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Abstract: Due to their involvement in the development of various cancers Transmembrane Proteins (TMEMs) are
the focus of many recent studies. Previously we reported TMEM de-regulation in clear cell Renal Cell Carcinoma
(ccRCC) with TMEM213, 207, 116, 72 and 30B being among the most downregulated on mRNA level. TMEM down-
regulation was also more pronounced in advanced ccRCC tumors and was potentially linked to clinical parameters
such as: metastasis (TMEM72 and 116), Fuhrman grade (TMEM30B) and overall survival (TMEM3O0B). To further in-
vestigate these findings, first, we set off to prove experimentally that selected TMEMs are indeed membrane-bound
as predicted in silico, we verified the presence of signaling peptides on their N-termini, orientation of TMEMs within
the membrane and validated their predicted cellular localization. To investigate the potential role of selected TMEMs
in cellular processes overexpression studies in HEK293 and HK-2 cell lines were carried out. Additionally, we tested
TMEM isoform expression in ccRCC tumors, identified mutations in TMEM genes and examined chromosomal aber-
rations in their loci. We confirmed the membrane-bound status of all selected TMEMSs, assigned TMEM213, and 207
to early endosomes, TMEM72 to early endosomes and plasma membrane, TMEM116 and 30B to the endoplasmic
reticulum. The N-terminus of TMEM213 was found to be exposed to the cytoplasm, the C-terminus of TMEM207,
116 and 72 were directed toward the cytoplasm, and both termini of TMEM30B faced the cytoplasm. Interest-
ingly, TMEM mutations and chromosomal aberrations were infrequent in ccRCC tumors, yet we identified potentially
damaging mutations in TMEM213 and TMEM30B and found deletions in the TMEM30B locus in nearly 30% of the
tumors. Overexpression studies suggested selected TMEMs may take part in carcinogenesis processes such as
cell adhesion, regulation of epithelial cell proliferation, and regulation of adaptive immune response, which could
indicate a link to the development and progression of ccRCC.
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Introduction tension) and accidental diagnosis due to im-

proved visualization techniques [2].
Renal cell carcinoma (RCC) is a relatively com-

mon malignancy accounting for 2% of all adult
cancers and causing approximately 100,000
deaths per year wordwide. 80% of RCC cases
are classified as clear cell renal cell carcinoma
(ccRCC), originating from renal proximal convo-
luted tubule, with 168,000 new cases annually
[1]. Recent incidence of RCC has been steadily
increasing, likely due to the higher exposition to
risk factors (cigarette smoking, obesity, hyper-

On molecular level ccRCC is characterized by
de-regulation of genes involved in glycolysis,
fatty acid synthesis, mutations in VHL and a
number of genes involved in epigenetic regula-
tion (e.g., PBRM1, BAP1 and KDMC5) [3-5]. In
our previously published microarray-based
meta-analysis, we identified a number of ccRCC
de-regulated genes significantly represented by
transmembrane proteins - TMEMSs [6]. TMEMs
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are poorly characterized groups predicted in
silico membrane-integral proteins comprising
of more than 300 members. TMEM encoding
genes are broadly distributed across the
genome, indicating many functional or topologi-
cal classes. These heterogeneous proteins
share very limited sequence homology, and
have been suggested to play an important role
in cancer [7]. Differential regulation of TMEMs
could be observed in many cancers, such
as lymphomas (TMEM176) [8], colorectal can-
cer (TMEM25) [9], meningiomas (TMEM30B)
[10], paragangliomas and pheochromocytomas
(TMEM127) [11]. A number of TMEM proteins
has been functionally assigned as trans-mem-
branous anion channels (e.g. ANO1) [12] and
molecules responsible for oncosis (TMEM123)
[13], protein glycosylation (TMEM165) [14],
pathogen intoxication (TMEM181) [15], as well
as innate immunity response (TMEM173) [16].
In case of ccRCC, up- or down-regulation of
TMEMs is supported by a number of microarray
and RNA-seq data but interestingly, the mecha-
nism of de-regulation and the exact function of
majority of TMEMs remains unclear, including
their contribution to development and progres-
sion of ccRCC.

TMEM213 is the least characterized of the
selected TMEMs. TMEM213 was found de-reg-
ulated in lung adenocarcinoma and head and
neck squamous cell carcinoma [17, 18]. TME-
M116 was highly expressed in non-small-cell
lung cancer tissues and cell lines, while TME-
M207 was formerly linked to gastrointestinal
carcinogenesis, oral squamous cell carcinoma
and polycystic kidney disease [19-21]. TMEM72
has just recently been shown to associate
with Cytoplasmic coat protein complex Il and
likely take part in membrane trafficking [22].
TMEM30B was described as a phospholipid
flippase, required for ER exit of P4-ATP-ases,
although its structure has not been previously
verified experimentally [23, 24]. TMEM30B
expression was also reported to associate with
worse overall survival in patients with high-
grade serous ovarian cancers [25].

Here, we characterized localization, structure,
and topology of the five TMEMs and investigat-
ed the occurrence of TMEM isoforms muta-
tions, polymorphisms and chromosomal aber-
rations in ccRCC tumors derived from Polish
patients. We also cloned TMEM213, 207, 116,
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72 and 30B and over-expressed full length
TMEMs in HEK293 and HK-2 cells in order to
elucidate their involvement in cellular process-
es that could be linked to ccRCC etiology.

Materials and methods
Genetic constructs

TMEM constructs were generated with pEGFP-
C1, pEGFP-N1 (Promega) and pcDNA3.1
(Addgene). ORFs of TMEMSs were amplified from
non-ccRCC kidney with PrimeSTAR GXL DNA
polymerase (Clontech) and verified by Sanger
sequencing. After purification, DNA fragments
were phosphorylated (T4  Polynucleotide
Kinase, ThermoFisher Scientific) and ligated
(T4 DNA Ligase, ThermoFisher Scientific). The
constructs were used to generate cMyc-tagged
fusion proteins. A different approach was used
to generate TMEM2130RF2, since this ORF dif-
fers from TMEM2130RF1 with 3nt, the variant
was PCR amplified in two parts.

Cell culture

Human HK-2, HEK293 and monkey COS7 cell
lines were grown in Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM-F12)
(HK-2) or Dulbecco’s Modified Eagle Medium
(DMEM) (HEK293 and Cos7) medium, with
L-Glutamine supplemented with 10% fetal
bovine serum and 1% antibiotic/antimycotic
(Biowest), at 37°C with 5% CO,,.

