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Abstract

A major challenge in human genetics is the validation of pathogenicity of heterozygous missense variants. This problem is
well-illustrated by PROKR2 variants associated with Isolated GnRH Deficiency (IGD). Homozygous, loss of function variants in
PROKR2 was initially implicated in autosomal recessive IGD; however, most IGD-associated PROKR2 variants are heterozy-
gous. Moreover, while IGD patient cohorts are enriched for PROKR2 missense variants similar rare variants are also found in
normal individuals. To elucidate the pathogenic mechanisms distinguishing IGD-associated PROKR2 variants from rare var-
iants in controls, we assessed 59 variants using three approaches: (i) in silico prediction, (ii) traditional in vitro functional
assays across three signaling pathways with mutant-alone transfections, and (iii) modified in vitro assays with mutant and
wild-type expression constructs co-transfected to model in vivo heterozygosity. We found that neither in silico analyses nor
traditional in vitro assessments of mutants transfected alone could distinguish IGD variants from control variants. However,
in vitro co-transfections revealed that 15/34 IGD variants caused loss-of-function (LoF), including 3 novel dominant-negatives,
while only 4/25 control variants caused LoF. Surprisingly, 19 IGD-associated variants were benign or exhibited LoF that could
be rescued by WT co-transfection. Overall, variants that were LoF in > 2 signaling assays under co-transfection conditions
were more likely to be disease-associated than benign or ‘rescuable’ variants. Our findings suggest that in vitro modeling of
WT/Mutant interactions increases the resolution for identifying causal variants, uncovers novel dominant negative muta-
tions, and provides new insights into the pathogenic mechanisms underlying heterozygous PROKR2 variants.

Introduction standards for interpreting and reporting genetic variants that

In the current era of high-throughput genome sequencing,
investigators are continually refining and streamlining their
analytical methodologies (1-9), increasing their access to nor-
mative and pathological datasets (10-13), and establishing new

occur in disease states (14-17). However, a remaining obstacle is
how best to assess the functional consequences of rare, hetero-
zygous missense mutations that will help distinguish disease-
associated mutations from benign variation (15,18-20). This
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problem is becoming unwieldy as some genetic variants, includ-
ing those associated with disease states, are increasingly found
in control sequencing cohorts (21,22). Access to biologically rele-
vant tissues and tractable assays have made it possible to
develop high-throughput functional testing methods for some
diseases (23); however, for most genetic disorders, such robust
functional assays are unavailable.

To address these challenges, in silico algorithms incorporating
evolutionary conservation, underlying protein structure, and/or
functional information have been widely used to assist in the
interpretation of missense variants (19,24-27). Nonetheless, each
of these bioinformatics approaches has inherent limitations that
constrain their broader utility to assert pathogenicity (6,17,20,28-
30). Thus, to affirm causality, it is critical that appropriate func-
tional assays are selected to assess the biological consequences
of each genetic variant and that appropriate attention is paid to
gene dosing, particularly in evaluating heterozygosity.

Isolated GnRH deficiency (IGD) is a rare Mendelian disorder
with known genetic heterogeneity that is clinically character-
ized by absent pubertal development and infertility (31-35). One
gene that causes IGD, PROKR2 [MIM: 607123], was discovered
when homozygous ablation of its murine orthologue produced
a precise IGD phenocopy (36). While bi-allelic loss-of-function
(LoF) mutations were initially associated with autosomal reces-
sive IGD in patients (37-40), the vast majority (>90%) of PROKR2
variants associated with IGD are heterozygous with no evident
mutation on the second allele (38,41-43). Moreover, IGD cohorts
are significantly enriched for heterozygous PROKR2 variants
when compared with controls (37,44) (R.B., unpublished data).

Despite strong human genetic data and biological plausibility
indicting PROKR2 as an IGD gene (36,43,45), there is less certainty
about individual PROKR2 variants in some IGD patients for several
reasons. First, most variants are missense rather than truncating
frame-shift or stop-gain mutations. Second, these variants often
display incomplete penetrance and variable expressivity within
IGD families (38,39,44). Third, some of these variants occur in con-
cert with variants in other IGD genes, i.e. in IGD subjects demon-
strating a digenic mode of inheritance, suggesting that some
variants may not be sufficiently penetrant by themselves to cause
disease (37,46-48). Fourth, data from large exome-sequencing
cohorts (13,49) have increasingly revealed many comparably rare
(minor allele frequency [MAF] <0.01) heterozygous missense var-
iants in PROKR2 in apparently reproductively normal controls.
Finally, our group has shown that two variants in PROKR2 are
founder alleles which, although enriched in IGD (44,50), are also
seen in controls.

These features, along with the fact that the PROKR2 gene is
not under evolutionary constraint for rare, non-synonymous
mutations (1), suggests that neither rarity nor the protein-
altering nature of these variants serve as sufficiently reliable
surrogates for interpreting disease-causality. However, system-
atic functional testing is necessary for the discrimination of
disease-causing variants from benign variants. Due to the com-
plex ontogeny of GnRH neurons and neuroanatomic organiza-
tion of the hypothalamus, no appropriate human cellular
systems with which functional assay methods currently exist
that can thoroughly model the in vivo functions of PROKR2. In
vitro studies have indicated that PROKR2, a transmembrane G-
protein-coupled receptor, dimerizes on the cellular surface
(51,52), and activates several intracellular signaling pathways
(38,53-57). PROKR2 variants can cause LoF in one (or more) of
these pathways (38,56,57), and at least one mutant has been
shown to have a dominant-negative effect on WT protein
expression (53). Despite these findings, no studies have
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systematically investigated how defects in PROKR2 dimeriza-
tion in the presence of both a mutant and a functional wild-
type (WT) allele might impact upon pathogenicity. Previous
studies have also failed to address the issue of their incomplete
penetrance and systematically investigate the functionality of
rare heterozygous variants seen exclusively in controls.
Therefore, we hypothesized that assessing WT/Mutant interac-
tions across multiple signaling pathways in parallel would
allow us to address several remaining puzzles about the genet-
ics of PROKR2 heterozygous missense mutations.

