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Abstract. Tuberous sclerosis complex (TSC) is a rare 
disease that threatens multiple organs in the human body. 
TSC‑associated renal angiomyolipoma (TSC‑RAML) has 
potentially life‑threatening complications and a generally poor 

prognosis. The present study aimed to find plasma proteomic 
diagnostics and disease‑associated markers, and explore the 
tumor microenvironment using multi‑omics. To achieve this 
goal, the plasma proteomics as well as tissue proteomics, 
bulk and single‑cell RNA transcriptome from patients with 
TSC‑RAML were examined and analyzed. The results 
suggested that plasma proteins such as MMP9 and C‑C motif 
chemokine ligand 5 were able to differentiate TSC‑RAML 
from sporadic angiomyolipoma and renal cyst. A correlation 
analysis revealed that plasma proteomics were associated 
with lymphangioleiomyomatosis, TSC‑RAML grading and 
whole‑body disease burden. Tissue proteomics of participants 
with TSC‑RAML revealed disturbed small molecule catabolic 
process, mitochondrial matrix component and actin binding 
function. Bulk and single‑cell RNA sequencing suggested 
a greater number of tumor‑like cells, fibroblasts and mono‑
nuclear macrophages within the tumor microenvironment. 
The above results indicated that TSC‑RAML exhibited a 
characteristic and disease‑associated plasma proteomic 
profile. The unique microenvironment, made up of fibroblasts 
and mono‑macrophages, may promote tumorigenesis and 
TSC‑RAML progression.

Introduction

Tuberous sclerosis complex (TSC) is a rare autosomal domi‑
nant disease, caused by the heterozygous germline mutations 
in TSC1 or TSC2 genes on chromosome 9 and 16, respectively. 
According to the research, the overall mutation detection rate 
among patients with TSC is 85‑90% and 10‑15% of patients 
were not identified (1). Regarding the pathologic mechanism for 
non‑mutation patients with TSC, numerous theories have been 
put forward, including somatic mosaicism or intronic splicing 
variants affecting TSC1 or TSC2 (2). TSC affects multiple 
organs throughout the body, although two‑thirds of all cases 
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are sporadic (1). According to research, the incidence within 
newborn children is 1:6,000‑10,000. Without disentangling 
differences between ethnic groups or gender preferences (3), 
there are currently two million individuals living with TSC 
worldwide (2). Treatments for TSC require interdisciplinary 
cooperation and coordination from specialists within various 
fields, as TSC is characterized by hamartomas within multiple 
organs, including the brain, lungs, skin, kidneys, heart and 
eyes (3).

Angiomyolipomas are the most common type of 
TSC‑related renal lesions, affecting 55‑75% of all cases 
of TSC. The abnormal vasculature (including aneurysms) 
may result in spontaneous life‑threatening bleeding, which 
is a leading cause of early death in adult patients with 
TSC (4‑6). The pathological loss of heterozygosity resulting 
from tumor‑suppressor mutation of TSC genes disables the 
inhibitory role in controlling mammalian target of rapamycin 
(mTOR). The mTOR pathway is a crucial signaling pathway in 
regulating cellular growth and metabolization, and overactive 
mTOR therefore leads to the formation of hamartoma (3,7). 
Accordingly, mTOR inhibitors such as everolimus have 
been approved for the treatment of TSC‑associated renal 
angiomyolipoma (TSC‑RAML) and subependymal giant cell 
astrocytoma (SEGA) (7). The Exist‑2 study (NCT00790400) 
is a double‑blind, placebo‑controlled, phase III trial which 
confirmed the efficacy of everolimus in reducing renal angio‑
myolipoma volume with an acceptable safety profile (8). In 
addition, the Exist‑2 trial indicated that the plasma levels of 
VEGF‑D diminished after everolimus treatment, which corre‑
lated with the TSC‑RAML volume, indicating that VEGF‑D 
may be used as a prognostic marker (8).

