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Abstract
Background

Loss of tectonin β-propeller repeat-containing 2 (TECPR2) function has been implicated in an array of
neurodegenerative disorders, yet its physiological function remains largely unknown. Understanding
TECPR2 function is essential for developing much needed precision therapeutics for TECPR2-related
diseases.

Methods

We leveraged the considerable amounts of functional data to obtain a comprehensive perspective of the
role of TECPR2 in health and disease. We integrated expression patterns, population variation,
phylogenetic pro�ling, protein-protein interactions, and regulatory network data for a minimally biased
multimodal functional analysis. Genes and proteins linked to TECPR2 via multiple lines of evidence were
subject to functional enrichment analyses to identify molecular mechanisms involving TECPR2.

Results

TECPR2 was found to be part of a tight neurodevelopmental gene expression program that includes
KIF1A, ATXN1, TOM1L2, and FA2H, all implicated in neurological diseases. Functional enrichment
analyses of TECPR2-related genes converged on a role in late autophagy and ribosomal processes.
Large-scale population variation data demonstrated that this role is nonredundant.

Conclusions

TECPR2 might serve as an indicator for the energy balance between protein synthesis and autophagy,
and a marker for diseases associated with their imbalance, such as Alzheimer’s disease, Huntington’s
disease, and various cancers. Our work further suggests that TECPR2 plays a role as a synaptic
proteostasis regulator during synaptogenesis, highlighting its importance in developing neurons. By
advancing our understanding of TECPR2 function, this work provides an essential stepping stone
towards the development of precision diagnostics and targeted treatment options for TECPR2-related
disorders.

Background
The product of the TECPR2 (tectonin beta-propeller repeat containing 2) gene on chromosome 14q32.31
belongs to the tectonin β-propeller repeat-containing protein family, and contains mammalian-speci�c
WD (tryptophan-aspartic acid repeat) and TECPR domains [1, 2]. TECPR2 dysfunction has been
reproducibly implicated in severe neurodegenerative disorders (MIM: 615031). Individuals with TECPR2
loss of function (LoF) variants suffer from familial dysautonomia-like syndromes characterized by
hereditary sensory autonomic neuropathy with intellectual disability (ID) [3, 4]. It was therefore suggested
that TECPR2 LoF variants might serve as a “point diagnosis” for patients with ID [3, 4]. Other missense
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TECPR2 variants are considered causative of progressive motor neuron disease and late-onset hereditary
spastic paraplegia (HSP) [5, 6]. TECPR2 was also suggested to be a candidate gene for human
neuroaxonal dystrophies, a set of rare, heterogeneous inherited neurodegenerative conditions
characterized by various sensory-motor de�cits [7]. As of 2020, only a handful of families with TECPR2-
related disorders have been described, however it has been suggested that these reports underestimate
the true prevalence of such disorders [3]. Moreover, although TECPR2 dysfunction plays a well-
established role in neurodegenerative disorders, its exact function remains largely unknown.
Understanding TECPR2 function is essential for developing rational treatment options for TECPR2-related
disorders, which are currently lacking.

TECPR2 has been implicated in autophagy, an evolutionarily conserved intracellular degradation system
by which cytoplasmic materials are delivered to and degraded in the lysosome [8]. This process consists
of four stages: initiation, nucleation, elongation, and maturation. Autophagy starts with the nucleation of
a newly formed vesicle known as a phagophore. During elongation, the phagophore forms a double
membrane vesicle known as an autophagosome. The autophagosome later fuses with the lysosome,
forming an autolysosome, whose contents are then degraded. Each stage involves the function of
multiprotein complexes. The selectivity of this process is controlled by autophagy receptors that
speci�cally degrade intracellular ubiquitinated aggregates, bacteria, speci�c organelles, or nucleic acids.
TECPR2 was found to interact with several autophagy-related proteins, including GABARAP and MAPLC3
(LC3) [9, 10], which are required for proper elongation and expansion of the forming autophagosomes
[11]. Furthermore, HEK293 cells with truncated TECPR2 proteins demonstrated reduced levels of the
autophagosomal marker LC3II and attenuated delivery of LC3II and the cargo recruiting protein p62 for
lysosomal degradation. This evidence is the basis for the current view of TECPR2 as a positive regulator
of autophagy in humans [1], a function thought to play a key role in typical brain ageing [12]. However,
the precise role of TECPR2 in autophagy remains to be de�ned. Such de�nition is essential for
elucidating the link between autophagy and TECPR2-mediated neurodegenerative disease.