Transfection/TMEM overexpression

Cells were transfected with X-tremeGENE HP
DNA Transfection Reagent (Roche) at a ratio of
1 pg plasmid per 2 ul X-tremeGENE HP DNA
Transfection Reagent. Cells were harvested/
observed under confocal microscope 24-48 h
after transfection. RNA samples were mea-
sured using NanoDrop and Qubit RNA HS Assay
Kit (ThermoFisher Scientific). RevertAid RT
Reverse Transcription Kit (Thermo Fisher
Scientific) was used for RT. cDNA was mea-
sured with Agilent Bioanalyzer High Sensitivity
DNA chip (Agilent). The sequencing libraries
were prepared with NEBNext Ultra RNA Library
Kit for Illumina (NewEngland Biolabs), samples
were sequenced on NovaSeq (lllumina), SR50
with 10-15 min reads per sample. Sequencing
quality was verified using fastqc [26] and mul-
tiQC [27]. Samples were aligned with STAR [28]
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to the human genome version GRCh38. In-
dexing was assigned with samtools [29, 30]
and counts obtained with featureCounts [31].
TopGO (version 2.50.0) and org.Hs.eg.db (ver-
sion 3.16.0) R packages were used for Gene
Ontology (GO) enrichment analysis with differ-
entially expressed genes (|log2FC|>2, adjusted
P-value < 0.05) as an input. The selected node
size in topGo analysis for biological process
was 10, parentchild algorithm and Fischer’s
exact test with < 0.01 as a cutoff were used
[32].

Organelle staining and confocal microscopy

Cell organelles were stained with either
CellLight BacMam 2.0 ER-RFP/Golgi-RFP/
Plasma Membrane-RFP/Early Endosomes-RFP
(ThermoFisher Scientific), ER-Tracker™ Red
(BODIPY™ TR Glibenclamide, BODIPY TR Cer-
amide complexed to BSA or MitoTracker™ Red
FM and Hoechst 33342 (Invitrogen). Live-cell
microscopy was conducted on LSM780 Zeiss
coupled to AxioObserver Z.1 with a Plan-
Apochromat 63x/1.40 Oil DIC M27 objective
and an environmental chamber. Localization
analysis of TMEM proteins was performed in 35
x 10 mm glass bottom dishes (Greiner BioOne)
24 h after transfection. Signal peptide confocal
analysis was performed within 24 or 48 h after
HK-2, HEK293 or Cos7 transfection. Images
were processed with Imaris and presented as
maximum intensity projection from all z slices.
Live-cell imaging was performed on Nikon
A1Rsi with objectives Nikon Plan Apo VC
60x/1.4 Qil DIC N2. For each cell several opti-
cal slices of the cell volume were acquired.
Time-lapse sequences were acquired through
12-16 h with 2-5 min step between scans.
FRAP experiment was conducted as described
previously [33].

Fluorescence protease protection (FPP) assay

FPP assay was performed as described previ-
ously [34], minimum in duplicate. HK-2 or Cos7
cell were grown on 10-well plate (Greiner Bio-
One) and were permeabilized for one minute
with saponin (50 ul, 20 uM/ml) and lysed with
proteinase K (50 ug/ml) for up to 3 minutes.
Movies were recorded using Nikon Eclipse Ti
microscope with objective Apo TIRF 100x/1.49
Oil, HQ: GFP filter (Chroma) and Nikon Inten-
silight illumination system (3 min with 2 s expo-
sition). Fluorescence intensities were mea-
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sured using Nikon NIS Elements AR software
and were normalized to background. CAV1
(ENSTO0000614113.4) was used as control.

Bioinformatic analysis and signal peptides

NCBI RefSeq sequences of native human
TMEMs and Ensembl Transcript IDs were
used for bioinformatics analysis: TMEM213
Gl: 146229352/ENSG00000214128, the two
isoforms: TMEM2130RF1-ENSTO000044268-
2.6 and TMEM2130RF2-ENSTO0000397602.7,
and protein isoforms: TMEM213_ORF1 (NP_0O-
1078898.1), TMEM213_ORF2 (XP_0052502-
24.1). TMEM207: 46409276/ENSTO000035-
4905.2, protein NP_997199. TMEM 116: 30-
2058299/ENSG00000198270, isoforms TM-
EM1160RF1-ENSTO0000552374.6, TMEM11-
60RF2-ENSTO0000550831.7, TMEM1160RF3-
ENSTO0000549537.6 and protein isoforms:
NP_001180460.1, NP_001281243, NR_122-
119. TMEM72: 183227675/ENSG0O0000187-
783, isoforms: TMEM720RF1-ENSTO000038-
9583.4 and TMEM720RF2-ENSTO0000544-
540.5 with protein sequences NP_001116848
and NP_001332855. TMEM30B: 63003930/
ENSTO0000555868.1, isoforms: ENSTOO000-
554497.1 and ENSTO0000557163.1. Sub-
cellular localization and cytosolic/nuclear dis-
crimination were predicted using WoLF PSORT
[35]. The putative signal sequences and cleav-
age sites were predicted using: PrediSi [36],
SignalBlast [37], PolyPhobius [38], TargetP 1.1
Server [39], SignalP 4.1 Server [38] and WoLF
PSORT [35]. The consensus of all programs
was used to determine the length of putative
signal peptide and the position of possible
cleavage site. Plasmids containing putative sig-
nal peptide sequence were fused with N- termi-
nal GFP, signal sequence was prolonged with
additional sequence of 3 to 9 aa.

Western blot

HK-2, HEK293 or COS7 cells were lysed with
RIPA buffer supplemented with SIGMAFAST
Protease Inhibitor Cocktail (Sigma), 24hours
post transfection. Lysates were sonicated at
4°C. Western blot was performed with GFP
(1:2000, Santa Cruz) or o-tubulin antibody
(Millipore). Anti-rabbit (1:20 000, Sigma) and
anti-mouse (1:2000, Millipore) antibodies we-
re conjugated with horseradish peroxidase,
detected with Luminata Forte HRP Substrate
(Millipore), visualized with the G: Box (Syngene).

Am J Cancer Res 2023;13(5):1863-1883



Characterization of ccRCC de-regulated TMEM proteins

For fluorescence protein visualization on the
scanner (TMEM213), samples were prepared
without heat denaturation. The gel was scanned
directly on Amersham Typhoon RGB with Cy2
Fltr 525BP20, Cy3 Fltr 570BP20, Cy5 Fltr
670BP30 (GE Healthcare).

Patient material, RNA isolation and RT-PCR

Samples were obtained from the Department
of Urology and Urological Oncology, Poznan
University of Medical Sciences. Research was
approved by the Bioethical Committee at UMS
(No. 1124/12). All patients granted written
informed consent. ccRCC specimens, classified
by trained pathologist, were suspended in
RNALater (Sigma-Aldrich).

