scuffins 
et al., 2021; Yauy et al., 2020). Yauy et al. identified 22 UPD 
events from 4912 ES trios and 29,723 single ES cases, 9 of 
which were clinically relevant to the patients’ phenotype 

(Yauy et al., 2020). Another recent study detected 112 
whole-chromosome or segmental UPD events in 32,067 
ES trios, resulting in diagnostic findings in 0.14% of the 
cases (Scuffins et al., 2021). Hence, implementation of 
UPD analysis is critical for patients subjected to ES testing.

In our laboratory, SNP array is used as a quality con-
trol measure, running in parallel with next-generation 
sequencing (NGS), for all ES samples. In trio ES, by differ-
entiating the parental origins of the SNPs in the proband 
based on the trio SNP arrays, chromosomal regions with 
uniparental inheritance and Mendelian inheritance error 
may be revealed with or without apparent and extended 
ROHs. Driven by this concept, we have developed an in-
house algorithm TRIPS for trio ES cases to trace the paren-
tal origins of the genotyping SNPs in the proband, aiming 
for detecting various types of UPD. Here we report the 
contribution of UPD identified by TRIPS to the molecular 
diagnosis in a clinical trio ES cohort (N = 2675).

2   |   MATERIALS AND METHODS

2.1  |  TRIPS analysis

A total of 2675 patients, along with their parental sam-
ples sent to Baylor Genetics Laboratory for clinical 
trio ES were analyzed. SNP array analysis (Illumina 
HumanCoreExome-24v1 array, Illumina, San Diego, 
CA) and ES were performed as previously described 
(Dharmadhikari et al., 2019). In-house algorithm TRIPS 
using R scripts was created to process and present the SNP 
data from SNP array for each trio case, incorporating ori-
gin of parentage information assigned on each SNP.

2.2  |  GenBank reference sequence

ZMPSTE24 (NM_005857.4, OMIM: 606480), ABCA4 
(NM_000350.2, OMIM: 601691), PARK7 (NM_007262.4, 
OMIM: 602533), KCTD3 (NM_016121.5, OMIM: 613272), 
LBR (NM_002296.4, OMIM: 600024), RAB3GAP1 
(NM_012233.3, OMIM: 602536), PCDH12 (NM_016580.4, 
OMIM: 605622), POLG (NM_002693.2, OMIM: 174763).

3   |   RESULTS

In order to identify potential UPD events from trio ES 
cases, we have developed an in-house algorithm TRIPS, 
which, by taking advantage of the trio SNP array data, au-
tomatically assigns one of the seven categories of parental 
origin, which included father only, mother only, possibly 
father only, possibly mother only, possibly either only, 
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UPD unlikely, and de novo, to each SNP in the proband 
based on simple Mendelian rule and the evaluation of the 
likelihood of UPD (assignment principle in Figure 1a). 
The assignment of the category of possibly one parent 
only (possibly father only or possibly mother only) to the 
heterozygous SNPs in the proband that are heterozygous 
in one parent and homozygous in the other parent helps 
to expand our scope of UPD interrogation from ROH to 
non-ROH and increases the sensitivity for hUPD detec-
tion (Figure S1). A normal TRIPS pattern without UPD 
shows roughly equal contribution of each parent to the 
SNPs on every chromosome (Figure 1b,c left panel), while 
the abnormal pattern suggestive of UPD shows the whole 
chromosome or a chromosome segment with SNPs origi-
nating from one parent only (Figure 1c right panel) or 
possibly one parent only, regardless of the presence of an 
ROH. The UPD calling can be corroborated by examining 
the inheritance patterns of all the variants identified by 
NGS in the corresponding region.

TRIPS identified 16 (0.6%) UPD events (Table 1) 
among 2675 ES trios, including five iUPD (two on chro-
mosome 1, three on chromosome 2), three mosaic iUPD 
(one on chromosome 1, two genome-wide), one hUPD 
(chromosome 14), six segmental iUPD with hUPD on the 

same chromosome (two on chromosome 1, three on chro-
mosome 15, one on chromosome 16), and one segmental 
iUPD (chromosome 5) (Figure 2a). No mosaic aneuploidy 
was identified by SNP array associated with these UPD 
events.