Moreover, TECPR2 was found to serve a crucial function in the maintenance of endoplasmic reticulum
(ER) exit sites through the stabilization of SEC24D [10]. It was therefore suggested that TECPR2 might
also function as a molecular scaffold linking the early secretion pathway and autophagy [10].

In light of these results, our current view of TECPR2 remains in the context of autophagy. Yet the focus on
a priori knowledge of TECPR2 function limits our understanding of it to a small number of mechanisms.
Thus, if we wish to gain a comprehensive understanding of the cellular roles of TECPR2 and their
relations to neurodegenerative disorders, a broad, unbiased analyses of TECPR2 function is required.

Toward that goal, we exploited available human transcriptome and proteome data for a �rst
comprehensive functional analysis of TECPR2. We compiled and integrated various sources of functional
measures, including coexpression patterns, protein-protein interactions (PPI), transcription factor binding,
population genomic variation, and phylogenetic pro�ling. We found that TECPR2 is tightly coexpressed
with neurodevelopmental genes in a pattern that is consistent with a neurodevelopmental function.
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TECPR2 expression is also downregulated in postmortem prefrontal cortex from individuals with
Alzheimer’s disease (AD) and Huntington’s disease (HD) as compared to matched controls, consistent
with autophagy-related alterations seen in AD [13]. We further found that TECPR2 expression is tightly
negatively correlated with that of ribosomal proteins, suggesting that TECPR2 might play a role in
maintaining a balance between autophagy and protein synthesis. Finally, massive population variation
data demonstrated that TECPR2 serves a nonredundant function, as supported by its signi�cant
intolerance to LoF variation among diverse human populations. Our �ndings thus advance our
understanding of TECPR2, ultimately enabling the development of much-needed therapeutic options for
TECPR2-related neurodegenerative disorders.

Methods
For a comprehensive understanding of TECPR2 function, we integrated multiple independent layers of
genome-scale functional measures (Fig. 1). These include neurodevelopmental expression patterns,
coexpression partners, transcription factor binding, protein interaction partners, phylogenetic pro�les,
curated gene sets, and population variation.

Analysis of neurodevelopmental expression patterns
TECPR2 expression during human neurodevelopment was examined using the Allen Institute for Brain
Science BrainSpan Atlas of the Developing Human Brain [14]. This dataset includes transcriptome-wide
expression data from 237 prenatal and 287 postnatal tissue samples from different brain regions,
individuals, ages, and sexes. Two multivariate generalized mixed linear models for prenatal and postnatal
expression were tested with TECPR2 expression as the dependent variable and age as the independent
variable. Sex and brain structure were used as covariates. A block design was used to account for the
correlation of samples from different brain regions of the same individual.

TECPR2 coexpression analyses
The BrainSpan data detailed above was also used for identifying TECPR2 co-expressed gene modules.
Only genes with correlation coe�cient (r) > |0.7| across human brain development were included. We also
mined GeneCards [15] for TECPR2 tissue co-expression partners, de�ned as gene pairs with expression
correlation coe�cient of > 0.7 across the Human Integrated Protein Expression Database (HIPED) or
Genotype Tissue Expression (GTEx) data.

TECPR2 expression analysis across human tissues
We analyzed GTEx version 6 RNAseq data of 6,669 samples spanning 31 tissues from 246 individuals.
Fastq data was obtained from dbGaP (accession phs000424.v6.p1) under authorized usage. Reads were
quality-trimmed using Trimmomatic [16], and mapped to the reference human genome GRCh38 using
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STAR 2.5.3 [17], following the ENCODE long mRNA mapping protocol [18]. Uniquely mapping reads were
quanti�ed using HTSeq [19], based on Gencode [20] V26 genes. EdgeR [21] was then used for �ltering
lowly expressed genes and normalizing the data using trimmed mean of M-values (TMM) normalization.
Finally, Limma [22] was used for �tting age and gender adjusted models.