Results

In silico analyses fails to distinguish between
IGD-associated and control PROKR2 variants

At the onset of this study in 2013, a total of 59 rare (MAF < 0.01)
missense variants represented all known human PROKR2 var-
iants reported (Supplementary Material, Table S1) from the fol-
lowing sources: 1) Massachusetts General Hospital (MGH) IGD
patient cohort of >1, 500 patients, 2) the IGD literature, and/or 3)
the 1000 Genomes (1 KG) (11) or the National Heart, Lung, and
Blood Institute Exome Sequencing Project (ESP) (Exome Variant
Server, Seattle, WA [12/2013]) databases. These rare variants
alter amino acids that are widely dispersed throughout the
body of the PROKR2 protein, thus representing a spectrum of
mutations that could potentially alter the protein’s structure.
During the course of this study, additional normative sequenc-
ing data were released from the ExXAC consortium (13,49) that
allowed us to further refine our groupings. Overall, seven var-
iants remained exclusive to our IGD cohort at MGH
(Supplementary Material, Table S1, Figs S1 and S2) and/or in the
IGD literature (35,37) while an additional 27 variants were asso-
ciated with IGD but were also present in the ExAC database (37—
41,46,56,58-60); thus, these 34 variants were categorized as “IGD
Variants”. The remaining 25 variants were found only in the
ExAC database and not associated with IGD, hence their desig-
nation as “Control Variants” (13,49).

A priori, one might expect that variants in these 2 categories
could be distinguished by in silico approaches of assessing rarity,
conservation of amino acids, etc. We first tested this hypothesis
by examining minor allele frequencies (MAFs) for each variant
from the EXAC consortium database (13,49). There were several
IGD Variants (A51T, V331M, and R268C) which the EXAC database
showed are likely ethnic SNPs and one variant is a ~9000-year-
old founder allele, L173R, which we previously reported (44,50)
(Supplementary Material, Table S1). With these variants
included in the analysis, the average MAF for the IGD Variants
was actually higher than the average MAF for the Control
Variants, counter to our hypothesis. Moreover, even when these
more common variants were removed, there was no difference
between the two groups in the average MAF of variants
(Supplementary Material, Table S1, P=0.0579), suggesting that,
collectively, Control Variants were as rare as IGD Variants.

Next, we assessed whether the IGD Variants would be more
likely to disrupt conserved amino acids. To determine the
genetic conservation of these residues, GERP scores (61) were
retrieved from the UCSC Table Browser. As expected, the IGD
Variants had slightly higher average GERP scores than the
Control Variants (Supplementary Material, Table S1, *P <0.041),
suggesting that they were more likely to occur in conserved res-
idues. However, there was a great deal of variation in scores
across and within groups and the number of variants that were
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Figure 1. Summary of findings for all variants from computational predictions, functional testing of mutants alone, and functional testing of mutant and WT interac-
tions. Testing of mutants alone suggested no enrichment for deleterious variants in IGD compared with controls. However, Mutant +WT co-transfections revealed
that IGD-associated variants were more likely to be deleterious, (i.e. LoF in 2 or 3 assays), than Control variants (*P=0.0270). Red= deleterious, Gray= Benign.

in conserved residues (GERP score >2) did not differ between
groups (Supplementary Material, Table S1, P =0.2649).

Finally, to assess the predicted pathogenicity of variants in
silico, Condel (24) was used to generate consensus deleterious-
ness scores using a weighted average of five computational
tools: SIFT (26), Polyphen2 (25), MAPP (62), LogR (63), and Pfam
(64). Again, Chi-square analysis found no difference in the pro-
portion of variants predicted to be deleterious vs. the number
predicted to be benign between the two groups (P=0.1134,
Supplementary Material, Table S1; Fig. 1). Taken together, these
data demonstrate that in silico approaches are not sufficiently
sensitive to distinguish between IGD and Control Variants. Thus,
functional testing of these variants is necessary to affirm patho-
genicity and make distinctions that are crucial for clinical man-
agement and genetic counseling of IGD patients.

In vitro testing of mutant PROKR2 alone also fails to
differentiate between IGD-associated and control
variants

To assess the functional effects of each variant in vitro, we fol-
lowed an approach used previously (38,53-57) to test signaling
activity of mutant PROKR2 across three different pathways: G,i
(MAPK), G,q (IP-one), and G,s (cAMP). Mutant vectors were
transfected into HEK293 or GS-22A cells (chosen for low endoge-
nous PROKR2 expression and high transfection efficiency) and
signaling was compared with WT PROKR2. Complete signaling
assay results, including calculated ECso and Epax vValues for the
MAPK pathway and relative En.x values for the IP-One and
cAMP pathways, are shown in Supplementary Material, Table
S2. Each of the 59 variants was first classified as either LoF or
benign separately for each assay, with LoF mutants defined as
those exhibiting significantly reduced ECsg, Emax, Or both, vs.
WT. Somewhat surprisingly, 55/59 variants showed LoF in sig-
naling in at least 1 assay when tested alone, including 16 Control

Variants that were LoF in 2 or more assays (Supplementary
Material, Table S2). Chi-square analysis found no difference
between the two groups in the proportion of variants that were
LoF in 2 or more assays (deleterious), versus variants that were
benign or LoF in 1 assay (benign, P=0.2960, Fig. 1). Therefore,
similar to our in silico analysis, conventional functional testing
of mutants transfected alone also failed to discriminate
between IGD and Control variants in aggregate and did not allow
for clear classification of pathogenic variants.