Unlike sporadic angiomyolipoma (S‑AML), TSC‑RAML 
has unique pathologic behaviors, including bilateral, early 
onset in multiple sites  (9). Therefore, questions remain 
regarding how to differentiate TSC‑RAML from S‑AML as 
a diagnostic marker, as well as the functional mechanism. 
Undoubtedly, its low prevalence limits the availability of 
the precious samples and feasibility of gaining insight into 
the mechanisms involved. The aim of the present study was 
therefore to identify potentially useful diagnostic markers and 
to assess their relationship with the tumor and whole‑body 
burden, as well as to explore the tumor microenvironment.

Patients and methods

Patients and samples. A total of 25 consecutive patients with 
TSC diagnosed according to the 2012 diagnostic criteria from 
the International Tuberous Sclerosis Complex Consensus 
Conference (10) at Peking Union Medical College Hospital 
(Beijing, China) between November 2016 and November 2017 
were enrolled. All participants were ≥18 years old and had at 
least 1 TSC‑RAML with a size of >3 cm. All participants were 
subjected to next‑generation sequencing to identify TSC1 or 
TSC2 mutation types. Blood samples from patients with TSC 
at baseline and after 3‑6 months of being administered evero‑
limus were collected. Those without plasma samples in our 
sample bank or concurrent malignant tumors or metabolomic 
diseases, such as diabetes or hyperlipidemia, were excluded.

Maximum renal tumor volumes and pulmonary lymphan‑
gioleiomyomatosis (LAM) status were assessed independently 

by radiologists and respiratory physicians using computed 
tomography in a clinical setting. In addition, another 
25  patients with renal cyst and 25  patients with S‑AML 
were simultaneously enrolled to establish a control group. 
To further explore the tissue proteomics and transcriptome, 
15 paired TSC‑RAML tumor and non‑tumor normal tissues 
(NATs) were collected from the surgery room of Peking 
Union Medical College Hospital (Beijing, China) between 
November 2016 and November 2021. After sample selection 
and quality control, 8 paired TSC‑RAML tumor and NATs 
were enrolled into the following proteomic experiments, 
as well as 10 tumor and 8 NATs into the RNA sequencing 
experiments. In addition, proteomic experiments were also 
conducted on another cohort of 8 paired S‑AML tumor and 
NATs during the same time period to establish control groups.

The present study was approved by the Institutional 
Review Board in Peking Union Medical College Hospital and 
the Institute of Basic Medical Sciences, Chinese Academy of 
Medical Sciences (Beijing, China; approval no. KS2020127). 
Informed consent was requested and obtained from each 
patient prior to being accepted to participate.

Genotype and phenotype. TSC gene mutations were further 
divided into five types, namely frameshift mutation, missense 
mutation, nonsense mutation, other mutations e.g. splicing 
abnormality and gene deletion, and no mutation. TSC‑RAML 
was graded according to the Renal Angiomyolipoma Staging 
Criteria Proposed by the University Medical Center Utrecht: 
Stage 1 to 6 (11). The LAM status was determined by radi‑
ologists and respiratory specialists in this field and graded as 
either 0 (without LAM) or 1 (with LAM). The whole‑body 
disease burden was calculated for each participant as the sum 
of AML grading and LAM status, with scores ranging from 
1 to 7.

Plasma and tissue proteomics according to ultra‑performance 
liquid chromatography mass spectrometry (UPLC‑MS)
Plasma sample collection and pre‑experiment processing. For 
blood samples, 4 ml EDTA tubes, containing whole blood, 
were collected in the morning between 07:00‑09:00 am after 
overnight fasting to reduce the effect of the diet. Plasma and 
peripheral blood mononuclear cells were isolated through 
density gradient centrifugation over Ficoll‑Hypaque, at room 
temperature, within 1 h of initial collection. The plasma layer 
was extracted and then stored at ‑80˚C until the formal experi‑
ment.

High Select™ Top14 Abundant Protein Depletion Mini 
Spin Columns (Thermo Fisher Scientific, Inc.) were applied 
to eliminate extraneous proteins in the plasma following the 
manufacturer's instructions and 30‑µl samples were obtained 
after the above process. From each sample, 10  µl were 
removed to measure protein concentrations using the Pierce™ 
BCA assay protein assay kit (cat. no. 23225; Thermo Fisher 
Scientific, Inc.).