TECPR2 expression analysis in AD and HD
We compared TECPR2 gene expression in postmortem prefrontal cortex of 310 AD patients, 157 HD
patients, and 157 non-demented controls, using Gene Expression Omnibus (GEO) dataset GSE33000 [23].
An age and sex-adjusted generalized linear model was used to test for differential expression. Benjamini-
Hochberg correction for multiple comparisons was used to control for type I error across all genes
measured in this experiment.

Analysis of transcription factor binding and coregulated
genes
We used GeneHancer[24] to gather information about predicted transcription factor binding sites (TFBS)
within the TECPR2 locus [15]. GeneHancer was also used for identifying genes with a similar TFBS
pro�le, so-called coregulated genes. Speci�cally, we focused on GeneHancer elements supported by at
least two sources. We also restricted our analyses to factors predicted to bind at least two TECPR2-
associated elements.

Mining of PPI data
Several PPI resources were mined to identify TECPR2 binding partners in human. These include BioGrid
[25], ConsensusPathDB [26, 27], STRING [28], and GeneCards [15].

Phylogenetic pro�ling
We used Clustering by Inferred Models of Evolution (CLIME) [29] to identify evolutionarily conserved
modules that include TECPR2. Genes with phylogenetic pro�les resembling that of the human TECPR2
were also identi�ed using PhyloGene [30], focusing on the top-ranked 50 co-evolved human genes.

Curated gene set analysis
The Molecular Signature Database (MSigDB), a collection of annotated gene sets, was used to explore
curated gene sets from curated pathway databases, PubMed publications, and knowledge of domain
experts [31, 32].

Pan-cancer TECPR2 expression and prognostic value
analysis
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Pan-cancer TECPR2 expression across The Genome Cancer Atlas (TGCA) samples was analyzed using
Gene Expression Pro�ling Interactive Analysis (GEPIA) [33], which considers expression data of 9,736
tumor and 8,587 normal samples from TCGA and GTEx. Multiple testing correction was achieved using a
Benjamini-Hochberg false discovery rate (FDR) threshold of 0.05.

Population variation analysis
Human population variation data was taken from gnomAD v2.1.1, aggregating whole exome sequence
data from 141,456 individuals [34].

Functional enrichment analysis
Genes and proteins whose relation to TECPR2 was supported by at least two sources of information were
subject to functional enrichment analysis using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) [35, 36], enabling the discovery of shared pathways and molecular
mechanisms. Multiple testing correction was achieved using a Benjamini-Hochberg FDR threshold of
0.05.

Results
For a comprehensive understanding of TECPR2 function, we compiled and integrated independent layers
of genome-scale functional data. Such combined information provides a clearer and broader
interpretation of TECPR2 function than offered by each layer separately (Fig. 1). Information streams
used to understand TECPR2 function included PPI, expression patterns, phylogenetic pro�ling,
transcription factor binding, and population variation. The full list of genes and proteins and their
relationships to TECPR2 is detailed in Table S1.

TECPR2 transcription factors and coregulated genes have
developmental functions
Since genes that function together are often co-regulated at the transcriptional level, we �rst identi�ed
putative transcriptional regulators of TECPR2 and examined their other targets. Among transcription
factors predicted to bind the TECPR2 promoter and nearby enhancer elements were the developmental
factors KDM1A and CTBP1, both part of the notch signaling pathway [37]. The other targets of these
factors include the neurological disease-associated CINP, DYNC1H1, and MIR431 genes [38]. Table S2
details the 335 factors predicted to bind multiple TECPR2-associated cis-regulatory elements
(promoter/enhancers), and their 37 other gene targets. In light of its suggested developmental context, we
next focused our analyses on neurodevelopmental expression.

TECPR2 expression resembles that of neurodevelopmental
genes; it is strongly anticorrelated to ribosomal protein
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expression and downregulated in AD and HD
We analyzed the expression patterns of 524 spatiotemporal samples representing typical human
neurodevelopment. TECPR2 expression increased with prenatal age across all brain regions (Pearson’s r 
= 0.48, P = 0.01, Fig. 2). During the postnatal period, no signi�cant relationship between TECPR2
expression and age was detected (Pearson’s r = 0.22, P = 0.26). No sex difference was detected during
prenatal or postnatal development (P = 0.8 and P = 0.4, respectively).