RNA isolation and RT were described previously
[6]. gPCR analyses was performed using Bio-
Rad CFX Connect system with Bio-Rad iTag™
Universal SYBR Green Supermix (Bio-Rad
Laboratories Inc.). Primers were designed us-
ing Primer-BLAST (http://www.ncbi.nIm.nih.
gov/tools/primerblast) and Oligo Analyzer 3.1
(https://eu.idtdna.com/calc/analyzer). Forward
primer was placed in alternative exon or on the
span of two exons flanking the alternative exon,
reverse primer in the exon following the alterna-
tive exon. When possible, the same reverse
primer was used to minimize primer annealing
bias. Expression was measured in duplicate, in
two separate experiments. Relative incidence
of a variant (RIV) coefficient was calculated
according to protocol by Londono et al. [40]. All
calculations were performed in R.

Mutations in TMEM genes

DNA from 84 ccRCC tumors and 12 paired peri-
tumor tissues was isolated with GeneMATRIX
Tissue DNA Purification Kit (EurX), 50 ng of DNA
was used for PCR. Introns and exons were
amplified except for TMEM116 (exons only).
The average length of amplicons was 6594 bp
(3053 - 10941 bp). Amplicons were purified
with Agencourt AMPure XP beads (Beckman
Coulter), DNA concentration was measured
with Qubit 4 (Thermo Fisher Scientific). 21
amplicons per patient were pooled in 7 nmol
concentration, 96 libraries were prepared with
NexteraXT kit (lllumina)/TruePrep DNA Library
Prep Kit V2 (Vazyme Biotech). Samples were
sequenced on MiSeq (lllumina, Reagent Kit v3,
PE300) with cluster density of 994446, clus-
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ters PF 85,70%+3.17, Q30 = 71.6%. QC of the
run was performed with FastQC [41], adapters
and low quality reads were removed with Fastp
[42] and aligned to GRCh37.67 with BWA-MEM
[43]. appreci8 was used for variant identifica-
tion [44].

SNP arrays

Copy number B-Allelic frequency analysis was
performed using HumanOmniExpress12vl.1l
SNP array (733K BeadChip, lllumina Inc). Gene
MATRIX Universal DNA Purification Kit (EurX)
was used for DNA isolation and 200 ng of DNA
was used as an input for the arrays. DNA ampli-
fication, tagging and hybridization were per-
formed according to the manufacturer’s proto-
col. The array slides were scanned on a HiScan
SQ (lumina). GenomeStudio version 2011.1
and Nexus BioDiscovery Copy Number 7.0-7.5
with SNP-FASST2 Segmentation were used for
data analysis. The HapMap control set provid-
ed by the manufacturer served as a control.
UCSC built Hg19 (Human Mar. 2009 (NCBI37/
hg19) Assembly) was used to analyze the data.

Tumor microenvironment

RNA-Seq FPKM counts (tumors vs. controls)
were downloaded from the TCGA (https://www.
cancer.gov/tcga). Sequencing and alignment
of samples was described previously [5]. The
analysis included DEG with -1<log FC>1 expres-
sion, FDR < 0.01 (8.335 up-regulated genes
and 2.637 down-regulated genes). The im-
mune infiltration scores were generated with
CIBERSORT [45]. To decrease redundancy in
data sets gene signatures provided by
CIBERSORT were intersected with TCGA data.
Genes found in both datasets were removed.
The immune signature was correlated with a
differential gene expression list to identify
genes potentially implicated in the attraction of
each immune cell type/function. Pearson and
Pearson partial correlation were calculated
using significantly DEG value with FDR (> 0.3 or
<-0.3) and immune signatures.

Results
Intracellular dynamics of TMEMs

To establish if TMEM proteins are indeed inte-
gral to membrane, we performed FRAP
(Fluorescence Recovery After Photobleaching)
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experiments and analyzed their intracellular
dynamics (Figure 1). HK-2 or HEK293 cells
were transiently transfected with GFP-tagged
TMEMs in both, N- and C-terminal, orientations.
GFP served as a control of fast-moving protein
freely diffusing in the cytoplasm, not bound to
any membrane, whereas PKCa activated with
PMA was used as a marker of slow-mobility pro-
tein immobilized through association with the
plasma membrane.

Interestingly, the mobility rate of TMEM213_
ORF1 and TMEM213_ORF2 differs signifi-
cantly. The dynamics of GFP-fused TMEM213_
ORF1 was comparable regardless of the orien-
tation of GFP fusion (N- or C-terminal), while
TMEM213_ORF2 with N-terminal GFP repre-
sented the lowest mobility among the proteins.

The difference in the localization of N- and
C-terminal GFP fusions of TMEM207 is also
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reflected in the dynamics of those proteins.
TMEM207 with C-terminal GFP has lower mobil-
ity than the same protein with N-terminal GFP
fusion. TMEM116_ORF1, TMEM116_ORF2 and
TMEM116_ORF3 proteins, with GFP at the
N-terminus, are moderately mobile, with the
diffusion rate lower than GFP alone. TMEM116_
ORF3 with GFP fused at the C-terminus displays
mobility that is significantly lower in compari-
son to other ORFs and similar to mobility rate of
PMA-induced PKCa, suggestive of membrane
association of this isoform. TMEM72_ORF1,
regardless of the GFP fusion, is characterized
by low mobility, which is in concordance with
our observations as TMEM72_ORF1 is likely
bound to EE and to plasma membrane. The
high mobility of TMEM72_0ORF2 confirms that
this isoform is not associated with any mem-
branes. TMEM3O0B is also characterized by low
mobility irrespective of orientation of GFP
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Figure 2. Cellular localization of GFP-tagged TMEMSs. Photos depict the results with TMEM-GFP construct, Western

blot analysis included.

fusion, which suggests that TMEM30B is a
membrane-bound protein. Our results confirm
membrane binding of all analyzed TMEMs,
except from TMEM72_ORF2 present in cyto-
plasm and nucleoplasm.

Subcellular localization of TMEMSs

To analyze the subcellular localization of TM-
EM proteins their GFP-fused variants were
obtained. All TMEMs were prepared in two ori-
entations, as N- and C-GFP fused proteins.
GFP-TMEM/TMEM-GFP expression was verified
using standard or fluorescent Western blot
(Figure 2). TMEM213, 207, 72 and 30B fusion
proteins were of expected size, although with
N-terminal GFP fusion we did not detect a band
or only a weak band for TMEM213_ORF1,
TMEM213_0ORF2, TMEM207, and TMEM72_
ORF1. This is in line with the probable presence
of a cleavable signal peptide. Additionally, we
did not detect the signal corresponding to
C-terminal GFP of TMEM72_0ORF2, which intro-
duces a possibility of processing of TMEM72_
ORF2 C-terminus. Expression of three isoforms
of TMEM116 was very low and detectable only
after direct SDS gel scan (Figure 2C). There is
always a possibility that GFP tag (26,9 kDa)
could interfere with the expression or cellular
localization of analyzed proteins, especially
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those of relatively small size like TMEMs (11,5-
39 kDa), therefore we additionally cloned all
isoforms into pcDNA-3.1/cMyc, and overex-
pressed their cmyc-fused forms in HK-2 or
COS7 cells and confirmed our results (data not
shown).