Tissue sample preparation for proteomics. Tumor tissues 
and NATs were removed in the operation room and were trans‑
ferred into liquid nitrogen within 0.5 h and preserved until the 
experiments took place. Approximately 25‑120 mg tissue was 
homogenized separately in an appropriate volume of lysis 
buffer [i.e. 2% SDS, 20 mM Tris, cocktail (1:100 dilution), 
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DNAse (1:100 dilution), RNAse (1:1,000 dilution)] by repeated 
vortexing. The protein concentration was determined using 
the Pierce™ BCA assay protein assay kit.

Protein digestion. Dithiothreitol (20 mM for every 100 mg 
of protein within each sample) was applied for protein reduc‑
tion for 5 min at 95˚C and subsequently alkylated with 50 mM 
iodoacetamide for 45 min at room temperature in the dark. 
The filter‑aided sample preparation technique was performed 
to digest proteins and 30 kDa filter devices (Pall Filtersystems 
GmbH) were used. Trypsin (Trypsin Gold; mass spec grade; 
Promega Corporation) was added (enzyme to protein ratio, 
1:50) and incubated at 37˚C overnight. After centrifugation at 
14,000 x g (4˚C, 10 min), ~30 µl liquid was retrieved from each 
sample.

Quality control samples were taken from randomly selected 
representative samples and injected with formal samples. All 
of the samples were loaded on the autosamplers with a mixture 
of indexed retention time (iRT).

Electron spray ionization (ESI)‑LC‑MS/MS for proteome 
library generation. Pooled peptide samples of each group 
were separated by high‑pH reverse phase LC columns 
(4.6x250 mm, C18, 3 µm; Waters Corporation) and then loaded 
onto the column in buffer A1 (H2O; pH 10) using a Waters 
H‑class UPLC (Waters Corporation). The elution gradient was 
5‑30% buffer B1 [90% acetonitrile (ACN); pH 10; flow rate, 
1 ml/min] over 30 min.

The eluted peptides were collected at one fraction per 
minute. After lyophilization using a CENTRIVAP (ChristRVC 
2‑25 CD plus; Martin Christ GmbH), the 30 fractions were 
resuspended in 0.1% formic acid and then concatenated into 
10 fractions by combining fractions 1, 11, 21, etc. To generate 
the spectral library, the fractions from RPLC were analyzed in 
data‑dependent acquisition (DDA) mode using an EXPLORIS 
480 (Thermo Fisher Scientific, Inc.). The parameters were set 
as follows: the MS was recorded at 350‑1,500 m/z at a resolu‑
tion of 60,000 m/z; the maximum injection time was 50 msec, 
the auto gain control (AGC) was 1x106, and the cycle time 
was 3 sec. MS/MS scans were performed at a resolution of 
15,000 with an isolation window of 1.6 Da and high‑collision 
dissociation (HCD) collision energy of 32%; the AGC target 
was 50,000 and the maximum injection time was 30 msec.

ESI‑LC‑MS/MS for proteome data‑independent acquisi‑
tion analysis. Digested peptides were dissolved in 0.1% formic 
acid and separated on an RP C18 self‑packing capillary LC 
column (75 µm x 150 mm, 3 µm; Dr Masch GmbH). The eluted 
gradient was 5‑30% buffer B2 (0.1% formic acid and 99.9% 
ACN; flow rate, 0.3 µl/min) for 60 min. For MS acquisition, 
the variable isolation window data‑independent acquisition 
(DIA) method with 38 windows was developed. The specific 
window lists were constructed based on the DDA experiment 
of the pooled sample. The full scan was set at a resolution of 
120,000 over the m/z range of 400 to 900, followed by DIA 
scans with a resolution of 30,000; the HCD collision energy 
was 32%, the AGC target was 1E6 and the maximal injection 
time was 50 msec.

Spectral library generation. To generate a compre‑
hensive spectral library, a pooled sample from each group 
was processed. DDA data were processed using Proteome 
Discoverer software (Thermo Fisher Scientific, Inc.) and 
searched against the human UniProt database (https://sparql.

uniprot.org/) appended with the iRT fusion protein sequence 
(Biognosys AG).