Since genes that function together must be coexpressed, we next examined TECPR2-containing
coexpression networks. In all, 578 genes showed a similar expression pattern in the developing human
brain (Table S3). Of these, 184 were positively correlated with TECPR2, including many
neurodevelopmental disease genes such as KIF1A [39], SHANK3 [40], TOM1L2 [41], ABCA2 [42], PLEKHA6
[43], ATXN1L [44], and CNTNAP1 [45]. Many of the negatively correlated genes (177 of 394 genes) encode
ribosomal proteins (RPs), including RPL24, RPS3A, RPS6, RPS8, RPL15, RPL5, RPL11, RPL23, and RPS7,
suggesting that TECPR2 function is negatively related to translation.

The release of these RPs, including RPL5, RPL11, RPL23, and RPS7, was previously shown to promote
the accumulation of p53, which plays a pivotal role in neurodegenerative disorders via its upregulation
[46]. Consistently, we found that TP53 expression is anticorrelated to TECPR2 expression across 31
human tissues in an age and sex adjusted model (Pearson’s r = -0.405, P = 2.33 × 10− 16). Consistently, we
found that TECPR2 is downregulated in prefrontal cortex of individuals with AD and HD, two
neurodegenerative diseases in in which p53 was shown to be upregulated [46] (AD adjusted P = 2.83 × 
10− 6, HD adjusted P = 2.87 × 10− 9, Fig. 3).

We also examined TECPR2 co-expression partners across human tissues at both the RNA and protein
levels. Table S4 details 19 genes whose expression pattern resembles that of TECPR2 across 69 human
tissues, suggesting that their functions might be related. These include the Charcot Marie Tooth disease
gene MTMR2, the coloboma of macula gene NRBP2, and other neurodevelopmental disease genes such
as MACROD2 and NGFR.

Phylogenetic pro�ling reveals that many genes that have
co-evolved with TECPR2 serve central neurodevelopmental
functions
We also examined shared patterns of gene presence and absence across species, that can point to
shared functions. For that purpose, we used two phylogenetic pro�ling approaches. The �rst, CLIME,
identi�ed seven genes predicted to have co-evolved with TECPR2. These include the neurodevelopmental
disease genes BBS1, BBS9 [47], and TMOD2 [48], as depicted in Figure S1. The second approach
PhyloGene, similarly revealed that many of the genes that have coevolved with TECPR2 serve
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neurodevelopmental functions. As detailed in Table S5, these include ATXN1 [44], DLGAP4 [40], TRAK1
[49], and FILIP1 [50].

PPI highlight the role of TECPR2 in autophagy
Since interacting partners of known function can point to a shared function, we next mined several PPI
databases. In all, 55 experimentally-validated TECPR2-binding partners were identi�ed, as detailed in
Table S6. For example, Figure S2 depicts an integrated 27-protein interaction network, showing that the
majority of validated TECPR2 interactions are with proteins involved in autophagy. These include the
autophagy-related ATG8 family members GABARAP, GABARAPL1, GABARAPL2, MAP1LC3B, and
MAP1LC3C [9]. Moreover, a complementary approach implemented in The Search Tool for the Retrieval of
Interacting Genes (STRING) identi�ed three direct and ten indirect TECPR2 relationships, highlighting
proteins whose dysfunction leads to TECPR2 de�ciency-related phenotypes, including FBXL3 [51], ITCH
[52], and ZFYVE26 [53]. These are depicted in Figure S3 and detailed in Table S6.

Molecular signatures prognostic of various cancers include
TECPR2
We next examined expert-curated expression-based gene sets that include TECPR2, identifying nine sets
(Table S7). Of these, seven are informative of various cancers, including gene sets whose expression in
optimally debulked ovarian tumors is associated with survival and those up-regulated in nasopharyngeal
carcinoma. Genes shared across multiple curated sets include the neurodevelopmental genes BBS9,
ATXN1, BACE1, FA2H, FILIP1, NBR1, TRAK1, and ZFYVE26, and the autophagy genes MAP1LC3B and
AMBRA1.