Co-transfections of WT and mutant PROKR2 suggest that
PROKR2 variants discovered in control populations are
less likely to cause IGD

More than 90% of IGD-associated PROKR2 variants and almost
all of the variants seen in controls occur exclusively in the het-
erozygous state. Therefore, to more accurately model the heter-
ozygous genetic context as they are actually observed in IGD
patients, the signaling function of mutants that tested LoF in
the mutant-alone experiments was subsequently assessed by
co-transfection with WT in a series of DNA dosing experiments.
Details of these co-transfection assay results, including their
calculated ECsp and Epax values for the MAPK pathway and rela-
tive Emax values for the IP-One and cAMP pathways, are com-
pared in Supplementary Material, Table S2. After functional
testing with co-transfections, the proportion of IGD Variants
that remained LoF in>2 assays (deleterious) was higher than
the proportion of deleterious Control Variants, while the propor-
tion of likely benign variants was lower (*P =0.0270, Fig. 1).

In addition, while, a priori, the bioinformatics prediction pro-
grams were not useful for distinguishing control variants from
those associated with IGD, post-hoc analysis on a variant-by-
variant level revealed that functional testing using co-
transfections substantially bolstered the predictions made by
using ConDel alone and provided further validation for a
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classification of pathogenic variants based on LoF in > 2 assays.
With co-transfection, mutants that were LoF in > 2 assays were
more likely to be associated with IGD than those that were
benign (Fig. 2, P < 0.006) and more likely predicted to be deleteri-
ous by ConDel (P<0.0001). In contrast, mutants that tested
benign were most likely predicted to be neutral, regardless of
whether they were associated with IGD or seen in controls.
These results suggest that, although the prediction programs
were able to accurately predict many LoF variants when testing
mutant signaling alone, they were less sensitive to pathway-
specific reductions in signaling and largely unable to anticipate
WT and mutant protein interactions found in Mutant+ WT co-
transfection experiments.

Despite this improved distinction between the two groups of
variants, there were still a number of variants in each group that
demonstrated LoF in one signaling pathway (typically cAMP) with
co-transfection (Supplementary Material, Table S2), suggesting
that these might represent milder variants that may rely upon
the genetic context for their phenotypic penetrance.
Alternatively, this lack of distinction may be due to differences in
relative assay sensitivity across the three different signaling
pathways. Mutations that were LoF in one signaling pathway
were evenly split as to whether they were predicted in silico to be
neutral or deleterious and in their occurrence in control and IGD
cohorts (Fig. 2, n.s.). Thus, while this combination of co-
transfection experiments to model heterozygosity significantly
improved current predictions of likelihood of LoF, particularly for
variants in control cohorts, further testing will be required to
definitively determine if these mutants are preferentially affect-
ing individual pathways (i.e. exhibit pathway specificity) and if
these effects have downstream pathophysiologic consequences.

Co-transfection of WT and mutant PROKR2 reveals
complex interactions between WT and mutant PROKR2
protein in heterozygous carriers

To elucidate the mechanisms underlying the results from co-
transfection experiments, dose-response curves were generated
from co-transfections of mutant PROKR2 with varying doses of
WT in the MAPK signaling assay. Overall, these detailed dose-
response curve results revealed a surprising complexity in the
interactions between mutant and WT PROKR2, resulting in four
distinct signaling signatures. Although there were many exam-
ples for each signature, for consistency, Figure 3 shows repre-
sentative examples of variants found in both IGD patients and
controls. Complete co-transfection signaling assay results,
including calculated ECso and Ep,.x values for the MAPK path-
way, are shown in Supplementary Material, Table S2.
Representing Signature #1, variant G234D decreased WT sig-
naling when co-transfected at a 50: 50 ratio with WT (Fig. 3A).
However, signaling was decreased further with an increased
(75: 25) MT/WT ratio revealing a dose-response relationship and
a previously unrecognized dominant negative effect of this
mutant. Two additional IGD Variants, W178S and N325K,
showed similar indications of previously unappreciated domi-
nant negative effects on WT signaling in the MAPK assay
(Supplementary Material, Table S2). Representing Signature #2,
the L173R variant had no effect on WT signaling when co-
transfected at a 50: 50 ratio but also could not signal by itself
(Fig. 3B), making the case for its functional haploinsufficiency.
In Signature #3, variant P290S, had signaling deficits capable of
being partially rescued in the presence of WT PROKR2 (Fig. 3C).

Human Molecular Genetics, 2018, Vol. 27, No. 2 | 341
B Benign

16 1 OLoF 1 Assay
14

-
[~
1

BLoF 2-3 Assays
10 -

8 -
6 o
4 -
2 4
0 -

Number of Variants

Deleterious
ConDel Prediction

Figure 2. Direct comparison of ConDel predictions with results of functional
testing. ConDel predictions were largely aligned with the results of functional
testing for each mutant, except for mutants that caused LoF in only 1 signaling
pathway. For those mutants, some were predicted to be neutral and others dele-
terious, and these were evenly split as to whether they were IGD-associated or
seen only in Controls. Mutants that were LoF in 2-3 assays were more likely pre-
dicted to be deleterious by ConDel (*P < 0.0001), and more commonly associated
with IGD (*P < 0.0006), while mutants that tested benign were more mostly pre-
dicted to be neutral, regardless of whether they were associated with IGD or
seen in Controls (n.s.).

Finally, representing Signature #4, variant R268C was com-
pletely rescued by co-transfection with WT (Fig. 3D).

To determine whether altered protein trafficking underlies
the rescue of mutants and/or dominant negative interactions,
PROKR2 protein expression was measured in cells transfected
either with mutants alone or co-transfected with WT. Average
relative protein expression data for each mutant are shown in
Supplementary Material, Table S2. While none of the IGD
Variants had reduced protein expression, several of the IGD
Variants demonstrated reduced expression compared with WT
when transfected alone. Curiously, 2 IGD-associated LoF
mutants (R85L and V274D) exhibited increased expression com-
pared with WT (Supplementary Material, Table S2).
Interestingly, when mutants with reduced protein expression
were co-transfected with WT, several appeared to have rescued
or partially rescued protein expression (Supplementary
Material, Table S2) while others, such as the dominant negative
G234D, appeared to reduce expression of WT protein (Fig. 3E).