TMEM localization was tested in nucleus, endo-
plasmic reticulum (ER), early endosomes (EE),
mitochondria, Golgi apparatus and plasma
membrane. Both ORF variants of TMEM213
localize in ER (Figure 2A). Full length TMEM207
fused with GFP at its C-terminus was identified
in early endosomes (Figure 2B), however when
GFP was present on its the N-terminus was
localized in ER, which may be explained by the
presence of non-processed protein, still in ER,
before the signal peptide cleavage. Two longer
isoforms of TMEM116 (ORF1, ORF2) were
detected in ER, whereas the shortest TMEM116
isoform (ORF3) was found in mitochondria
(Figure 2C), likely due to the presence of
putative MLS on its N-terminus. We were not
able to determine the exact localization of
TMEM116_ORF3 in the mitochondrion (outer
vs. inner membrane). Interestingly, GFP fusion
on C-terminus of this shortest isoform inter-
feres with the end-point protein localization,
since GFP-TMEM116_ORF3 localizes in the
cytoplasm. Next analyzed protein was TMEM72

Am J Cancer Res 2023;13(5):1863-1883
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with its two isoforms. TMEM72_ORF1 was de-
tected in early endosomes with a fraction
attributed to the plasma membrane, while its
shorter variant, TMEM72_ORF2, was distribut-
ed throughout the cytoplasm and the nucleus
(Figure 2D), likely due to the loss of transmem-
brane domains and presence of predicted
nuclear localization signal (NLS) within its ami-
no-acid sequence. TMEM30B was clearly con-
fined to ER (Figure 2E), in agreement with previ-
ous results obtained in THP-1 and U20S cells
[23, 46].

We also performed immunohistochemistry with
c-myc tagged TMEMs and confirmed the pres-
ence of TMEM213 (both isoforms), TMEM116
(ORF_1,0RF_2)and TMEM30Bin ER, TMEM207
localized in EE and TMEM72 in EE and plasma
membrane (data not shown).

Putative signal peptide cloning, overexpres-
sion, and cellular localization

Since many secretory or membrane proteins
typically possess 15-30 aa long N-terminal sig-
nal peptide (SP), we investigated the presence
and location of such sequences. SP directs
newly synthesized proteins to ER and to the tar-
get organelle. WoLF PSORT predicted the pres-
ence of cleavage sites for all TMEMs, while SP
was predicted only for TMEM116_ORF2
(1-42aa). Interestingly, TargetP 1.1 Server pre-
dicted SP additionally for TMEM116_ORF1
(1-16aa) and TMEM72 (1-22aa) and a mito-
chondrial targeting peptide for TMEM116_
ORF3 (Figure 3A-D).

Localization of putative cleavage sites was also
predicted by PrediSi, SignalBlast, and SignalP
4.1 Server, however their positions differed.
The most convergent results were obtained for
TMEM213_0ORF1 (position 27aa), TMEM213_
ORF2 (position 27 or 28aa), TMEM207 (posi-
tion 29aa), and TMEM30B (52aa, SP not
predicted).

To experimentally validate the presence and
expression of SPs, putative sequences were
cloned, fused with GFP, and overexpressed
in HK-2 and COS7 cells (Figure 3E, 3F).
Interestingly, SP_TMEM213_ORF1 and SP_
TMEM213_0RF2, appear not to be processed
and the bands correspond to proteins longer
than GFP alone in HK-2 cells. In COS7 cells we
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observe two bands, likely corresponding to pro-
cessed and unprocessed proteins, which may
indicate that recognition and processing of SP
and use of cleavage sites may be cell type
dependent. The results of Western blot (Figure
3E, 3F) indicate that proteins encoded by SP_
TMEM207, SP_TMEM116_ORF3, SP_TMEM72_
ORF1 and SP_TMEM72_ORF2 have the same
length as GFP, suggestive of protein processing
and cleavage of SP. Two bands were detected
for SP_.TMEM116_ORF2 in HK-2 cells, while
SP_TMEM116_ORF1 is detectable only in COS7
cells, again with two bands. SP_TMEM72_ORF2
appears not to be processed in COS7 cells or to
contain a SP.

Overexpression of obtained constructs re-
vealed that SP-TMEM72_ORF1, SP-TMEM116_
ORF2, SP-TMEM207, SP-TMEM213_ORF1 and
SP-TMEM213_ORF2 localize in the ER, sug-
gesting that used sequences can drive GFP
localization (Figure 3G-J, 3L). However, full-
length TMEM72_ORF1 and TMEM207 localize
in EE, so we assume that there must be addi-
tional cis or trans factor that directs these pro-
teins from ER to EE. Exclusively cytoplasmic
localization of SP-TMEM72_ORF2 is surprising
because the full-length protein has cytoplas-
mic and nuclear distribution. Additionally, over-
expression of SP-TMEM72_0ORF2 short or SP-
TMEM72_ORF2 long did not result in the enrich-
ment of nuclear distribution as expected, and
we observed a distribution typical for GFP
which indicates that used sequences were not
sufficient. Our results may imply that TMEM72_
ORF2, despite possessing NLS, does not
carry a typical SP, and only full-length protein
can drive its localization (Figure 3N, 30). The
lack of ER and mitochondrial localization of
SP-TMEM116_ORF1 and SP-TMEM116_ORF3
respectively, may demonstrate that TMEM
sequences used were not sufficient to change
the localization of GFP (See Figure 3K, 3M).

