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Abstract 

Purpose: This work aimed to evaluate genotype-phenotype associations in individuals 
carrying germline variants of transmembrane protein 127 gene (TMEM127), a poorly 
known gene that confers susceptibility to pheochromocytoma (PHEO) and paraganglioma 
(PGL).
Design: Data were collected from a registry of probands with TMEM127 variants, 
published reports, and public databases.
Main Outcome Analysis: Clinical, genetic, and functional associations were determined.
Results: The cohort comprised 110 index patients (111 variants) with a mean age of 45 years 
(range, 21-84 years). Females were predominant (76 vs 34, P < .001). Most patients had 
PHEO (n = 94; 85.5%), although PGL (n = 10; 9%) and renal cell carcinoma (RCC, n = 6; 5.4%) 
were also detected, either alone or in combination with PHEO. One-third of the cases had 
multiple tumors, and known family history was reported in 15.4%. Metastatic PHEO/
PGL was rare (2.8%). Epinephrine alone, or combined with norepinephrine, accounted 
for 82% of the catecholamine profiles of PHEO/PGLs. Most variants (n = 63) occurred 
only once and 13 were recurrent (2-12 times). Although nontruncating variants were less 
frequent than truncating changes overall, they were predominant in non-PHEO clinical 
presentations (36% PHEO-only vs 69% other, P < .001) and clustered disproportionately 
within transmembrane regions (P < .01), underscoring the relevance of these domains 
for TMEM127 function. Integration of clinical and previous experimental data supported 
classification of variants into 4 groups based on mutation type, localization, and predicted 
disruption.
Conclusions: Patients with TMEM127 variants often resemble sporadic nonmetastatic 
PHEOs. PGL and RCC may also co-occur, although their causal link requires further 
evaluation. We propose a new classification to predict variant pathogenicity and assist 
with carrier surveillance.

Freeform/Key Words: pheochromocytoma, paraganglioma, TMEM127, tumor suppressor gene, genotype-phenotype 
association

Pheochromocytomas (PHEOs) and paragangliomas (PGLs) 
are neuroendocrine tumors that arise in the adrenal gland 
or paraganglia, respectively, and often produce catechol-
amines (1). It is estimated that approximately 1000 cases 
are diagnosed each year in the United States (2). Currently, 
approximately 40% of cases are estimated to result from a 
recognizable germline mutation, making PHEOs/PGLs the 
most frequently heritable neuroendocrine tumor (3). More 
than 20 distinct genes have been associated with PHEO/
PGL predisposition, including the transmembrane pro-
tein 127 gene (TMEM127). The TMEM127 gene encodes 
a multispanner, transmembrane protein conserved among 
vertebrates (4). Its biological role is not fully understood. 
TMEM127 functions as a classic tumor suppressor gene, 
with loss of the wild-type (WT) allele in tumor tissue (4), 

and it is included in diagnostic genetic panels of PHEO/
PGL susceptibility (5). We have previously reported that 
TMEM127 colocalizes to the plasma membrane, early 
endosomes, and lysosomes and that it associates with a 
nutrient-sensing, lysosome-based protein complex (6-8), 
and handling of glucose and insulin in vivo (9). These 
earlier studies suggest that TMEM127 signals through the 
mTOR (mammalian target of rapamycin) pathway, a cen-
tral hub of cellular homeostasis that is frequently disrupted 
in human malignancies (10).

Despite these advances, the precise cellular function of 
TMEM127 is unknown, and the clinical spectrum, dis-
ease severity, and penetrance of TMEM127-associated 
disease remain poorly defined. As a result, guidelines for 
surveillance in individuals carrying TMEM127 germline 
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variants have not been precisely established. The first com-
prehensive series of TMEM127 mutations, published by 
Yao et al in 2010 (11), revealed that TMEM127 mutations 
were associated exclusively with PHEOs and presented 
at an age similar to that of sporadic tumors. Despite the 
mutation being germline in all cases, family history was 
reported in only a quarter of the patients, raising the ques-
tion of a relatively low disease penetrance (11, 12). Long-
term follow-up of a large, 6-generation family in which 
diagnosis of carriers was made before or post-TMEM127 
identification as the predisposition gene provided support 
to the concept that penetrance of the driver mutation, 
approximately 30% at age 65 years, was not as high as 
some other PHEO/PGL susceptibility genes such as RET 
or VHL (13).