To further determine whether altered intracellular traffick-
ing could underlie the dominant negative interactions of G234D,
transfected proteins in fixed cells were visualized with a confo-
cal microscope using GFP-tagged mutant and mCherry-tagged
WT PROKR2. GFP-tagged G234D not only reduced its membrane
expression but also appeared to reduce the membrane expres-
sion of WT PROKR2 with co-transfection (Fig. 3F). Although
these results warrant further investigation using more sensitive
assay methods, they nonetheless suggest that some of the
PROKR2 mutants are capable of reducing WT PROKR2 expres-
sion a dominant-negative manner in the heterozygous state.

Classification of IGD-associated PROKR2 variants based
on ACMG criteria

Taken together, our co-transfection results indicated that a
number of variants previously considered LoF by previously
published studies are, in fact, misclassified due to the fact that
their interactions with WT PROKR2 were never modeled.
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Figure 3. Dose Response Curves of MAPK Signaling for Mutants Co-transfected with Varying Doses of WT PROKR2. (A-D) Representative data from the MAPK signaling
assay are shown as log-dose-response curves from three separate experiments run in triplicate (= SEM) calculated relative to the maximum WT response. (A)
Signature #1: When co-transfected with WT, the G234D variant had a dominant negative effect on WT signaling as shown by reduced signaling at an equal (50: 50,
G234D/WT) ratio, and a further reduction with increased mutant (75: 25, G234D/WT), both <50 WT < 100 WT (P < 0.05). (B) Signature #2: Co-transfection of L173R with
WT revealed the mutant was unable to contribute to MAPK signaling, but did not impact WT signaling (50: 50 L173R/WT different from 100 WT; P < 0.05). (C) Signature
#3: Co-transfection of P290S with WT seemed to partially rescue P290S signaling (50 WT < 50: 50 P290S/WT < 100 WT; P < 0.05). (D) Signature #4: When co-transfected
with WT, MAPK signaling by the R268C mutation was completely rescued (50: 50 R268C/WT = 100 WT). (E) Western blots were probed with antibodies to V5 (tagging
PROKR?2) and B-Actin. Graphed data are presented as mean (+ SEM) from 3 separate experiments. For representative blots, some lanes from gels have been removed
and reordered, but all lanes from the same blot are shown together with the WT they were compared with and were unaltered. Relative protein expression and repre-
sentative blots of mutants alone and mutants -+ WT as compared with WT alone. Red bars: mutant G234D showed potential dominant negative interactions in the
MAPK signaling pathway and reduced protein expression as compared with WT, *P <0.05. (F) Confocal images of WT-mCherry-PROKR2, mutant G234D GFP-tagged
PROKR?2, and co-transfection of WT and mutant. In contrast to other mutants rescued by WT, the G234D mutation appeared to sequester WT-PROKR2 intracellularly
(yellow labeling).

Therefore, we next sought to formally classify the 34 IGD
Variants based on ACMG criteria (17) using a combination of our
assay results (Supplementary Material, Table S2), as well as
published data on PROKR2 variants and pedigrees, data from

prediction algorithms, and MAF data from the EXAC database
(Supplementary Material, Table S1). As shown in Table 1, there
were 8 variants classified as benign or likely benign and 10 var-
iants classified as likely pathogenic. Five of these variants are
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unique to the IGD cohort at Massachusetts General Hospital
(Supplementary Material, Table S1, Figs S1 and S2). While the
N325K variant (found in one proband) is likely pathogenic var-
iants A51T, D112Y, V2971, and V317L are categorized as benign
or likely benign. Thus, there are a number of IGD pedigrees that
remain “unsolved” in their genetic diagnoses and offer opportu-
nities for novel genetic discovery.

Despite strong experimental evidence, 7 IGD Variants
remained of uncertain significance, either due to the fact that
there was missing genetic evidence or contradictory criteria
suggesting they might be benign. Among these, the variant
L173R, previously shown to be a founder allele, is significantly
enriched in IGD cases (P<0.0001; Supplementary Material,
Table S3), a feature that strongly supports its pathogenicity
despite its lack of complete segregation in pedigrees.
Importantly, the classification of the remaining nine variants
differed based on genetic context (ie. homozygous or compound
heterozygous vs. heterozygous status). Four of these variants
(S188L, V2971, V1581, and R248Q) would have remained catego-
rized as unknown significance without modeling of mutant/WT
interactions, and the other 5 (R85L, Q210R, M323I, T260M, and
V274D) would previously have been classified as pathogenic,
even in heterozygotes. Therefore, our combined approach of
functional testing with in silico prediction has clarified the
pathogenic status of many PROKR2 missense variants.

Discussion

Rare, heterozygous missense variants in PROKR2 are enriched in
IGD, but many similar variants are also seen in controls.
Therefore, we directly and systematically compared the func-
tional consequences of variants found in IGD with those found
in controls using in silico analyses and in vitro functional assays
across multiple pathways and varying ratios of WT/Mutant
PROKR2. Importantly, the 59 variants tested could not be distin-
guished from each other using traditional in silico approaches at
the inception of these studies. Moreover, traditional in vitro test-
ing examining mutations alone across several signaling path-
ways revealed a large number of LoF mutants in the Control
Variant group. These findings suggested that either: 1) heterozy-
gous controls bearing these variants might exert a subtle repro-
ductive defect such that their phenotype cannot be easily
ascertained from publically available genetic data; or 2) hetero-
zygous LoF variants in PROKR2 alone are insufficient to cause
IGD in the absence of additional genetic hits or environmental
effects; or 3) that in vitro modeling of the mutant proteins in iso-
lation was resulting in erroneously classifying some control var-
iants as LoF. To directly test this third hypothesis, we adapted
the traditional transfection assay methods to reflect the
“heterozygous” context by co-transfecting mutant PROKR2 with
WT. Our co-transfection experiments indicated that modeling
of Mutant/WT protein interactions discerns true LoF alleles
from those rescued by WT PROKR?2, thereby permitting a reclas-
sification of many of the variants and resulting in improved
genotype-phenotype correlations.