TMEM orientation in the cellular membrane

Fluorescence protease protection (FPP) assay
was utilized to determine the orientation of
TMEM proteins in the membranes. Membrane
embedded Caveolin 1 (Cavl) with cytoplasmic
N- and C-terminus and cytoplasmic GFP served
as controls. The decay of GFP signal after incu-
bation with proteinase K was monitored for up
to 3 minutes. N-terminus of TMEM213 appears
to be exposed to the cytoplasm with maximal
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Figure 3. Analysis of TMEM signaling peptides (SP) and mitochondrial localization signal (MLS). (A-D) Putative se-
quence of TMEM signaling peptides and MLS. Expression of SP/MMLS GFP constructs in HK-2 (E) and COS7 cells
(F). The presence of a shorter band on the Western blot likely represents the protein with cleaved SP. (G-O) Cellular

localization of TMEM-specific SP/MLS-GFP.

fluorescence (F__ ) at 135sec, while C-terminus
faces ER lumen (F__>240sec). TMEM207
holds cytoplasmic C-terminus (F _ =165sec),
and N-terminus is directed towards EE lumen
(F..=190sec). C-termini of ORF1 and ORF2 of
TMEM116 face the cytoplasm (F _=105sec,
respectively), while N-termini are within ER
lumen (F  =110sec). The shortest TMEM-
116 isoform has internalized N-terminus
(F...=100sec), while C-terminus appears to
face the cytoplasm (F__ =80sec), which is not in
line with the presence of two transmembrane
domains as predicted, and this finding requires
further examination. C-terminus of TMEM72
faces the cytoplasm (F __=140sec), while
the N-terminus is protected in EE lumen
(F ..=240sec). Similar fluorescence decay of
both ends of TMEM30B suggests both are cyto-
plasmic (F  =180sec). In most cases we
observed discrepancies between predicted
and experimental models as depicted in Figure
4.
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TMEM overexpression and gene ontology
analysis

Since selected TMEMs are expressed on a low
level in cell lines of epithelial origin and knock-
down experiments are not feasible, we decided
to overexpress them in HEK293 and HK-2 cells
in order to learn in which cellular processes
they could be involved in. Overexpression stud-
ies were performed in duplicate, and expres-
sion of selected genes was validated in HEK293
and HK-2 cell lines using Real-Time PCR (data
not shown). The complete list of TMEM de-regu-
lated genes is available in Supplementary Table
1A. Gene ontology analysis was performed with
topGO (Figure 5). The majority of the identified
pathways were shared among the genes de-
regulated by TMEM overexpression and includ-
ed regulation of cytosolic ion concentration,
cellular developmental processes, extracellular
structure organization, nucleosome organiza-
tion and assembly etc.
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Figure 4. Schematic comparison of predicted vs. experimental data concerning TMEM orientation. The figure rep-
resents an updated analysis from Wrzesinski et al. with WoLF PSORT and new online tools: PrediSi, SignalBlast,

PolyPhobius, TargetP 1.1. Server and SignalP 4.1. Server.

Interestingly TMEM213 overexpression led to
enrichment of de-regulated genes grouped as
transmembrane transport that included 24
members of Solute carrier family (SLC), ten volt-
age-gated potassium channels (KCNA) and
ATPases: ATP2B3, ATP6VOD1 and ATP6V1C1.
Genes de-regulated by TMEM207 overexpres-
sion exclusively, were grouped in the pathway
of response to hypoxia: HIF3A, PTEN, MYC,
TGFB2, TGFB3 and others. Negative regulation
of angiogenesis was assigned specifically to
TMEM116 overexpression exemplified by ISM1,
THBS4 and TNMD genes.

TMEM72 de-regulated genes were uniquely
allocated to protein phosphorylation pathway
represented by MAPK13, MAPK15 and MAPK4

(See Supplementary Table 1B).

We were particularly interested in genes de-
regulated explicitly by overexpression of indi-
vidual TMEMs, and found 43 TMEM213-specific
genes, 148 TMEM207-specific, 88 TMEM116,
34 TMEM72, and 70 TMEM30B-specific genes.
In case of TMEM213, the most interesting can-
didates include ATP6V1C1 (] 2,04), cilium-local-
ized GPR19 (]2,31), transcription factors:
HOXA7 (]2,18), ZNF506 (12.06), ZNF785
(12,01) and NQO1 (] 2,16) de-regulated in many
tumors. Most notably, TMEM207-specific genes
represented Solute Carrier Family: SLC13A3
(12,07), SLC25A24 (]2,11), SLC25A45 (]2,38),
SLC30A10 (12,03), immune modulation: FOXI3
(12,08), IKZF2 (]2,22) and tumorigenesis:
IQANK1 (12,41), KLK10 (12,30), KRCC1 (| 2,90).
Interestingly, TMEM116-specific genes includ-
ed ERG (12,06), RUNX3 (12,05) and TNK1
(12,05) implemented in tumorigenesis, cilium
function: CFAP221 (]2,05), PLA2G3 (15,13)
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and kidney function: CLCNKB (]2,73). TLR1
(15,54) is the most interesting TMEM72-specific
gene, although its overexpression led to de-
regulation of cell cycle genes as well: FRK
(12,84), GADD45B (12,02). Metalloproteinase
MMP17 (|7,28) accompanied by MMP inhibitor
TIMP3 (12,01), proto-oncogene PIM3 (12,01)
and sodium channel SCNN1B (13,39) represent
TMEM30B-specific genes.

In attempt to elucidate TMEM involvement in
the etiology of ccRCC we cross-referenced
names of genes de-regulated in ccRCC using
TCGA RNAseq data with overexpression data
derived from HEK293. As a result of GO analy-
sis genes assigned to five general categories:
developmental processes, cellular develop-
mental processes, regulation of developmental
processes, cell adhesion and cell projection
processes were shared throughout all data
sets.

Genes grouped into cellular protein modifica-
tion process, glycosylation, negative regulation
of vasculature development and blood vessel
morphogenesis and regulation of epithelial cell
proliferation were shared exclusively with
TMEM213 (See Supplementary Table 1C).

Most significantly cell junction assembly and
regulation of adaptive immune response,
together with cellular carbohydrate biosynthet-
ic process were assigned to TMEM207. Genes
de-regulated by TMEMZ116 overexpression
common with ccRCC de-regulated genes were
collected into cell population proliferation, pro-
tein modification process, insulin-like growth
factor receptor signaling pathway and negative
regulation of hormone metabolic process.
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Figure 5. Functional analysis of TMEM de-regulated genes using topGO.
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Figure 6. Schematic representation of the structure of investigated TMEM genes (A-E). TMEM isoform expression in
ccRCC tumors derived from Polish patients (F-H).

selected TMEMs in the processes de-regulated
in ccRCC.

Most notably, protein phosphorylation and glu-
tathione metabolic process characterized
genes common with TMEM72 overexpression.
TMEM30B overexpression and TCGA data
shared genes assigned to regulation of tran-
scription, DNA-templated, regulation of RNA
metabolic process, positive regulation of ste-
roid biosynthetic process.