Since then, other clinical features were detected in asso-
ciation with TMEM127 variants, including PGL (14-16) 
and renal cell carcinoma (RCC) (7, 8, 17, 18). These data 
suggest that TMEM127 dysfunction may lead to a wider 
clinical spectrum. Moreover, accumulating evidence has 
revealed additional properties of TMEM127, which may 
be useful to supplement the analysis of variant pathogen-
icity. Our previous (4, 7, 8, 11) and recent (19, 20) work 
evaluating subcellular distribution and/or expression level 
of patient-derived TMEM127 variants has identified fea-
tures consistent with pathogenicity. In brief, truncating 
mutations invariably lead to unstable protein products 
that are rapidly degraded, a profile shared by other tumor 
suppressor genes. Likewise, nontruncating variants (ie, 
missense mutations or in-frame insertions or deletions, not 
expected to alter the protein length) located within trans-
membrane domains (TMs) also lead to mislocalization 
and/or decreased expression that likely reflect functional 
disruption.

Here we examined a large series of individuals with 
TMEM127 gene variants, published and unpublished, with 
the aim of delineating genotype-phenotype associations of 
relevance for clinical and follow-up surveillance.

Materials and Methods

Patient data collection

Data were collected from 2 distinct sources. First, we used 
our registry of probands with TMEM127 variants col-
lected through an institutional review board–approved 
sample repository (NCT03160274, https://clinicaltrials.
gov/ct2/show/NCT03160274), through which patients 
were enrolled after providing signed informed con-
sent. The data collected included sex; age at diagnosis; 
family history; tumor type, site and number; malig-
nancy status (as defined by the detection of metastases 

at nonparaganglial tissue, as established by the World 
Health Organization classification [21]); and catechol-
amine profile. Information on catecholamine levels varied; 
some had only epinephrine or norepinephrine, others had 
only total, but not fractionated, metanephrines, others 
had only vanillylmandelic acid, and a few had dopa-
mine or 3-methoxytyramine measurements. For those 
with detailed information, we adopted the rule of a rela-
tive increase of plasma metanephrines above 5% of the 
total increase of the metabolites to define an epinephrine 
(EPI) phenotype (22). For cases with only catecholamines 
(plasma or urine available), we considered an EPI pheno-
type when only epinephrine was increased, or combined 
(“NE_Epi”) to indicate those in whom norepinephrine 
(NE) and EPI both were elevated, either in plasma or urine. 
In addition to these clinical indicators, type and location of 
the TMEM127 variant were recorded. Anonymized sam-
ples were also obtained through this repository, collected 
through institutional review board–approved protocols at 
their respective institutions. The length of follow-up time 
since diagnosis was not available for most patients and 
was therefore not included in this study.

A second method of sample collection was performed 
through a comprehensive PubMed search using the terms 
TMEM127; pheochromocytoma; paraganglioma; her-
editary cancer; mutation; variant; genetic screening; and 
genetic testing, spanning the period from January 2010 
to February 2020, with subsequent manual review of all 
the references to curate relevant cases, collect pertinent 
information, and remove potential redundancies. In some 
instances, direct communication was established with the 
contact author for clarifications. Samples with incomplete, 
discrepant, or conflicting data, or those perceived as dupli-
cated were removed.

Finally, our search extended to existing databases of 
germline variants, the Leiden Open Variation Database 
(LOVD) databases (https://databases.lovd.nl/shared/
genes/TMEM127), for which we (G.A.P., S.F.K., and 
P.L.M.D.) serve as curators, and the ClinVar (https://
www.ncbi.nlm.nih.gov/clinvar/) public archive for 
TMEM127 variants from other submissions. Because 
these sources are redundant with individual reports or 
publications, or may lack clinical information, they were 
used only as reference and were not included in the final 
statistical analysis (see the following sections). Variants 
detected in unaffected populations (Gnomad/EXAC 
public databases gnomad.broadinstitute.org) at a fre-
quency of greater than 0.01% or annotated as “benign” 
(LOVD, ClinVar) were not included. Somatic variants 
identified in large data sets/cohorts of cancers were not 
included in the present study.
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Genetic analysis