Out of the 16 UPD events, 12 (75%) were clinically sig-
nificant findings that were causative for or contributory to 
the clinical symptoms of the patients via different mecha-
nisms (Figure 2b).

Four UPD events resulted in well-characterized im-
printing disorders (Table 1, Figures S1 and S4). Three pa-
tients (P11, P12, and P13) were identified to have upd(15)
mat which would lead to Prader–Willi syndrome (PWS). 
Patient P10 did not have any ROH as shown by the SNP 
array result, but TRIPS revealed that all the SNPs on chro-
mosome 14 were of maternal origin, leading to a molecu-
lar diagnosis of Temple syndrome. This case highlighted 
the utility of TRIPS in complementing SNP arrays for 
hUPD identification in trio cases.

Seven UPD events led to homozygosity of pathogenic/
likely pathogenic variants in autosomal recessive genes 
inherited from unaffected carrier parents (Table 1), pro-
viding molecular diagnoses that contributed to the clini-
cal features of the corresponding patients (Figures S2 and 

F I G U R E  1   Principles and example data output of TRIPS analysis. (a) Principle of seven assignments (F, FP, M, MP, W, NUPD, 
DeNovo) on SNP allele pairs for possible parental origin. DeNovo, de novo change; F, father only; FP, possibly father only; M, mother only; 
MP, possibly mother only; NUPD, UPD unlikely/not UPD; W, possibly either only. Color dots represent the color scheme for parental 
origin assignments: red (F), pink (FP), dark green (M), light green (MP), grey (W), black (NUPD). (b) An example of the parental origin 
assignments of the allele pairs on different chromosomes. Numbers of the allele pairs assigned with the seven categories of possible parental 
origins were listed accordingly under each assignment for each chromosome. (c) Examples of a normal (left) and an abnormal (right) TRIPS 
patterns composed of colored dots that represent the corresponding SNP allele pairs. X axis shows the coordinates along the chromosome. 
Y axis shows the b allele frequency retrieved from SNP array. Color scheme for parental origin assignments as described in 1a. For the 
abnormal pattern of chromosome 5 on the right, paternal segmental iUPD was shown as the ROH region composed of red dots only

(a) (b)

(c)



4 of 7  |      WANG et al.

T
A

B
L

E
 1

 
Su

m
m

ar
y 

of
 th

e 
U

PD
 fi

nd
in

gs
 b

y 
TR

IP
S 

in
 o

ur
 tr

io
 E

S 
co

ho
rt

 (N
 =

 2
67

5)

Pa
ti

en
t #

C
hr

T
yp

e 
of

 U
PD

Pa
re

nt
al

 
or

ig
in

R
O

H
C

lin
ic

al
 s

ig
ni

fi
ca

nc
e

D
is

ea
se

 m
ec

ha
ni

sm
R

ef
a  

P1
1

iU
PD

M
at

er
na

l
Ye

s
U

nc
er

ta
in

P2
1

M
os

ai
c 

iU
PD

M
at

er
na

l
Ye

s
Po

ss
ib

le
 m

os
ai

ci
sm

 fo
r h

om
oz

yg
ou

s Z
M

PS
TE

24
 

c.
10

85
du

p 
(p

.L
36

2F
fs

*1
9)

 (p
at

ho
ge

ni
c)

b
U

nm
as

ke
d 

re
ce

ss
iv

e 
di

so
rd

er
C

as
si

ni
 e

t a
l. 

(2
01

8)
, 

D
ha

rm
ad

hi
ka

ri
 

et
 a

l. 
(2

01
9)

P3
1

iU
PD

Pa
te

rn
al

Ye
s

H
om

oz
yg

ou
s A

BC
A

4 
c.

18
05

G
>

A
 (p

.R
60

2Q
) 

(p
at

ho
ge

ni
c)

 a
nd

 P
A

RK
7 

c.
33

1d
el

 
(p

.A
11

1L
fs

*7
) (

pa
th

og
en

ic
)

U
nm

as
ke

d 
re

ce
ss

iv
e 

di
so

rd
er

P4
1

Se
gm

en
ta

l i
U

PD
 

w
ith

 h
U

PD
M

at
er

na
l

Ye
s

H
om

oz
yg

ou
s K

CT
D

3 
c.