TECPR2 expression is associated with survival in renal and
liver cancers
In light of the identi�ed TECPR2-containing curated sets, we examined TECPR2 expression in TCGA.
TECPR2 was found to be expressed in all cancer tissues at ≥ 1 transcript per million (TPM). When
comparing tumor to normal gene expression, TECPR2 was found to be signi�cantly dysregulated in
urothelial carcinoma, cholangiocarcinoma, diffuse large B cell lymphoma, acute myeloid leukemia,
testicular germ cell tumors, and endometrioid carcinoma (Adjusted P < 1 × 10− 3, Fig. 4A). Kaplan-Meier
survival analyses showed a favorable effect for high TECPR2 expression in renal cancers, including clear
cell renal cell carcinoma (CCRCC), papillary renal cell carcinoma (PRCC), and chromophobe renal cell
carcinoma (P = 6.5 × 10− 9, cut-off of 3.25 FPKM, Fig. 4B), and an unfavorable effect in hepatocellular
carcinoma (HCC, P = 5.7 × 10− 5, cut-off of 1.67 FPKM, Fig. 4C). Taken together, these �ndings suggest
that TECPR2 dysregulation might have a high prognostic value for several cancer types.
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Integrative functional analyses converge on a
neurodevelopmental function in protein synthesis,
autophagy, and splicing
To gain an integrative view of TECPR2 function and minimize experiment-speci�c bias, we focused our
analyses on genes and proteins linked to TECPR2 via multiple independent lines of evidence (detailed
above). In doing so, we examined the shared functions of 332 genes and proteins linked to TECPR2
function via multiple multimodal datasets (Table S8 and Fig. 1). Their functional enrichment analyses
revealed a strong convergence on four molecular themes, namely protein synthesis, autophagy, splicing,
and belonging to a neurodevelopmental gene expression program. Among pathways and mechanisms
related to protein synthesis were the Reactome pathways “Formation of a pool of free 40S subunits”
(Adjusted P = 8.01 × 10− 26), “Peptide chain elongation” (Adjusted P = 2.58 × 10− 24), and “SRP-dependent
cotranslational protein targeting to membrane” (Adjusted P = 1.64 × 10− 9). Macroautophagy (Adjusted P 
= 0.01) and autophagosome (Adjusted P = 0.017) were some of the enriched concepts related to
autophagy. The Reactome “mRNA Splicing - Major Pathway” (Adjusted P = 0.017) was most enriched
among several splicing-related concepts. Finally, The Reactome pathways “Activation of anterior HOX
genes in hindbrain development during early embryogenesis” (Adjusted P = 0.037) and “Downregulation
of SMAD2/3:SMAD4 transcriptional activity” (Adjusted P = 0.038) are examples of enriched
neurodevelopmental gene expression programs. These and other enriched functions are detailed in Table
S8.

TECPR2 population variation demonstrates that its function
is nonredundant
After gaining insight into the cellular functions of TECPR2, we further examined their centrality using
human population variation data. Based on 141,456 exomes aggregated by gnomAD [34], TECPR2 was
found to be extremely intolerant of loss-of-function (LoF) protein truncating variants (probability of LoF
intolerance, pLI = 0.95 in ExAC[54]). The strong intolerance of TECPR2 to LoF variation is also supported
by a low LoF observed/expected (oe) ratio of 0.22, 90% con�dence interval (CI) = [0.14,0.35]. Conversely,
its closely related paralog TECPR1, is highly tolerant to LoF variation (pLI = 0.000, oe = 0.36, 90% CI =
[0.26, 0.5]). These results suggest that TECPR2 is a nonredundant core gene of the human cellular
machinery.

Discussion
By integrating multimodal genome-scale functional data, we identi�ed several likely functions of the
currently under-characterized neurodegenerative disease gene TECPR2. Our analyses suggest that
TECPR2 is a neurodevelopmental gene with diverse roles, including late autophagy and protein synthesis.
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These roles are nonredundant, as demonstrated not only by the phenotypic implications of its
dysfunction, but also by large scale population variation data.