DNA from blood, saliva, and/or tumor, either fresh-frozen 
or from formalin-fixed, paraffin-embedded samples from 
our repository, were obtained using standard methods. 
TMEM127 gene sequencing spanning its coding region and 
approximately 20 bp of exon-intron boundaries was car-
ried out as previously reported (11). Loss of heterozygosity 
(LOH) analysis was performed when germline and tumor 
samples were both available (21). In addition, TMEM127 
sequencing data were also obtained from next-generation 
sequencing data from exomes, or PHEO/PGL gene panels, 
from academic centers or commercial laboratories. Finally, 
TMEM127 sequencing information was obtained from re-
ported cases as originally described by the authors (Table 1; 
(4, 7, 8, 11, 12, 14, 16-18, 23-36)).

Germline screening for other PHEO/PGL susceptibility 
genes was performed in all patients; however, the number 
of genes sequenced varied; at a minimum, RET, VHL, 
SDHB, or SDHD sequencing was performed, and clinical 
features of neurofibromatosis 1 (NF1) were also collected. 
In cases identified by PHEO/PGL panel (either commer-
cial or from academic research labs), additional suscepti-
bility genes were included (EGLN1, EGLN2, EPAS1, FH, 
HRAS, KIF1B, MAX, NF1, SDHA, SDHAF2, and SDHC). 
All patients with RCC were screened for VHL and, in some 
cases, other RCC susceptibility genes (FH, MET, FLCN, 
SDHB, and SDHD).

In silico analysis

All collected TMEM127 variants were annotated using 
the database dbNSFP v4.0a (https://vatlab.github.io/vat-
docs/) (37, 38) and the program SnpSift (http://snpeff.
sourceforge.net/SnpSift.html) (39) and uploaded onto 
The Human Splicing Finder program (HSF; www.umd.be/
HSF/) to predict the potential effect of an amino acid sub-
stitution on the structure and function of the TMEM127 
protein (PolyPhen2, SIFT [sorting intolerant from tol-
erant]) and putative splicing abnormalities caused by 
variants located at nonconsensus splice sites, including 
coding variants. HSF contains its own programs and 
other prediction platforms, including the exonic splicing 
enhancer (ESE) finder (http://rulai.cshl.edu/cgi-bin/tools/
ESE3/esefinder.cgi?process=home), RESCUE-ESE (http://
hollywood.mit.edu/burgelab/rescue-ese/), FAS-ESS (http://
hollywood.mit.edu/fas-ess/), Putative Exonic Splicing 
Enhancers/Silencers, and splicing silencer motifs (40). The 
score interpretation results were extracted into Table  1. 
Frameshift and nonsense variants typically do not pro-
duce a score in this analysis and were considered to be 
“damaging.”

Variant classification

Classification of variants (“proposed classification” 
in Table  1) followed the original principles of 5-class 
grouping (41) and also incorporated the recommenda-
tions for variant interpretation specifically designed for 
PHEO/PGL (5). This recommendation is based on the fre-
quency of the variant in the general population and dis-
ease databases, the variant type, co-segregation with the 
disease in families, its previous reporting in the literature 
in a context that establishes link with the disease, in silico 
predictions, and the results of functional or other sup-
porting information (eg, LOH analysis, activity assays, 
immunohistochemistry).