16
6C

>
T 

(p
.R

56
*)

 (l
ik

el
y 

pa
th

og
en

ic
) (

di
se

as
e 

ca
nd

id
at

e 
ge

ne
)

U
nm

as
ke

d 
re

ce
ss

iv
e 

di
so

rd
er

P5
1

Se
gm

en
ta

l i
U

PD
 

w
ith

 h
U

PD
M

at
er

na
l

Ye
s

H
om

oz
yg

ou
s L

BR
 c

.1
53

5G
>

A
 (p

.R
51

2Q
) (

lik
el

y 
pa

th
og

en
ic

)
U

nm
as

ke
d 

re
ce

ss
iv

e 
di

so
rd

er

P6
2

iU
PD

M
at

er
na

l
Ye

s
U

nc
er

ta
in

P7
2

iU
PD

M
at

er
na

l
Ye

s
H

om
oz

yg
ou

s R
A

B3
G

A
P1

 c
.1

24
7d

el
 (p

.P
41

6L
fs

*9
) 

(p
at

ho
ge

ni
c)

U
nm

as
ke

d 
re

ce
ss

iv
e 

di
so

rd
er

P8
2

iU
PD

M
at

er
na

l
Ye

s
U

nc
er

ta
in

P9
5

Se
gm

en
ta

l i
U

PD
Pa

te
rn

al
Ye

s
H

om
oz

yg
ou

s P
CD

H
12

 c
.3

09
de

l (
p.

C
10

4A
fs

*1
5)

 
(p

at
ho

ge
ni

c)
U

nm
as

ke
d 

re
ce

ss
iv

e 
di

so
rd

er

P1
0

14
hU

PD
M

at
er

na
l

N
o

Te
m

pl
e 

sy
nd

ro
m

e
Im

pr
in

tin
g 

di
so

rd
er

P1
1c  

15
Se

gm
en

ta
l i

U
PD

 
w

ith
 h

U
PD

M
at

er
na

l
Ye

s
Pr

ad
er

-W
ill

i s
yn

dr
om

e,
 h

om
oz

yg
ou

s P
O

LG
 

c.
22

09
G

>
C

 (p
.G

73
7R

) (
pa

th
og

en
ic

)
Im

pr
in

tin
g 

di
so

rd
er

 +
 

un
m

as
ke

d 
re

ce
ss

iv
e 

di
so

rd
er

D
ha

rm
ad

hi
ka

ri
 e

t a
l. 

(2
01

9)

P1
2

15
Se

gm
en

ta
l i

U
PD

 
w

ith
 h

U
PD

M
at

er
na

l
Ye

s
Pr

ad
er

-W
ill

i s
yn

dr
om

e
Im

pr
in

tin
g 

di
so

rd
er

P1
3

15
Se

gm
en

ta
l i

U
PD

 
w

ith
 h

U
PD

M
at

er
na

l
Ye

s
Pr

ad
er

-W
ill

i s
yn

dr
om

e
Im

pr
in

tin
g 

di
so

rd
er

P1
4

16
Se

gm
en

ta
l i

U
PD

 
w

ith
 h

U
PD

M
at

er
na

l
Ye

s
U

nc
er

ta
in

P1
5

W
ho

le
 

ge
no

m
e

M
os

ai
c 

iU
PD

Pa
te

rn
al

Ye
s

M
ul

tip
le

 d
is

ea
se

s
Pa

rt
ia

l f
ea

tu
re

s o
f v

ar
io

us
 

im
pr

in
tin

g 
di

so
rd

er
s

D
ha

rm
ad

hi
ka

ri
 e

t a
l. 

(2
01

9)

P1
6

W
ho

le
 

ge
no

m
e

M
os

ai
c 

iU
PD

Pa
te

rn
al

Ye
s

M
ul

tip
le

 d
is

ea
se

s
Pa

rt
ia

l f
ea

tu
re

s o
f v

ar
io

us
 

im
pr

in
tin

g 
di

so
rd

er
s

D
ha

rm
ad

hi
ka

ri
 e

t a
l. 