The decision to use co-transfections for functional testing
was based on several observations. First, most PROKR2 variants
in IGD patients are found in the heterozygous state (38,41-43).
Thus, most individuals with mutant PROKR? also have a normal
functioning WT copy of the PROKR2 protein. Second, PROKR2
has been shown to dimerize in vivo (51). While the complete
functional role of its dimerization in downstream signaling is
not yet known, one study using deletion mutants found that
the transmembrane domains 4-5 (TM4-5) are most critical for
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PROKR2 dimerization and may modulate second messenger sig-
naling (52). Finally, co-transfections were necessary to assess
the contributions of dominant negative interactions. Only one
variant, R80C, was previously shown to have a dominant nega-
tive effect on WT protein expression (53), a finding that we repli-
cate with our protein expression data (Supplementary Material,
Table S2). However, prior to this study no other PROKR2 mis-
sense variants had been shown to exert such effects (55).

There are 10 PROKR2 variants found in both the homozygous
and heterozygous states within families that appear to exhibit
incomplete penetrance (38,39,44), making it possible to assess
genotype-phenotype correlations. IGD patients homozygous for
the PROKR2 mutations R85C, R85H, L173R, or P290S have a
severe phenotype consisting of cryptorchidism and anosmia
(60) and 3 other homozygous mutations, R268C, Y113H, and
V274D, are also associated with the more severe anosmic form
of IGD (Kallmann Syndrome [KS]) (40,58,65). In this study, except
for R85C, which was benign in 2/3 signaling assays, these var-
iants all display severe LoF when tested alone, consistent with
their severe IGD phenotype of KS. Interestingly, of the variants
that were LoF across all three signaling pathways when trans-
fected alone, most were completely or partially rescued in co-
transfection experiments. This observation offers a potential
explanation as to why they are inherited from reproductively
normal heterozygous parents and are also seen in heterozygous
controls (i.e. their incomplete penetrance). Two of the above
variants, L173R and R268C, are also found in the homozygous
state in controls (13), suggesting that they may not be sufficient
by themselves to cause disease despite their ability to cause LoF
in vitro. While previous studies have suggested pathway-specific
effects of variants, these results demonstrate more clearly how
these effects could translate into subtle phenotypes that might
still be seen in heterozygous carriers (56).

Two other variants, A51T and V331M, are seen in the homo-
zygous state in controls yet reported only in the heterozygous
state in IGD. These variants tested benign in 2 assays and were
rescued by WT in the third assay, suggesting that they are
unlikely to cause IGD. Thus, prior reports of their pathogenicity
(37,38,41) likely represent false positive associations. Within the
IGD patient cohort at MGH, there are 6 probands from varied
genetic backgrounds (both European and South Asian) with the
A51T mutation (Supplementary Material, Fig. S1). While 4/6 are
sporadic in their genetic presentation, in pedigrees where segre-
gation analysis was feasible, 2 probands inherited the AS51T
mutation from unaffected parents. Importantly, 2 probands
harboring the A51T mutation also have mutations in another
IGD gene that is likely to be pathogenic [Supplementary
Material, Fig. S1, FGFR1 and POLR3B (66)]. Taken together with
the results of our functional tests, we conclude that both A51T
and V331M are either completely benign variants or have only
mild functional defects, and that the cases with these variants
lacking other known IGD gene variants should be categorized as
“unsolved” in their genetic diagnoses.

Our co-transfection experiments also suggest that some of
the functions of PROKR2 may require dimerization and that, in
some cases, Mutant/WT dimers can function normally. To this
point, four of these tested variants lie within TM4-5, the region
of PROKR?2 previously shown to be critical for dimerization (52).
All of these were IGD Variants and tested LoF in all 3 signaling
assays when transfected alone. One of these variants, S188L,
was rescued by co-transfection with WT suggesting that it could
form functional dimers in contrast to the other 3 variants,
L173R, W178S, and G234D that were not rescuable
(Supplementary Material, Table S2). Both W178S and G234D also
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Table 1. Quick-reference for variant classification based on ACMG criteria

IGD variant ACMG criteria met ACMG classification

A51T BS1, BS3, BS4, BP4, BP5 Benign

R85C PM1, PP3, BS3, BS4, BP5 Benign

D112Y PM2, PP3, BS3, BS4 Benign

S5202G BS3, BS4, BP4, BP5 Benign

V331M BS1, BS3, BS4, BP4, BP5 Benign

M64V PM2, BS3, BP4 Likely Benign

V317L PM2, BS3, BP4, BP5 Likely Benign

R357W BS3, BP4 Likely Benign

S188L PS3 (hom), BS3 (het), BS4, BP4 Het Benign, Hom Uncertain Significance
V2971 PS3 (hom), BS 3 (het), BS4, BP4, BP5 Het Benign, Hom Uncertain Significance
V1581 PS3 (hom), BS3 (het), BP4 Het Likely Benign, Hom Uncertain Significance
R248Q PS3 (hom), BS3 (het), BP4, BP5 Het Likely Benign, Hom Uncertain Significance
R85L PS3 (hom), BS3 (het) PM1, PP3, BP5 Hom Likely Pathogenic, Het Likely Benign
Q210R PS3 (hom), BS3 (het), PM2, PP3, BP2 Hom Likely Pathogenic, Het Likely Benign
M323I PS3 (hom), BS3 (het), PM2, PM3, BP4 Hom Likely Pathogenic, Het Likely Benign
T260M PS3 (hom), BS3 (het), PM3, PP3 Hom Likely Pathogenic, Het Uncertain Significance
V274D PS3 (hom), BS3 (het), PM2, PP3 Hom Likely Pathogenic, Het Uncertain Significance
M111R PS3, PM2, PM3, PP3, BP2 Likely Pathogenic