A third component of the variant interpretation involved 
the results of in vitro assays performed in our laboratory 
in 28 distinct variants, corresponding to 49 samples: 26 
truncating (ie, nonsense, frameshift insertions or deletions, 
variants involving start or stop codons) variants, and 23 
nontruncating (missense and in-frame insertions or de-
letions) changes (7, 8, 11, 19). These analyses are based 
on subcellular distribution of expressed GFP-TMEM127 
variant constructs in cells lacking TMEM127 by CRISPR-
Cas9 modification, and time course of GFP-TMEM127 or 
untagged TMEM127 construct expression analysis, both 
relative to WT-TMEM127 or GFP-TMEM127 (7, 8, 11, 
19). The possible outcomes of the confocal analysis are 
1) membrane/punctate appearance, similar to WT, 2) dif-
fuse/cytoplasmic, or 3)  predominant plasma membrane. 
The outcomes of the time course analysis are 1)  expres-
sion similar to WT, 2)  reduced expression, relative to 
WT, or 3) markedly low or undetectable expression. For 
either test, outcomes 2 and 3 are considered to disrupt 
TMEM127 function (equivalent to a pathogenicity score 
of 4 or 5), while pattern 1 is currently unclear (equivalent 
to scores 1-3, or benign/likely benign or variant of uncer-
tain significance).

Statistical analysis

We evaluated clinical and genetic variables related to prob-
ands with a TMEM127 mutation to determine potential 
correlations: age at diagnosis, tumor type and/or site, ma-
lignancy status, biochemical profile, family history, variant 
type (truncating vs nontruncating) and location of the 
variant relative to the gene sequence (exon number, and 
TM vs non–TM-encoding amino acids). Data were ana-
lyzed based on clinical and genotypic information. For cat-
egorical variables, Fisher exact test was used to compare 
proportions. For continuous variables, mean values were 
compared by a 2-tailed paired t  test. Binomial test was 
used for assessing the significance of the difference between 
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2 proportions. All P values are 2-tailed. A P value of less 
than .05 was considered statistically significant.

Results

Clinical features

We collected information from 134 patients carrying 135 
TMEM127 germline variants for this study. Twenty-four 
samples were excluded because of incomplete data or the 
possibility that they may have been duplicated. The re-
maining 110 cases, including 111 variants, were kept for 
further analysis. Of these, 30 have not been previously re-
ported (see Table 1). There was a preference for women (76 
vs 34 men, P <  .001). The mean age of presentation was 
45 years, with the youngest case reported at age 21 years, 
and the oldest at 84 years. The age of presentation did not 
vary by sex (44 years vs 47 years, women and men, respect-
ively, P = .27).

PHEO was the sole clinical presentation in 94 patients 
(85.5%). Ten individuals (9%) had PGL, 5 of which were 
located at the head and neck (HNPGL) and 2 were retro-
peritoneal (RPPGL). In addition, 6 patients (5.4%) pre-
sented with RCC; histologically, 5 of these were clear cell 
and 1 was papillary type. Other cancer types had only a 
single occurrence (see Table 1) and were not further evalu-
ated. Most patients presented with a single tumor (65.5%, 
n = 73) but 37 (33%; see Table 1) had multiple tumors: 30 
bilateral PHEOs; 2 bilateral HNPGLs, and 5 others had 
PHEO in combination with HNPHL (n = 2), RPPGL (1), 
or RCC (n = 2). Known family history of PHEO/PGL or 
RCC was observed in 15.4% of those with reported data 
(17/104), but only half (n = 8) of these were bilateral tu-
mors. Conversely, only one patient presenting with mul-
tiple tumors had a family history of PHEO/PGL/RCC (see 
Table 1). We found no clinical difference in sex, age, or bio-
chemical profile of patients with multiple vs single tumor 
presentation (see Table 1). Overall, metastatic PHEO/PGL 
was a rare occurrence (n = 3, 2.8%, RCC cases excluded), 
and one patient was reported with pheochromocytomatosis 
(34). None of the RCC cases had reported metastases. 
However, although follow-up was longer than 20 years in 
a few patients, this information was limited and/or may 
not have been sufficiently long to evaluate multicentric or 
metastatic disease more accurately in most cases.

The catecholamine profile was reported in 56 cases: 
co-secretion of EPI and NE was the most frequent pat-
tern, present in 25 cases, followed by EPI secretion in 21 
cases. Increased NE alone was documented in only 4 cases, 
and dopamine was elevated in 1 patient. The 5 cases with 
HNPGL only were reported as nonsecretors, as expected 
(see Table 1).