Our work provides several lines of evidence that support the neurodevelopmental function of TECPR2.
First, its neurodevelopmental expression is tightly correlated to that of many neurodevelopmental disease
genes, including KIF1A [39], SHANK3 [40], TOM1L2 [41], ABCA2 [42], ATXN1L [44], FAM102A [55], IQSEC1-
3 [56], and CNTNAP1 [45]. Consistently, transcription factors con�dently predicted to regulate the TECPR2
locus are central regulators of development. These include KDM1A, SAP130, and CTBP1 [37].
Furthermore, many genes that have co-evolved with TECPR2 have a well-documented
neurodevelopmental function, including DLGAP2-4 [40], MYT1 [57], TRAK1 [49], MYT1L [49], BBS1 and
BBS9 [47]. In light of these results, the bona �de role of many of the aforementioned genes in synaptic
function [39, 45, 56, 58], and the consistent expression trajectory of other synaptic genes [59], we
speculate that TECPR2 might play an important role during synaptogenesis.

Moreover, our analyses con�rm and expand the previously-reported role of TECPR2 in autophagy (Fig. 5).
We provide multimodal evidence supporting the direct interactions of TECPR2 with autophagy receptors
p62, NBR1, Stbd1, and AMBRA1, as well as indirect relationships with TOLLIP, TAX1BP, and FAM134B.
Further evidence is provided to support the interactions of TECPR2 with the autophagy elongation
regulators ATG3, ATG4, ATG5, and ATG7. We further provide supporting evidence for the role of TECPR2
in the homotypic fusion and protein sorting (HOPS) membrane tethering complex, which is required for
the fusion phase [10, 60]. Aside from a direct interaction of TECPR2 with HOPS complex components
VPS16, VPS18, VPS33A and VPS41, which were previously reported to be associated with TECPR2 [10,
60], another HOPS component, VPS11, was found to be co-expressed with TECPR2. Our results support
the current view of TECPR2 as a positive regulator of autophagy [4, 61]. We suggest that the scope of
TECPR2 involvement in autophagy is far greater than was previously acknowledged, and includes direct
and indirect associations, especially to the later autophagy phases of elongation and regulation of
autophagy selectivity. A summary of autophagy stages and the association of TECPR2 with each stage
is depicted in Fig. 5.

Additionally, we detected a strong negative correlation between TECPR2 expression and the expression of
genes related to protein synthesis in the developing human brain. Dysfunction of different types of RPs
was previously associated with neurodevelopmental abnormalities [62, 63]. The proposed link between
TECPR2 and ribosomal protein function should be directly examined in future studies, in physiological
and pathological conditions.

An energy balance is maintained between protein synthesis and autophagy, which are both coregulated
by mTORC1 [64]. An imbalance between these processes is a hallmark of several diseases, including AD
[13], HD [65] and various types of cancer [64]. Our analysis strongly supports the association of TECPR2
with these conditions (Fig. 3 and Fig. 4). These results suggest that TECPR2 could serve as an
informative biomarker for these disorders.
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A tightly regulated balance between autophagy and protein synthesis is critical not only for maintaining a
bioenergetic homeostasis, but also for controlling a proteomic one. Fine-tuned proteostasis is essential
during synaptogenesis, where rapid local protein synthesis is required for synapse formation [66], and
local autophagy is essential for removing various synaptic cargos, including synaptic vesicles and
scaffold proteins [67]. Moreover, synaptic function crucially depends on protein homeostasis, the
uninterrupted synthesis and degradation of synaptic proteins, both at the presynaptic and postsynaptic
termini [66]. Autonomous synaptic control depends on the crosstalk between the local autophagy and
protein synthesis machineries [68]. Accumulating evidence suggests that disruptions in synaptic
proteostasis may play a central role in the pathogenesis of severe neurodegenerative disorders, including
AD, HD and Parkinson’s disease (PD) [69]. In light of the multimodal evidence supporting the role of
TECPR2 as a bridge between autophagy and protein synthesis, its suggested involvement in
synaptogenesis, and its well-supported interactions with synaptic autophagy proteins such as KIFA1 and
ATG9, we hypothesize that TECPR2 might serve as a marker for synaptic homeostasis in health and
disease.