TMEM mRNA isoforms

Exon composition of TMEM mRNAs was deter-
mined using ENSEMBL, NCBI, UCSC and
ISOexpresso. TMEM213 has two mRNA iso-
forms due to alternative use of 3’ splice site in
intron 1 (Figure 6A). In consequence exon 2
contains or lacks the AAG codon. The protein

All in all, these observations, although indirect,
give us an indication of potential involvement of
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isoform TMEM213_ORF1 is 107aa long and
TMEM213_ORF2 lacks lysine at the position of
27aa. Repeat-rich gene structure of TMEM213
and three nucleotide difference in the sequence
rendered it impossible to detect both isoforms
with gPCR. Only one TMEM207 mRNA isoform
encoding a protein of 146aa has been reported
(Figure 6B), and TMEM207 is expressed in
kidney and down-regulated in ccRCC as shown
previously [6]. Three TMEM116 isoforms we-
re expressed in kidney and ccRCC tumors:
TMEM116_ORF1, TMEM116_ORF2 and TM-
EM116_ORF3 (Figure 6C). The longest TM-
EM116 transcript (TMEM116_ORF1) encodes a
protein of 337aa, 245aa variant (TMEM116_
ORF2) could be translated from a second AUG
codon located in exon 7 as a result of exon 3
exclusion. Exclusion of exon 10 led to utilization
of the third AUG codon in exon 9 of TMEM116
and generation of a transcript spanning 151aa
(TMEM116_0ORF3). In ccRCC TMEM116 exons
3 and 10 are alternatively spliced, and exon 3
inclusion is common in healthy tissue, though it
is excluded in up to 5% of ccRCC tumors (P =
8.054e-05) (Figure 6F). Exon 10 inclusion in
controls reached 50%, while in ccRCC signifi-
cantly increased up to 95% (P = 3.553e-05)
(Figure 6F).

TMEMT72 transcript undergoes alternative splic-
ing of exon 2 (Figure 6D), and in consequence
two isoforms are generated: TMEM72_ORF1
and TMEM72_ORF2, encoding proteins of
275aa and 157aa, respectively. Exclusion of
exon 2 leads to the loss of all predicted trans-
membrane domains (Figure 6D, lower panel). In
ccRCC tumors, exon 2 exclusion occurs more
frequently as compared to controls (6%) but
does not reach statistical significance (P >
0.05) (Figure 6G).

Differential primary transcript processing
has been reported for TMEM30B (CDC50B)
(Figure 6E). First variant encodes the full length
351aa long protein. The remaining two iso-
forms are a consequence of intron removal
(TMEM30B_201, TMEM30B_203). These iso-
forms share a start codon but have different
length of 5 and 3’ ends. Both isoforms
(TMEM30B_201, TMEM30B_203) do not con-
tain an ORF, and are not translated. Frequency
of both mRNAs decreases in ccRCC tumors
as compared to control tissue (Figure 6H),
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although only in case of TMEM30B_201 this
alteration is statistically significant (P = 7,
07e-05).

Mutations in TMEM genes

To analyze if potential de-regulation of TMEMs
occurs due to the presence of mutation in
TMEM genes we performed amplicon sequen-
cing which yielded 12, 09 GB of data, with read
lengths ranging from 145 to 250 bp (mean:
189 bp). All 96 samples were included in down-
stream analysis with 0.1-0.4 million aligned
reads per sample. We found previously report-
ed benign polymorphisms in TMEM213, 207,
116 and 30B (See Table 1). No sequence vari-
ants were detected in TMEMT72. Interestingly,
two potentially damaging nucleotide substitu-
tions were identified in ccRCC tumors in
TMEM213 (rs780125224) and TMEM30B. The
MutPred tool from Ensembl Variant Effect
Predictor classifies rs780125224 in TMEM213
as “Loss_of_helix” in the transmembrane do-
main, although with a weak statistical strength
(P = 0.3949). A/C substitution in TMEM30B
(chr. 14, position 61747114) leads to replace-
ment of valine by glycine localized in the helical
part of exoplasmic loop and is assigned as
damaging or possibly damaging, likely causing
loss of protein stability (P = 0.0151). As a find-
ing it is particularly notable since this mutation
has not been reported previously.

Chromosome rearrangements of TMEM loci

In order to investigate if the down- regulation of
TMEM expression in ccRCC tumors is caused
by presence of chromosomal rearrangements
we performed targeted high resolution chromo-
somal aberration analysis of five investigated
TMEMs in 50 tumors and 12 control samples
(previously published GWAS data) [46]. Control
tissues, collected from surgical margin and
identified histopathologically as pathologically
unchanged did not contain any genomic copy
number variants (CNVs) > 0.5 Mb. As shown in
Table 2 TMEM213 locus was unaltered in 86%
of the samples, with only six tumors displaying,
interestingly, gains and one - LOH. Similarly
chromosomal rearrangements were infrequent
in TMEM207, 116 and 72 with 82%, 92% and
92% samples, respectively, with no acquired
CNVs. Losses in TMEM3O0B locus were
observed in 14 ccRCC tumors (28%), which

Am J Cancer Res 2023;13(5):1863-1883



Characterization of ccRCC de-regulated TMEM proteins

Table 1. List of identified variants in TMEM genes

Number of

. VAF ClinPred_  ClinPred ClinPred :
Gene samples  Chr Pos Ref Alt Type Mutation ) EUR_AF - - - dbSNP Cosmic
. (this study) pred rankscore score
with SNP
TMEM213 1 7 138487711 C T missense_variant gCg/gTg|p. 0,0104 - Damaging 0,53727 0,886820972 rs780125224 COSV100022911/
Ala74Val COSM8205530
TMEM213 81 7 138486096 G C missense_variant aGc/aCc|p. 0,5833 0,6282 Tolerated 0,0001 0,001069661 rs61729750 COSV59473104/
Ser36Thr COSM3762403
TMEM207 1 3 190167534 G A missense_variant cCg/cTg|p. 0,0104 0,002 Tolerated 0,00436  0,016818344 rs148503262 -
Pro22Leu
TMEM207 20 3 190158168 G C missense_variant Ctg/Gtg|p. 0,1041 0,1441 Tolerated 0,00525 0,018002078 rs35161724 -
Leu57Val
TMEM116 1 12 112374634 C G missense_variant aaG/aaC|p. 0,0052 - Tolerated 0,22335 0,23816872 rs966536180 COSV61392769/
Lys150Asn COSM357502
TMEM116 25 12 112375990 A C missense_variant Tgt/Ggt|p.Cys- 0,1354 0,165 Tolerated 0,00006 0,000635603 rs3752630 COSV61392290/
114Gly COSM3998670
TMEM30B 1 14 61747114 A C missense_variant gTg/gGg|p. 0,0104 - Damaging  0,86174  0,994711518 - -
Val251Gly
TMEM30B 3 14 61747594 G A missense_variant cCc/cTc|p. 0,0156 0,0398 Tolerated 0,00041 0,003888279 rs137950125 -
Pro91Leu
TMEM30B 7 14 61748487 C G 5_prime_UTR_ |c.-622G>C 0,0364 0,0219 - - - rs77080549 -

premature_start_
codon_gain_vari-
ant
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Table 2. Percentage of observed chromosomal changes: gains, losses and LOH in TMEM loci in