Genetic findings

The 111 TMEM127 variants were distributed along the en-
tire coding sequence of the gene (Fig. 1A). Overall, more 
variants led to predicted truncating products (nonsense, 
splice site, frameshift indels, start or stop codon disrup-
tions, n  =  66) than nontruncating changes (missense or 
in-frame indels, n = 42, P = .03, Fig. 1B). Three synonymous 
variants were not included in this calculation because they 
have not been experimentally tested. However, 2 of them 
are expected to alter splice and may give rise to a truncated 
product (see Table  1). Missense mutations represented 
more than one-third of all the genetic changes (see Fig. 1B). 
Most variants were detected only once (62%, n = 68), but 
there were 13 recurrent variants, including c.117_120del, 
which was reported in 12 distinct probands, unknown to 
be related (see Table 1 and Table 2).

Interestingly, patients with PGLs or RCC but without 
PHEO were more likely to have nontruncating variants 
than patients presenting with PHEO (93% vs 35.8%, re-
spectively, P < .001, Fig. 1C). It is important to note that, in 
addition to the germline TMEM127 variant, SDHD patho-
genic variants were found in 2 HNPGLs and a somatic TSC2 
frameshift variant was detected in 1 RCC (see Table 1). Two 
other cases, 1 with combined HNPGL and PHEO (24), and 
1 patient with PHEO only, also had another attributable 
pathogenic variant (SDHD and MAX, respectively). In 
4 of these cases no LOH was detected at the TMEM127 
locus (see Table 1), supporting the alternative variants as 
the main driver mutation of these tumors. Therefore, we 
removed these ambiguous cases and reanalyzed the variant 
distribution. The predominance of nontruncating variants 
in patients with non-PHEO clinical presentations remained 
(100% vs 35.8%, P < .0012; see Fig. 1C), suggesting that 
truncating TMEM127 variants may not be compatible 
with transformation of nonadrenomedullary cells.

Although TMs represent approximately one-third of 
the TMEM127 amino acid sequence, most nontruncating 
variants clustered in this area (61%, P = .02; see Fig. 1A, 
Table 3). In independent studies, we have shown that vari-
ants located within TM domains lose their membrane 
binding ability and are unstable (11, 19), supporting their 
functional relevance.

Classification of transmembrane protein 127 
gene variants

We annotated the variants based on a multipronged ap-
proach, involving standard general International Agency 
for Research on Cancer guidelines for variant classifi-
cation (41), the recommendations for variant interpret-
ation developed specifically for PHEO/PGL (5), and our 
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in-house in vitro experiments, to predict TMEM127 
disruption. Experimental pathogenicity of TMEM127 
variants involved subcellular distribution by confocal 
microscopy and steady-state levels of the expressed 
product on a cell lacking endogenous TMEM127 (19, 
20). Using the parameters described in “Materials and 
Methods,” we were able to classify the variants into 4 
groups (Table 1): i) truncating variants; ii) nontruncating, 
transmembrane-spanning variants; iii) nontruncating, 
nontransmembrane variants, and iv) others, which in-
cludes a novel group that has an internalization defect 
and leads to predominant plasma membrane localiza-
tion (19). Groups i, ii, and iv are considered pathogenic 
or likely pathogenic because they result in an unstable 
product, often with aberrant localization and/or un-
detectable. Group iii remains undefined. Variants in this 
group were not overtly distinct from TMEM127, al-
though more subtle disruptions may be present that were 
not clearly detected by our assays.

Based on this analysis, only one-third of the variants re-
mained undefined (see Table 1). Interestingly, 1 patient had 
2 simultaneous TMEM127 variants in cis: 1 located in the 
novel, proximal TM (Gly37Arg) and a second, Cys62Trp, 
located outside TMs. Although we cannot fully define the 
consequences of the latter, the former variant is function-
ally deficient and is likely the pathogenic driver of this 
patient’s phenotype.