A maximum of two missed cleavages for trypsin were 
used, cysteine carbamidomethylation was set as a fixed modi‑
fication and methionine oxidation deamination and +43 on Kn 
(Carbamyl) were used as variable modifications. Parent and 
fragment ion mass tolerances were set to 10 ppm and 0.02 Da, 
respectively. The applied false discovery rate (FDR) cut‑off 
was 0.01 at the protein level. The results were then imported to 
Spectronaut Pulsar software (Biognosys AG) to generate the 
spectral library.

In addition, DIA data were imported into Spectronaut 
Pulsar software and searched against the human UniProt 
database to generate the DIA library. The final library was 
generated by combining the DDA and DIA libraries of all 
samples.

Data analysis. DIA‑MS data were analyzed using 
Spectronaut Pulsar (Biognosys AG) with default settings. 
All results were filtered with a Q‑value cutoff of 0.01 which 
corresponded to an FDR of 1%. Proteins identified in >50% of 
the samples in each group were retained for further analysis. 
Missing values were imputed based on the k‑nearest neighbor 
method.

Raw proteomics data were transformed with log2 and 
then centralized. Supervised orthogonal partial least squares 
discriminant analysis (O2PLS‑DA) was applied to view the 
distribution tendency of all samples with SIMCA version 14.1 
(Umetrics). The unpaired, two‑sided t‑test was implemented 
to calculate the differentially expressed proteins with the 
software R v4.1.1 (https://www.r‑project.org/).

Bulk RNA sequencing
RNA quantif ication and qualif ication. A total of 10 
TSC‑RAML tumor tissues and 8 paired non‑tumor normal 
tissues samples were resected from the operation room and 
stored at ‑80˚C until final analysis. Subsequently, total RNA 
was isolated from the above tissue using TRIzol (Invitrogen; 
Thermo Fisher Scientific, Inc.). RNA integrity was assessed 
using the RNA Nano 6000 Assay Kit from the Bioanalyzer 
2100 system (Agilent Technologies, Inc.). The following 
RNA‑seq experiments were performed by Novogene (Beijing, 
China).

Library preparation for transcriptome sequencing. 
NEBNext® UltraTM RNA Library Prep Kit for Illumina® 
(New England Biolabs, Inc.) was used to construct sequencing 
libraries following the manufacturer's recommendations. Total 
RNA was used as input material for RNA sample preparations. 
mRNA was purified using poly‑T oligo‑attached magnetic 
beads. Fragmentation was performed using divalent cations 
at an elevated temperature in First Strand Synthesis Reaction 
Buffer (5X). First strand cDNA was synthesized using random 
hexamer primer and M‑MuLV Reverse Transcriptase, then 
RNaseH was used to degrade the RNA. Second strand cDNA 
synthesis was subsequently performed using DNA Polymerase 
I and dNTP. Remanent overhangs were converted into blunt 
ends through exonuclease/polymerase activities. After adenyl‑
ation of 3' ends of DNA fragments, adaptors with hairpin loop 
structures were ligated to prepare for hybridization. In order 
to select cDNA fragments of preferentially 370‑420 bp in 
length, the library fragments were purified with an AMPure 
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XP system (Beckman Coulter, Inc.). Subsequently, PCR was 
performed using Phusion High‑Fidelity DNA polymerase, 
Universal PCR primers and an Index (X) Primer according 
to a previously published protocol (12). PCR products were 
purified (AMPure XP system; Beckman Coulter, Inc.) and the 
library quality was assessed on the Agilent Bioanalyzer 2100 
system (Agilent Technologies, Inc.).

Clustering and sequencing. This experiment was 
performed at the Novogene Experimental Department. The 
clustering of the index‑coded samples was performed on a 
cBot Cluster Generation System using TruSeq PE Cluster Kit 
v3‑cBot‑HS (Illumia, Inc.) according to the manufacturer's 
instructions. After cluster generation, the library preparations 
were sequenced on an Illumina Novaseq platform and 150 bp 
paired‑end reads were generated.