¢cRCC tumors (n = 50)

No relation to chromo-

i LOH
Gene name Chromosqmal Loss Gain somal aberrations
localization
% n % n % n % n
TMEM213 7934 0% 0 12% 6 2% 1 86% 43
TMEM207 3928 4% 2 8% 4 6% 3 82% 41
TMEM30B 14923.1 28% 14 2% 1 0% 0 70% 35
TMEM72 10q11.21 4% 2 2% 1 2% 1 92% 46
TMEM116 12q24.13 0% 0 4% 2 4% 2 92% 46

Standard settings for SNP arrays in Nexus were adjusted: a cutoff value of 0.15 (> 10 probes), homozygous frequency thresh-
old of 0.95 and minimum loss of heterozygosity (region with LOH) length of 2000 kb and > 50 probes were set. QC measure-
ment in Nexus was used as a measure of the array profile quality (QC < 0.13).

may suggest chromosomal aberrations could
partially contribute to its down-regulation in
this tumor type.

Tumor microenvironment

It has been previously reported that among all
the TCGA analyzed tumors ccRCC has one of
the highest levels of the immune infiltration [4].
Since membrane proteins often perform func-
tions related to the immune system, such as
receptors of co-receptors, we asked if TMEMs
could be implicated in the attraction of immune
cells into tumor environment. To test this
hypothesis, we performed a gene set enrich-
ment analysis using DEG from the TCGA KIRC
RNA-Seq. We observed that the immune infil-
tration of ccRCC is significantly higher than the
presence of immune cells in controls (see
Figure 7). TREGs were particularly interesting,
because they can inhibit immune response,
promote cytotoxicity, accelerate T-cell exhaus-
tion, can inhibit the checkpoint receptors, and
suppress the secretion of immunosuppressive
cytokines [47].

To determine the potential relation of TMEMSs to
the immune score, correlation and partial cor-
relation were calculated, and the genes with
correlation/partial correlation of at least +/- 0.3
and FDR lower than 0.01 were selected. Among
those genes, TMEM72 was positively correlat-
ed with the TREG signature (0.37, FDR =
4.2826E-19) (Figure 7B). TMEM72 was also
partially correlated with the TREG signature
(0.36, FDR = 8.7924E-62) (Figure 7C). This
result suggested that TMEM72 might poten-
tially play part in the attraction of regulatory
T-cells to the tumor microenvironment.
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Discussion

Integral membrane proteins are involved in
essential cell functions such as bioenergy
transduction, transmembrane transfer of nutri-
ents and drugs, signal detection and cell-to-cell
communication, adhesion etc. Membrane pro-
teins constitute about 30% of the entire protein
content of the cell and comprise about 60% of
all pharmaceutical targets and differential reg-
ulation of transmembrane proteins could be
observed in many cancers, including ccRCC [6,
7].

Structurally TMEM213, 207, 116, 72 and 30B
are poorly characterized. Firstly, their predicted
membrane bound status has not been con-
firmed experimentally up to date. Several stud-
ies show the proteins localize in membrane-
associated environment (TMEM207, 116, 72,
30B), but do not provide the evidence of such
association [20, 23, 24, 48]. Here, based on
their intracellular dynamics, we confirm that
both TMEM213 isoforms, TMEM207, three
TMEM116 isoforms, TMEM72_OFR1 and
TMEM30B are membrane -bound, except for
TMEM72_ORF2 in agreement with predicted
loss of transmembrane domains due to alter-
native splicing. Similarly, the orientation of
selected TMEMs within the membrane has not
been investigated. Using fluorescence protein
protection assay we show that N-terminus of
TMEM213, C-termini of TMEM207, 116, and
TMEMT72 are directed toward the cytoplasm,
and both ends of TMEM30B face the
cytoplasm.

We also studied the presence of signal pep-
tides on N-termini of these proteins predicted
in silico for four TMEMs, with exclusion of
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A
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Figure 7. A. Immunoscores obtained from the CIBERSORT analysis. Out of the 22 signatures tested, 12 were signifi-
cantly different between control and ccRCC tissue (P-value < 0.05). B. Positive correlation with Treg immunoscore of
downregulated genes. C. Positive partial correlation with Treg immunoscore of downregulated genes.

TMEM3O0B. The function of these signal pep-
tides direct newly synthesized proteins from
the cytoplasm to ER and to end-point organ-
elles. We identified sequences of such signal
peptides for TMEM213, 207, and TMEM72_
ORF2 and demonstrated localization of ex-
pressed constructs in ER.

There is more literature available concerning
the localization of the five TMEMs in the cell.
TMEM213_0ORF1, predicted to be localized in
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ER, was shown here to be confined to early
endosomes, although the second isoform, lack-
ing one AAG codon, was observed in both early
endosomes and cytoplasm.TMEM207, 116 and
30B were localized in ER. TMEM30B was previ-
ously described to localize in ER in THP-1 and
U20S cells and our observations are in line with
these findings [24]. Expression of TMEM116
was found in lung epithelium, but not specified
to an organelle [21], while TMEM207 colocal-
ized with WWOX in the cytoplasm in oral squa-
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mous cell carcinoma cell lines, and in the cyto-
plasm of gastric cancer tissues [48]. Just
recently, Ding et al. published an extensive
characterization of the structure of TMEM72,
reported TMEM72 likely contains four trans-
membrane domains and its C-terminus drives
anterograde protein transport. The authors
found the protein is localized in plasma mem-
brane of HEK293 cells [22]. Here we identified
TMEM72 in early endosomes in addition to
plasma membrane, which could be likely
explained by dynamics of cellular protein
transport.

In general, information concerning the function
of TMEM213 is limited. Published articles sug-
gest correlation of mMRNA expression levels with
different patient survival rates as reported for
lung adenocarcinoma and head and neck squa-
mous cell carcinoma [17, 18]. Apart from genes
grouped into rather general terms, overexpres-
sion of TMEM213 leads to de-regulation of
genes classified in pathways of ion and trans-
membrane transport, suggestive of close func-
tional relationship with other membrane
proteins.