Overall, comparisons between prediction algorithms 
and our curated prediction were highly concordant. 
However, a few discordances were noted. For example, 
some missense variants outside TMs were considered 
to be disease related based on clinical features and the 
absence of other genetic findings that might explain 
disease susceptibility, and yet these variants did not con-
clusively show disruption by either of the in vitro assays 
that we adopted (those indicated as group iii in Table 1). 
Although those variants may be functionally neutral 
polymorphisms, it is conceivable that they may impair 
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Figure 1. Distribution of transmembrane protein 127 gene (TMEM127) variants. A, Diagram of the 111 germline TMEM127 variants along the amino 
acid sequence, displayed as lollipop symbols designed using the Mutation Mapper tool of the cBioPortal website (45, 46) and color coded based 
on the mutation class. The Y axis represents the number of occurrences of each variant; TM, transmembrane domains; EM, endocytic motif (19). B, 
Distribution of the 111 TMEM127 variants based on the mutation class (% shown). C, Distribution of TMEM127 variants (truncating vs nontruncating) 
based on clinical presentation into 3 groups: pheochromocytoma (Pheo) only; paraganglioma (PGL), renal cell carcinoma (RCC), either alone or com-
bined with Pheo; PGL, RCC without Pheo; truncating variants include: nonsense, frameshift indels, splice site, and start site variants; nontruncating 
include missense and in-frame insertions or deletions.
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other, yet undetermined motifs that impair TMEM127 
activity. Furthermore, because the TM boundaries have 
not been precisely defined, amino acids located in the 
proximity of TMs might be relevant for appropriate in-
sertion, positioning, and/or folding of the protein into 
the membranes (see Table 3). Last, the type of amino acid 
has an impact on the pathogenicity, even when it resides 
within a predicted TM, indicating that experimental veri-
fication is required to further validate the prediction at a 
TM site (19, 20). Two variants within TMs may fall into 
this category (Ala98 and Val175; see Table  1). Despite 
these limitations, combining clinical evidence with our 
experimental verification allowed us to classify variants 
as likely pathogenic that had not been called by other 
prediction models (p.Leu44Arg, p.Ala47Asp, p.Trp53Ser, 
p.Arg94Trp, p.Ser109Pro, and p.Gly185Arg).

Discussion

This is the largest analysis of TMEM127 variants to date. 
We found a preference for women among the cases evalu-
ated, which was not previously observed in the TMEM127 
setting. The mean age of diagnosis was 45  years, similar 
to the age reported in sporadic cases, and older than other 
hereditary PHEO/PGL syndromes, such as those related to 
VHL and RET, in agreement with our earlier observations 
(11). Family history was present in a minority of patients, 
including only half of patients with bilateral disease, sug-
gesting low penetrance of TMEM127 variants as previ-
ously suspected (11, 13, 15), although a potentially high 
prevalence of de novo mutations cannot be excluded and 
should be actively investigated. This fact, along with the 
age at diagnosis, makes TMEM127-variant carriers easily 
mischaracterized as sporadic cases (11). However, despite 
this presentation, the potential for multiple tumors, either 
synchronously or metachronously, is high and should be 
considered for surgical planning and surveillance.

In our study, we show that the most common clinical 
presentation of pathogenic TMEM127 variants is PHEO, 
as previously reported (11, 12). However, TMEM127 
variant carriers can also present with PGL or RCC, either 
alone or co-occurring with PHEO. In some of these cases, 
variants in other susceptibility genes, such as SDHD or 
TSC2, may in fact be the main drivers of the phenotype. 
However, 4 of the 7 patients presenting with HNPGL, 4 
of the 6 with RCC, and all 3 with abdominal PGL had 
no other detectable mutations; therefore, the TMEM127 
variant is presumably the primary genetic defect in these 
patients. Hence, associations of TMEM127 with PGLs or 
RCC should continue to be investigated (18). Other can-
cers have not been recurrently identified in patients with 
TMEM127 variants.

Our results also confirm earlier observations that 
PHEO/PGLs related to TMEM127 infrequently progress to 
metastasis, although some cases of metastatic and/or clinic-
ally aggressive disease have been reported (11, 15, 16, 34). 
However, it is important to caution that follow-up data, 
which were available in only a few cases, were rarely longer 
than 5 years; thus, the precise frequency of metastatic dis-
ease remains to be more accurately evaluated. Also, import-
antly, repeated occurrences of RCC in TMEM127 variant 
carriers should be considered when assessing broadly the 
risk of “malignancy” in TMEM127-related disease.