(2
01

9)

N
ot

e:
 G

en
Ba

nk
 re

fe
re

nc
e 

se
qu

en
ce

: Z
M

PS
TE

24
 (N

M
_0

05
85

7.
4)

, A
BC

A
4 

(N
M

_0
00

35
0.

2)
, P

A
RK

7 
(N

M
_0

07
26

2.
4)

, K
CT

D
3 

(N
M

_0
16

12
1.

5)
, L

BR
 (N

M
_0

02
29

6.
4)

, R
A

B3
G

A
P1

 (N
M

_0
12

23
3.

3)
, P

CD
H

12
 (N

M
_0

16
58

0.
4)

, 
PO

LG
 (N

M
_0

02
69

3.
2)

a Pa
tie

nt
s P

2,
 P

11
, P

15
, P

16
 h

av
e 

be
en

 p
re

vi
ou

sl
y 

re
po

rt
ed

 in
 th

e 
ci

te
d 

re
fe

re
nc

e.
b V

ar
ia

nt
 a

lle
le

 fr
eq

ue
nc

y 
(9

8/
11

8)
.

c A
 d

e 
no

vo
 1

0q
24

.3
1q

24
.3

2 
du

pl
ic

at
io

n 
w

as
 a

ls
o 

id
en

tif
ie

d 
by

 th
e 

SN
P 

ar
ra

y.



      |  5 of 7WANG et al.

S4). Of note, although KCTD3 has not been documented 
as a disease-associated gene in OMIM database (Online 
Mendelian Inheritance in Man), biallelic truncating vari-
ants including the one identified in patient P4 have been 
reported by multiple studies as causative findings in pa-
tients with a consistent phenotype of epileptic encepha-
lopathy, cognitive impairment, developmental delay, and 
cerebellar hypoplasia (Teng et al., 2019).

Mosaic UPD events were detected in three patients 
(Figures S2 and S3). Patient P2 with maternal iUPD of 
chromosome 1 at a mosaic level of ~80%–90% was iden-
tified by ES with a mosaic pathogenic variant in the 
ZMPSTE24  gene located in 1p34.2 (Cassini et al., 2018; 
Dharmadhikari et al., 2019). Pathogenic variants of 
ZMPSTE24 are associated with mandibuloacral dysplasia 
with type B lipodystrophy (OMIM: 608612), consistent 
with the phenotype of this patient. In addition, mosaic 
genome-wide paternal isodisomy was identified in two 
patients (P15, P16) (Dharmadhikari et al., 2019). This is 
a rarely reported UPD event, and the affected patients 
manifested variable phenotypes including partial fea-
tures of various paternal imprinting disorders, such as 
Beckwith–Wiedemann syndrome, Angelman syndrome, 
transient neonatal diabetes, and adrenal nodular hyper-
plasia (Inbar-Feigenberg et al., 2013; White et al., 2016). 
The UPD findings were consistent with the complex clini-
cal presentations of patient P15 and P16.

Dual molecular diagnoses were made in two patients 
(P3, P11) associated with the UPD events (Figure S4). 
Patient P3 with upd(1)pat was identified by ES to have 
a homozygous pathogenic variant in the ABCA4 and the 
PARK7 genes, respectively, both located on chromosome 
1, leading to the diagnoses of ABCA4-related retinal dis-
eases and early onset Parkinson disease in this patient. 
Patient P11 was identified with upd(15)mat and a homo-
zygous maternally inherited pathogenic variant in POLG 
that was unmasked by UPD15, adding POLG related 

autosomal recessive disorders to the diagnostic picture 
of this patient besides PWS. Moreover, SNP array identi-
fied a de novo duplication of 10q24.31q24.32 associated 
with Split-hand/foot malformation 3 (OMIM: 246560) in 
patient P11. These findings demonstrated the strength of 
integrating NGS, copy number analysis and UPD calling 
in the cases with a complex clinical phenotypic spectrum.