The involvement of TMEM207 in carcinogene-
sis was first proposed in gastric signet-ring cell
carcinoma and oral squamous cell carcinoma
[20, 48]. TMEM207 appears to block the tumor
suppressor function of WWOX and may com-
pete with WWOX-interacting oncogenic mole-
cules to impede its tumor suppressor function.
Bunai et al. found that TMEM207 promoted
aerobic glycolysis of oral squamous cell carci-
noma by inhibition of WWOX regulation of HIF1a
protein. TMEM207 may also participate in
intestinal innate immunity since its expression
correlated inversely with expression of intelec-
tin-1 [21] and recently combination of ClptmiL
and TMEM207 expression was proposed as a
prognostic marker in oral squamous cell carci-
noma [19]. Interestingly in this study TMEM207
overexpression leads to de-regulation of genes
involved in response to hypoxia, although not
HIF1la directly, but transcriptional regulator in
adaptive response to low oxygen: Hypoxia
Inducible Factor 3 Subunit Alpha (HIF3a), which
may support its involvement in response to
hypoxia.

In contrast to ccRCC tumors full length
TMEM116 is highly expressed in non -small-cell
lung cancer (NSCLC) tissues and cell lines [49].
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In vitro studies suggest that inactivation of
TMEM116 inhibits cell proliferation, migration,
and invasiveness of human cancer cells. In
addition, TMEM116 deficiency inhibited PDK1-
AKT-FOXO3A signaling pathway. Our results
suggest that overexpression of TMEM116 trig-
gers de-regulation of genes involved in the
development of nervous system (presynapse/
synapse assembly, regulation of dopamine
secretion and synaptic transmission), but also
genes designated to negative regulation of
angiogenesis pathway. None of the genes
encoding proteins in  PDK1-AKT-FOXO3A
pathway were significantly de-regulated by
TMEM116 overexpression [22], but this obser-
vation is not surprising since previous reports
described experiments on protein, and not
MRNA level.

The most interesting pathway enrichment was
observed for TMEM72 overexpression, where
we find deregulated genes cluster in a group
assigned as protein phosphorylation pathway.
We know from Ding et al. [22], that TMEM72
takes part in the anterograde protein transport
in the cell, which might be connected with sig-
nal transduction since MAPK13, MAPK15,
MAPK4, TGFB2, TLR3, TLR6, TNF exemplify
genes categorized to this pathway.

Information on TMEM30B (CDC50B) is also lim-
ited. Most of the available data concerns its
family member CDC50A - crucial for the activity
of multiple P4-ATPases implemented in regula-
tion of proinflammatory cytokines, MAP kinase
signaling and NF-kB activation [23]. Van der
Velden reported co-immunoprecipitation of
TMEM30B with ATP8B1 and ATP8B2, distinctly
linking it to P4-ATPases [24]. TMEM30B expres-
sion was also reported to correlate with worse
overall survival in patients with high-grade
serous ovarian cancers [25]. Genes de-regula-
ted by TMEM30B overexpression are grouped
into pathways of transcription regulation and
biosynthesis, mainly transcription factors, with
a significant overlap in genes between the
three groups (ZNF, IRF, SOX, HOX genes). We
also find ATP2B3 gene in the list of de-regula-
ted genes, supporting previous link between
TMEM3O0B and ATPases.

Finally, we were especially interested in the
contribution of TMEMs to ccRCC etiology and
the origin of such significant down-regulation of
these genes on mRNA level in ccRCC tumors.
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Since selected TMEMs are expressed in multi-
ple isoforms we examined exon inclusions and
exclusions occurring in ccRCC tissues and
found statistically significant exclusion of exon
3 and 10 in TMEM116, suggestive of preferen-
tial TMEM116 splicing in this tumor type. In line
with ccRCC TCGA data we found a very limited
number of mutations in TMEM genes, with one
novel and potentially harmful A/C substitution
in TMEM3O0B causing replacement of valine by
glycine in the helical part of exoplasmic loop.
This observation supports the notion that
mutations in TMEM genes are not the cause of
their de-regulation in ccRCC. Similar conclu-
sions can be drawn due to the lack of chromo-
somal aberrations in these genes in ccRCC,
with exception of TMEM3O0B locus, with losses
observed in nearly 30% of tumors. These find-
ings point towards a different mechanism of
TMEM down-regulation in this kidney cancer. In
attempt to find more indications concerning
TMEM contribution to cRCC etiology we also
performed comparison of gene names between
ccRCC TCGA and overexpression datasets (also
taking into consideration the directionality of
expression changes). Gene ontology analysis of
common genes showed gene enrichment in
pathways established to be de-regulated in
ccRCC tumors, like glycosylation and negative
regulation of vasculature development/blood
vessel morphogenesis (TMEM213), positive
regulation of adaptive immune response
(TMEM207), insulin-like growth factor receptor
signaling pathway, negative regulation of hor-
mone metabolic process and protein modifica-
tion (TMEM116). In case of TMEM72, the
observation that both datasets shared gene
enrichment in protein phosphorylation pathway
is especially promising, since it may support
the potential involvement of TMEM72 in cell
signaling as also indirectly suggested by our in-
silico analysis of tumor microenvironment.
Regulation of transcription and biosynthesis
showed up as common with TMEM3O0B.
Although indirect, this comparison serves as
an indicator of cellular processes the five TMEM
proteins may contribute to in ccRCC tumors.

In summary, TMEM213 protein localizes in
early endosomes, contains a signal peptide on
N-terminus, its C-terminus is directed towards
cytoplasm, and it may contribute to processes
like glycosylation and regulation of vasculature
in ccRCC tumors. We confirmed TMEM207 to
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be a membrane protein localized in EE, with
N-terminal cleavable signal peptide and
C-terminus directed towards the cytoplasm,
likely involved in cellular biosynthesis and regu-
lation of adaptive immune response in ccRCC.
TMEM116 was found to localize in ER with
C-terminus facing the cytoplasm and to contain
cleavable signal peptide on N-terminus. It may
also contribute to ccRCC etiology with its
involvement in protein modification processes.
We found TMEM72 to localize in early endo-
somes and plasma membrane, with C-terminus
facing the cytoplasm. It also contained
N-terminal cleavable signal peptide and may
take part in protein phosphorylation/signaling
in ccRCC tumors. Lastly, TMEM30B we found
TMEMS3O0B to be confined to ER, with both ends
being cytoplasmic and likely involved in regula-
tion of transcription and biosynthesis in ccRCC.

All in all, the body of information on TMEM
structure, localization and function slowly
becomes more extensive and complementary
data may soon lead to unraveling their exact
function in the cell. Although we obtained vast
data on the structure of TMEM213, 207, 116,
72 and 30B, their exact contribution to ccRCC
etiology requires validation and further, in-
depth studies.
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