Other unique, rare circumstances worth mentioning 
are homozygous TMEM127 mutations and whole-gene 
deletion. The clinical presentation of homozygous variant 
carriers from 3 separate consanguineous families was not 
particularly distinctive compared to heterozygous indi-
viduals, though all had bilateral disease and strikingly 
elevated catecholamines (25, 35). However, these pa-
tients also had neurological and developmental delays. 
Intriguingly, TMEM127 maps to a copy number vari-
ation region on chromosome 2 that has been associated 
with neurodevelopmental disorders and usually spans 

Table 3. Distribution of nontruncatinga TMEM127 variants relative to transmembrane domains

Location of nontruncating variants Amino acids 
involvedb

No. of nontruncating 
variants

Nontruncating 
variants, %

TMEM127 amino 
acid sequence, %

P, Fisher 
exact test

TM1 30-53 7 15.2 10.1  
TM2 96-116 3 6.5 8.8  
TM3 130-150 11 23.9 8.8  
TM4 169-190 7 15.2 9.2  
No. of amino acids (all TM domains) 88 28 52.8 37.0  
No. of amino acids (non-TM domains) 150 18 34.0 63.0  
Total nontruncating variants NA 46   .0117

Abbreviations: NA, not available; TM, transmembrane domain; TMEM127, transmembrane protein 127 gene.
aMissense or in-frame insertions or deletions.
bThe limits of each transmembrane domain are estimated based on consensus in silico and experimental predictions; precise limits will require crystal structure 
models, which are currently unavailable for TMEM127.
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multiple genes (42), thus the contribution of TMEM127 
for the neurological phenotype remains undefined. In the 
single patient with HNPGL and a heterozygous deletion 
involving the whole TMEM127 gene, a pathogenic SDHD 
germline variant was also found, which likely represents a 
stronger candidate for the phenotype. Therefore, the role of 
TMEM127-gene deletion specifically in the tumor pheno-
type remains unclear.

Our recent studies have identified 2 novel structural do-
mains in TMEM127: a fourth, N-terminal TM involving 
amino acids 30 to 53, and an endocytic domain on the 
C-terminus that is relevant for protein internalization (19, 
20). Based on these findings, we propose that interpret-
ation of variants should consider, in addition to clinical 
evidence, the type and location of the variant, especially 
nontruncating variants at TM regions. Importantly, this 
information must be evaluated considering additional 
evidence, such as LOH, and the additional genetic data 
of each patient, including co-occurring variants in other 
PHEO/PGL susceptibility genes, as highlighted earlier. This 
proposed classification should be reassessed as additional 
insights into TMEM127 become available and other func-
tional assays are developed.

As our study shows, there is often minimal distinction 
between the most frequent presentation of PHEO/PGLs as-
sociated with TMEM127 mutations compared to sporadic 
cases. The present study, and ample data reported since the 
guidelines were published by the Endocrine Society in 2014, 
support recommending genetic testing to all patients with 
PHEOs/PGLs, and not only those with multicentric, meta-
static, or early-onset disease (43). With regard to clinical 
surveillance of TMEM127-variant carriers, we agree with 
current recommendations by Favier et al (44) that suggest 
an initial screen involving physical exam with blood pres-
sure measurement, baseline plasma or urine metanephrines, 
and imaging of the neck plus thoracic-abdomino-pelvic 
area with contrast magnetic resonance imaging or com-
puted tomography, for evaluation of the adrenal glands, 
paraganglial tissue, and kidneys. Subsequently, yearly 
physical exam and metanephrines measurement is recom-
mended with whole-body magnetic resonance imaging 
every 3 years. We currently lack evidence that disease pene-
trance is variant dependent. Therefore, for relatives of pa-
tients identified by cascade genetic screen, and the rarity of 
clinically detectable disease before age 21  years in prob-
ands, we suggest that surveillance, especially biochemical, 
of mutation carriers should start 10 years earlier, at age 
11 years. As large, prospective follow-up studies of families 
with clearer data on penetrance and clinical spectrum be-
come available, specific surveillance programs will be fur-
ther refined.
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