Accordingly, our work identi�es direct and indirect relationships between TECPR2 and other
neurodegenerative disease genes. For example, KIF1A, in which pathogenic variants cause hereditary
sensory and autonomic neuropathy type II [39], was found to directly interact with TECPR2 at the protein
level, while being tightly coregulated at the mRNA level during human neurodevelopment. TOM1L2, a PD
candidate also related to autophagy [41], and FA2H, in which pathogenic variants cause an autosomal
recessive type of HSP [70], were both found to be robustly correlated with TECPR2 expression during
human brain development. Other neurodegenerative disease genes such as MTMR2, in which pathogenic
variants cause Charcot-Marie-Tooth disease type 4B, an autosomal recessive demyelinating neuropathy
[71], and NGFR, previously suggested to be involved in AD [72], were found to be tissue co-expression
partners of TECPR2. Furthermore, TECPR2 was found to have coevolved with genes implicated in
neurodegenerative disorders such as ATXN1 [44] and KIAA1217 [73].

Conclusions
Taken together, our results suggest that TECPR2 might serve as an indicator for the homeostasis between
autophagy and protein synthesis, and a biomarker for diseases characterized by their imbalance.
Nonetheless, the exact mechanisms by which TECPR2 is related to the identi�ed functions and their
alterations in disease remain to be determined. The information compiled in our analyses points to a
central role of TECPR2 in the developing human brain, which should be further characterized in future
studies. This study represents a �rst comprehensive integrated analysis of TECPR2 function across
multiple layers of molecular information. Such diverse pool of information allowed us to provide better
insight into TECPR2 functions and profoundly expand our current understanding of this disease gene. We
speculate that TECPR2 might play an important role during synaptogenesis by linking local protein
synthesis and local autophagy in developing neurons.
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In summary, this study suggests that TECPR2 might be a hub gene bridging between protein synthesis,
autophagy, and brain function in health and disease. With no existing cure for TECPR2-related disorders,
the need to improve our understanding of this gene is imperative. For this purpose, the knowledge
acquired by this integrative study is intended to serve as a substrate for focused mechanistic
investigations into TECPR2 function, which will ultimately lead to the identi�cation of much-needed
therapeutic options for TECPR2-related neurodegenerative disorders.
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Figure 1

Multiple layers of information compiled for a comprehensive functional analysis of TECPR2.
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Figure 2

TECPR2 expression increases during prenatal brain development (Pearson’s r=0.48, P=0.01). In 237
samples, aged 8 to 36 post conception weeks (PCW), TECPR2 expression increased with age, across all
brain regions tested, with no signi�cant differences between males and females. Female samples are
shown in orange, male samples in blue. See www.brainspan.org for sample details.
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Figure 3

TECPR2 downregulation in postmortem prefrontal cortex from individuals with AD and HD. Shown are
boxplots of normalized TECPR2 expression in postmortem prefrontal cortex from 310 individuals with AD
(orange), 157 individuals with HD (red) and 157 neurotypical controls (purple). *Adjusted P = 2.83x10-6;
**Adjusted P = 2.87x10-9.



Page 21/23

Figure 4

TECPR2 dysregulation and prognostic value in cancer. (A) Among 31 TCGA cancers, TECPR2 was found
to be signi�cantly dysregulated in bladder urothelial carcinoma (BLCA), cholangiocarcinoma (CHOL),
lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), acute myeloid leukemia (LAML), testicular
germ cell tumors (TGCT), and uterine corpus endometrial carcinoma (UCEC). Normalized tumor
expression is shown in red, matched normal tissue and relevant GTEx sample expression is in gray. The
number of samples in each comparison is noted. Adjusted P < 0.001. (B) Kaplan-Meier survival plot
based on TECPR2 expression in renal cancers, including clear cell renal cell carcinoma (CCRCC), papillary
renal cell carcinoma (PRCC), and chromophobe renal cell carcinoma (P = 6.5x10-9). The pink line depicts
the survival of individuals whose tumor samples had a normalized TECPR2 expression ≥ 3.25 FPKM;
The blue line depicts the survival of individuals whose tumor samples had a normalized TECPR2
expression < 3.25 FPKM. (C) Kaplan-Meier survival analysis based on TECPR2 expression in
hepatocellular carcinoma (HCC, P = 5.7x10-5, cut-off of 1.67 FPKM, similar representation as in B).
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Figure 5

A scheme of autophagy stages and the main proteins involved in each stage. Proteins that are directly
associated with TECPR2 are highlighted in thick lines. Proteins that are indirectly associated with
TECPR2 are shown in dashed lines. The evolutionary relation between TECPR2 and TECPR1 is
highlighted by a double line.
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