Y113H PS3, PM3, PP3 Likely Pathogenic

R80C PS3, PM2, PP3 Likely Pathogenic

R85G PS3, PM1, PP3 Likely Pathogenic

R85H PS3, PM1, PP3, BP5 Likely Pathogenic

R164Q PS3, PM2, PM3, PP3 Likely Pathogenic

G234D PS3, PM3, PP3 Likely Pathogenic

W251L PS3, PM2, PP3 Likely Pathogenic

R270C PS3, PM2, PP3 Likely Pathogenic

N325K PS3, PM2, PP3, BS4 Likely Pathogenic

V115M PS3, PP3 Uncertain Significance

R117W PS3, PP3 Uncertain Significance

W178S PS3, BP4 Uncertain Significance

P290S PS3, PP3, BS4 Uncertain Significance

L173R PS3, PS4, PP3, BS4, BPS Uncertain Significance

R268C PS3, PM3, PP3, BS1, BP2, BP5 Uncertain Significance

V334M PS3 (hom), BS3 (het), PP3 Uncertain Significance

KEY:

Term Description Evidence of impact
BS1 Allele frequency greater than expected for disorder Strong

BS3 Well-established functional studies show no damaging effect

BS4 Lack of segregation in affected family members

BP2 In cis with a pathogenic variant in any inheritance pattern Supporting
BP4 Computational evidence suggesting no impact on gene or gene product

BP5 Found in a case with alternate molecular basis for disease

Benign 2 or more Strong

Likely Benign 1 Strong and 1 Supporting OR 2 or more Supporting

PS3 Well-established functional studies supportive of damaging effect Strong

PS4 Prevalence of variant in affected individuals significantly increased compared with controls

PM1 Located in a mutational hot spot and/or critical functional domain Moderate
PM2 Absent from controls (or extremely low frequency)

PM3 In trans with a pathogenic variant

PP3 Computational evidence supporting a deleterious effect Supporting
Likely Pathogenic 2 or more Strong OR 1 Strong and 1-2 Moderate OR 1 Strong 2 or more Supporting

Uncertain Significance

Criteria not met OR contradictory criteria for Benign vs. Pathogenic

NOTE: Unused ACMG criteria (i.e. those not met by any variant) have been excluded from this table.

had reduced protein expression when transfected alone
(Supplementary Material, Table S2), as has been shown previ-
ously (40,55,67), again supporting the notion that some of these
variants may cause defects in protein folding and/or intracellu-
lar trafficking. Interestingly, two mutations (Q210R and R80C)

with normal membrane trafficking were previously shown to
have reduced ligand binding or altered recruitment of beta-
arrestins (56). Hence, it may be important for future experi-
ments to investigate whether dimerization with WT alters
either of these additional functions of mutant PROKR2.
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Importantly, co-transfection experiments also uncovered
three novel dominant negative mutations in PROKR2. The IGD
Variant N325K (found in a patient with KS, Supplementary
Material, Fig. S2) was LoF in all three assays with or without WT
co-transfection and caused a dose-responsive decrease in WT
signaling in the MAPK assay (Supplementary Material, Table
S2). Although this variant did not fully segregate within the ped-
igree (Supplementary Material, Fig. S2), the genetic evidence is
in favor of its pathogenicity, as the GNRHR variant (A50V) car-
ried by the proband is likely benign (48). Interestingly, mutant
N325K protein was expressed at normal WT levels and had no
apparent effect on WT protein expression in co-transfection
experiments (Supplementary Material, Table S2). In contrast,
two other IGD Variants, G234D and W178S, were both expressed
at lower levels than WT and G234D (Fig. 3E) and may cause WT
PROKR?2 to also be expressed at lower levels (Fig. 3F), offering a
potential explanation for its dominant negative actions. More
detailed analyses of these mutant/WT interactions are war-
ranted to confirm the mechanism and further investigate the
trafficking of the mutant G234D. While G234D was categorized
as likely pathogenic, W178S remains of uncertain significance
because it currently fails to meet other criteria supporting its
pathogenicity. Although our protein expression results repli-
cated a previous finding that suggested a dominant negative
effect of R80C (53), our signaling results did not support that
finding (Supplementary Material, Table S2). Nonetheless, R80C
remains categorized as likely pathogenic, even if the mecha-
nism of its pathogenicity is unclear. These findings highlight
the importance of using a composite of biological assays and
integrating genetic information when investigating dominant
negative mutations.

Similar point mutations in other G-protein Coupled
Receptors that have been shown to alter folding and trafficking
can sometimes be rescued by chemical chaperones (67,68). The
results presented herein suggest that heterozygosity may be
sufficient for the WT allele to rescue some mutants in these
cases by correcting abnormal trafficking or folding of the
mutant protein. However, the data from the protein expression
assays suggest that most variants do not cause an obvious traf-
ficking defect. Therefore, there may be other as-yet-unknown
mechanisms by which dimerization with WT can rescue signal-
ing. For example, it is possible that forming a functional dimer
with WT is necessary for a mutant protein to interact with
another co-receptor or surface binding protein, to trans-activate
other receptor(s) (69), and/or to bind PROK2 ligand with full
affinity (70,71). Future studies are necessary to investigate these
mechanisms for variants that lie in domains known to affect
either of these aspects of PROKR?2 signaling.