In the remaining four patients (P1, P6, P8, and P14), the 
UPD events involved chromosomes 1, 2, and 16 (Figure 
S5). The existence of an imprinting phenotype associated 
with UPD on these chromosomes is still under debate to 
our knowledge (Bertola et al., 2011; Hansen et al., 1997; 
Scheuvens et al., 2017). No deleterious recessive variants 
on these chromosomes were detected by ES. Therefore, 
the clinical significance of these UPD events in these pa-
tients remained uncertain.

4   |   DISCUSSION

In order to increase the detection of UPD events in ES, our 
laboratory has developed an in-house algorithm, TRIPS, 
which can designate parental origins of the genotyping 
SNPs from the concurrent SNP arrays in trio ES cases. This 
analysis identified 16 UPD events from 2675 trio ES cases. 
Majority of these UPD events (12 of 16, 75%) directly led to 
or contributed to the clinical presentation of the patients 
by resulting in imprinting disorders or exposing a deleteri-
ous recessive variant. No mosaic aneuploidies associated 
with the UPD events were identified in our study.

Our TRIPS analysis can serve as a valuable complement 
to SNP array for UPD detection in ES trios, evidenced by 
the identification of hUPD lacking ROH on the array 
in patient P10, who was subsequently diagnosed with 
Temple syndrome. In addition, although the extended 
ROH caused by segmental iUPD or segmental iUPD with 
hUPD appears similar on a SNP array, TRIPS can readily 

F I G U R E  2   (a) Pie chart illustrating the different types of UPD identified in our trio ES cohort (N = 2675). (b) Pie chart showing 
the categories of clinical significance associated with the identified UPD events. Of note, patient P11 was included in both categories of 
imprinting disorders and recessive disorders because of the exposure of the pathogenic variant in POLG by upd(15)mat

(b)(a)
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distinguish these two different genetic events by differen-
tiating the bi- and uniparental origin of the SNPs in non-
ROH, respectively (Figures S1 and S2).

The identification of mosaic UPD events (3 out of 16) 
in our cohort also calls for attention to the possible mo-
saicism when sequencing-based UPD calling algorithms 
are applied. TRIPS took advantage of the SNP array data 
which provided more than 500,000 SNP data points at the 
genome-wide level, more than those normally provided 
in ES, to increase the sensitivity of mosaic events identi-
fication. The skewed allele frequency of the informative 
variants detected by NGS on the affected chromosomes in 
these three patients corroborated our mosaic UPD find-
ings from TRIPS.

The prevalence of UPD in our cohort is 0.6%, higher 
than the previously reported 0.2% from a study which 
retrospectively analyzed 4912 trio ES cases (Yauy et al., 
2020) and 0.3% from a recent study that interrogated 
32,067 clinical ES trios (Scuffins et al., 2021). Part of the 
reason might be that the phenotypic compositions are 
potentially different among the clinical cohorts used in 
these studies. UPD might have been represented differ-
ently in different cohorts. Patients subjected to ES test-
ing in our laboratory are mostly pediatric patients with 
a broad spectrum of clinical manifestations, mostly 
neurological phenotypes (Yang et al., 2014). It has been 
reported before that pathogenic CNV/UPD detection 
rate increased in patients with syndromic phenotypes 
(Dharmadhikari et al., 2019). In addition, the methodol-
ogies or algorithms employed in previous studies, likely 
with different settings and stringencies, might have dif-
ferent sensitivities in the detection of the various types 
of UPD. Our study demonstrated that our method is ca-
pable of identifying mosaic UPD events, the detection 
of which might be limited by the methods using ES data 
only (Scuffins et al., 2021), and therefore, could contrib-
ute to a relatively higher detection rate.

In conclusion, UPD events had remarkable diagnostic 
contribution to patients subjected to ES testing. Our study 
demonstrated that integration of a UPD analysis with the 
capability to delineate parental origin of the genotyping 
SNPs could potentially identify variable types of UPD and 
increase the diagnostic yield in trio ES cases. We have im-
plemented TRIPS analysis as a component of routine trio 
ES pipeline, and we believe that UPD analysis should be 
incorporated into ES testing in genetic laboratories.
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