While cell-based assays are tractable and useful in interpret-
ing the function of individual mutants, they do have limitations.
Intrinsic differences in assay sensitivities, even in a seemingly
thorough combined analysis, may generate some false positives
and negatives. It is not known which (if any) of the three signal-
ing pathways measured in this study is preferred by endoge-
nous PROKR2 signaling or what cellular functions they perform.
Although PROKR? is involved in the development and migration
of GnRH neurons as well as the neuroendocrine regulation of
GnRH release (34,42), it is not clear which pathways or cell types
expressing PROKR?2 are critical for the normal development and
function of GnRH neurons. In addition, none of the current
methods allow for adequate assessment of neomorphic func-
tions aquired by mutations that may, in turn, produce some of
the diverse phenotypes associated with IGD. This last point is
especially important, as several variants appeared to increase
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signaling above and beyond WT levels (Supplementary
Material, Table S2). If the expression of PROKR2 is tightly con-
trolled or time-sensitive across development as our current
understanding of its biological roles suggest, it is certainly pos-
sible that some of these variants could move from a benign cat-
egorization to a gain-of-function. In fact, a recent study found a
frameshift mutation in PROKR2 that increased WT PROKR2 sig-
naling in a heterozygous context and was associated with pre-
cocious, rather than delayed, puberty (72). To assert causality to
any variant, future studies will need to assess the effects of
altered signaling in a context that reflects the true biology of
PROKR?2 in vivo and across development. In particular, although
these methods are not currently feasible, future studies would
benefit greatly from the use of isogenic olfactory, hypothalamic,
and/or neural precursor cell lines to assess the endogenous
downstream targets of PROKR2 signaling. Alternatively, it may
be possible to perform transcriptomics analysis on PROKR2-
expressing cells from mouse models to give insights to down-
stream signaling in vivo.

In summary, modeling of heterozygous PROKR2 variants
in vitro reveals pathogenic variants with new mutant-WT inter-
actions and calls into question variants that were previously
only tested in a mutant-alone context. We have provided an up-
to-date resource (Table 1) for clinicians and genetic counselors
to interpret IGD-associated PROKR2 variants that will be built
upon as more sequencing and experimental data are available.
This study also provides a new and more complete framework
for developing methodical, composite (multiple-pathway) func-
tional assay paradigms that, going forward, will aid in the bio-
logical interpretation of heterozygous genetic variants
associated with other genetic diseases, particularly when com-
bined with bioinformatics approaches.

Materials and Methods

General methods and reagents

HEK?293 cells (acquired from ATCC, USA) were chosen based on
their lack of endogenous PROKR2 expression and used for all
assays except for cAMP signaling assays, which employed the
GS-22A1 cell line (73), a HEK-293-derived cell line stably trans-
fected with the luciferase-based cAMP reporter plasmid,
pGlosensor-22F (Promega) (74). HEK293 cells were cultured in
EMEM with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin, while GS-22A1 cells were cultured in DMEM sup-
plemented with 10% (v/v) FBS, both at 37°C in a humidified
atmosphere with 5% CO,.

WT PROKR2 coding transcript was cloned into a pcDNA3.1/
V5HisD TOPO expression vector (Invitrogen, USA) and this V5-
tagged WT construct was used to generate mutant PROKR2 vec-
tors using a Quickchange site-directed mutagenesis kit (Agilent)
as previously described (38). All mutant constructs were purified
and verified by Sanger sequencing performed by the CCIB DNA
Core Facility at MGH (Boston, MA). A monster GFP (mGFP) vector
(Promega) on a pcDNA backbone was used as an empty vector
(EV) control. For confocal imaging, GFP-tagged WT and mutant
PROKR2 vectors were created using the mGFP backbone and
site-directed mutagenesis. An mCherry tagged WT PROKR2 vec-
tor was generously given to us by Dr. Ursula Kaiser.
Transfections were performed using Fugene HD transfection
reagent (Promega) in Optimem reduced-serum media (Life
Technologies) mixed with EMEM following product recommen-
dations, and mGFP was used to ensure transfection efficiency
was >80%. Prior to each transfection, vector DNAs were
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quantified with a nanodrop (Thermoscientific) to ensure correct
ratios were added. PROK2 ligand (Bachem) was serially diluted
and used to assess PROKR2 signaling.

PROKR2 encodes a G-protein-coupled receptor known to sig-
nal through multiple intracellular cascades, including G,i-, G,g-,
and G,s-mediated pathways (38,53,56,57). Prior studies have
attempted to assess the functional consequences of some of the
IGD-associated PROKR2 variants using the three in vitro assays
employed here (38,55-57,75). All mutants were first transfected
alone and screened independently for an impact on each of the
signaling assays (see below for details). If a mutant demon-
strated loss-of-function (LoF) in a particular assay, then it was
subsequently tested for Mutant/WT interactions in co-
transfection experiments in that assay. Several benign variants
were initially also tested in co-transfection experiments but, as
expected, did not differ from WT (data not shown). To save on
costs, dose-response curves were only run for the MAPK (G,i)
signaling pathway, whereas signaling in the IP-One (G,q) and
CcAMP (G,s) assays were tested at the dose that elicited a maxi-
mum WT response as determined in preliminary dose-response
experiments (see details below). All assays were performed with
3 biological replicates and repeated in 2-3 independent
experiments.

Egri-luciferase reporter (MAPK) assay to assess G,i
signaling

Cells were plated in 24-well plates (Corning) at ~50% confluence
(100 000 cells/well). The next day, WT and mutant PROKR2 vec-
tors were transiently transfected alone or together in three dif-
ferent ratios (1: 1, 3: 1, 1: 3), for a total of 8 ng of PROKR2 vector/
well, along with 5 ng Egrl-Luc reporter vector and 187 ng of
mGFP vector. The mGFP vector (200 ng) was transfected alone as
an EV control. After 24 h, transfected cells were treated with
increasing doses of PROK2 ligand. After 16-18 h, cells were lysed
in passive lysis buffer (Promega) and 10 pl of lysate was trans-
ferred to a 96-well plate (Corning-Costar). Luciferase activity
was measured using a dual-luciferase reporter assay system
(Promega) and Novostar plate-reader (BMG Labtech) injecting 50
ul of luciferase assay buffer/well. Four-parameter logistical
dose-response curves were fitted to each dataset based on the
calculated relative response to WT for each assay. Curve fits
were analysed by non-linear regression and an EC50 was calcu-
lated for each curve. E.x Was calculated relative to the maxi-
mum WT PROKR2 response.

IP-one assay to assess G,q signaling

Signaling via the PLC/IP3 pathway was assessed using the IP-
One Tb assay (CisBio), which is an antibody-based, homogenous
time-resolved fluorescence method for quantifying cellular lev-
els of inositol monophosphate (IP1), a stable intermediate in the
PLC/IP3 signaling pathway. PROK2 ligand at a pre-determined
concentration eliciting the maximum WT response (30 nM) was
diluted in assay buffer [Hank’s Balanced Salt solution contain-
ing 10 mM HEPES pH 7.4 and supplemented with 0.1% bovine
serum albumin (BSA) and LiCl (20 mM) and added to GS-22A
cells in 96-well plates]. The cells were incubated at 37 °C for 1 h.
IP1 detection solution [IP1 conjugate and lysis buffer+2.5%
anti-IP1 cryptate-Tb conjugate +2.5% D-myo-inositol mono-
phosphate (IP1)-d2 conjugate] was then added to the plate (10
pl/well) and the plate was incubated in the dark for 1 h at room
temperature. The plate was then read on an EnVision Multilabel

Reader (PerkinElmer Life and Analytical Sciences); excitation at
340 nm and measurements of emission at 615 nm and 665 nm.
The fluorescence resonance energy transfer ratios (665 nm/615
nm) were converted to IP1 by interpolating values from an IP1
standard curve.

cAMP accumulation assay to assess G,s signaling

GS-22A cells were plated in 96-well plates (Corning) and, 24 h
later, transfected with WT (80 ng), mutant (80 ng), or
WT + mutant PROKR2 together (1: 1, 160 ng total). After 24 h,
transfected cells were pre-loaded with luciferin in CO2-
independent DMEM supplemented with 0.1% bovine serum
albumin (BSA) for 20 min at room temperature then treated
with PROK2 ligand at a pre-determined concentration eliciting
the maximum WT response (300 nM) and placed into a
PerkinElmer Envision plate reader for an additional 60 min, dur-
ing which time the development of cAMP-dependent lumines-
cence was measured at 2-min intervals. The peak luminescence
signal, typically occurring 10-15 min after ligand addition, was
used for assessment. Curves were fit to the data using a four-
parameter sigmoidal dose-response equation.

PROKR? protein extraction and Western blotting

Cells were plated in 6-well plates (Corning) at ~50% confluency
(600 000 cells/well). The next day, WT and mutant PROKR2 vec-
tors were transiently transfected alone or together in two differ-
ent ratios (1: 1, 3: 1), for a total of 600 ng PROKR2 vector/well
along with 400 ng of mGFP Empty Vector. The mGFP vector
(1000 ng) was transfected alone as an EV control. After 24 h,
medium was changed to fresh EMEM. After 48 h, cells were
washed with PBS and lysed with M-PER Lysis Buffer
(Thermoscientific) with protease inhibitors (1: 1000) and protein
was quantified using a BCA assay (Thermoscientific).

Total proteins were diluted in 5X Laemmli sample buffer
(Boston Bioproducts) with 10% beta-mercaptethanol. 5 pg of pro-
tein was loaded into 10% Tris gels (BioRad) along with Precision
Plus Protein Kaleidoscope Standard (BioRad) and separated
using SDS-PAGE, then transferred overnight to PVDF mem-
branes and immunoblotted to detect V5-tagged PROKR?2 protein
expression. Supplementary Material, Table S4 gives information
about the antibodies used. Blocking buffer was milk for anti-V5
and BSA for anti-p-actin. PROKR2-V5 tagged protein was visual-
ized with HRP-conjugated anti-mouse secondary antibody as a
~45 KD band using Supersignal West Pico chemiluminescent
substrate kit (Thermoscientific), then membranes were stripped
using Restore Western Blot Stripping buffer (Thermoscientific)
and similarly probed for f-actin (HRP-tagged, also ~45 KD). All
blots were developed on x-ray film (Kodak), films were scanned
using an Epson Perfection 3200 photo scanner, and images
quantified using Image] software (76) for densitometry relative
to B-actin intensity.

Confocal imaging

Cells were plated in EMEM in 24-well plates with a 12 mm Poly-
L-lysine coated glass coverslip (both from Corning) in each well.
After 24 h, cells were transfected with 50 ng of either WT-
mCherry -PROKR2, mutant-GFP-PROKR2, or a 1: 1 combination
of both. The next day, medium was removed and adherent cells
were washed once with PBS, fixed for 10 min at 37 °C in PBS con-
taining 4% paraformaldehyde (Electron Microscopy Sciences)
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and 5% sucrose, and washed three times in PBS. Coverslips
were then mounted onto slides with Vectashield hardset
mounting medium with 4, 6-diamidino-2-phenylindole (DAPI;
Vector Laboratories). Cells were visualized using a Nikon AI1R
confocal microscope. Images were taken with a Hamamatsu
ORCA CCD camera, deconvolved using Nikon NIS-Elements
software, and processed for publication using FJJI analysis
software (77).

Statistics

Average MAF and GERP scores were analysed by Kruskal-Wallis
tests with  Dunn’s  multiple-comparisons  post-test.
Contingencies for GERP scores and ConDel predictions were
analysed using Fisher’s Exact tests. For MAPK Assays, in mutant
alone experiments activity of each mutant at the ECso dose was
calculated and compared with WT ECs, from the same experi-
ment via one-way ANOVA with Bonferroni’s post-test or
student’s t-test with Welch’s correction. E,.x for each mutant
was calculated relative to WT from the same experiment and
compared with WT via Kruskall-Wallis tests with Dunn'’s
multiple-comparisons post-test or Student’s t-tests with
Welch’s correction. In experiments testing WT and mutant
interactions, activity of each mutant and 50: 50 mutant/WT
combination at the ECso dose was calculated along with the
Emax and compared with the maximum dose of WT (100 WT),
the minimum dose of WT (50 WT), and the 75: 25 mutant/WT
combination via one-way ANOVA with Dunn’s multiple-
comparisons post-test. For IP-One and cAMP assays, mutant
responses were compared with WT via one-way ANOVA or
student’s T-test.

Supplementary Material
Supplementary Material is available at HMG online.
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