Data processing and differential analysis. Raw data 
(raw reads) in the fastq format were first processed through 
in‑house perl scripts. Reads mapping to the reference genome 
(GRCh38) and gene model annotation files were downloaded 
from the genome website directly (http://www.ensembl.
org/Homo_sapiens/Info/Index). Paired‑end clean reads 
were aligned to the reference genome using Hisat2 v2.0.5 
(http://daehwankimlab.github.io/hisat2/). For the quantifi‑
cation of gene expression levels, featureCounts v1.5.0‑p3 
(http://subread.sourceforge.net/) was used to count the number 
of reads mapped to each gene. Subsequently, the FPKM of 
each gene was calculated based on the length of the gene and 
the reads count was mapped to this gene.

Differential expression analysis was performed using 
the DESeq2 R package v1.20.0. The resulting P‑values were 
adjusted using the Benjamini‑Hochberg approach for control‑
ling the FDR. Genes with an adjusted P<0.05 were assigned as 
being differentially expressed.

Single‑cell RNA sequencing. The single‑cell RNA sequencing 
data (10X data) of a patient with TSC1‑mutated AML were 
downloaded from the Gene Expression Omnibus (GEO) data‑
base (https://www.ncbi.nlm.nih.gov/geo/; GEO accession no. 
GSM4035469) and used to simulate the microenvironment of 
TSC‑RAML, which has been analyzed and presented in the 
original study by Guo et al (13). In addition, the raw experi‑
mental procedures are available in the original article and 
the following steps describe the quality control and analytic 
process.

The quality control and secondary analysis were conducted 
with R v4.1.1 and the Seurate package (14,15). Cells with a 
mitochondrial gene percentage of >30% and with <200 genes 
and >2,500 genes were filtered. After this selection, 1,675 
high‑quality cells were obtained for further analysis. After 
normalization scaling of the raw data, all highly variable 
genes were included into the downstream primary component 
analysis. Elbow‑plot analysis was used to identify signifi‑
cant principal components. With the resolution of 0.5, all 
the cells were classified into 10 groups. The differentially 
expressed genes (DEGs) within groups were found with the 
FindAllMarkers function and the cells were firstly annotated by 
the R package ‘SingleR’ (16) automatically and then annotated 
manually through searching published articles. The top 200 
ranked genes from each cell were then selected to perform gene 
ontology analysis with the R package ‘clusterProfiler’ (17,18). 

The R package ‘monocle’ (version 2.24.1) was used to construct 
the pseudo‑time trajectories (19).

Functional analysis. The Gene Ontology (GO) func‑
tional enrichment was performed with the R package 
‘clusterProfiler’ (17,18). The characteristic modules of each 
subgroup were completed by the weighted gene correlation 
network analysis ‘(WGCNA)’ package (20,21) and the correla‑
tion between modules and clinical information was assessed 
by Pearson correlation analysis. The Gene Set Enrichment 
Analysis (GSEA) application (version  4.1.0) was applied 
to perform GSEA hallmark analysis. The cell composition 
within the tumor microenvironment was calculated with the R 
package ‘MCPcounter’ (22).

Statistical analysis. Unless specially mentioned above, all 
the data analyses were performed and figures were generated 
using R (version 4.1.1) with required packages described in the 
sections above. χ2 and Kruskal‑Wallis tests were used to assess 
the gender and age distribution within different subgroups. 
All of the tests were two‑sided and P≤0.05 was used as the 
threshold for statistical significance.

Results

Baseline information of enrolled patients. A total of 
75 participants with 100 plasma samples were divided into 
four subgroups, namely the pre‑treatment TSC‑RAML (n=25), 
post‑treatment TSC‑RAML (n=25), S‑AML (n=25) and renal 
cyst (CY, n=25) groups. The demographics and clinical infor‑
mation of the patients are summarized in Table I. Among the 
25 patients with TSC‑RAML, 36% (n=9) were male and the 
rates for S‑AML and CY (renal cyst) were 20% (n=5) and 44% 
(n=11), respectively (P=0.186). In terms of age, the subjects 
in the TSC‑RAML group were younger with a median age of 
30 years old, compared with 39 for S‑AML and 45 for CY 
(P<0.001).

In the genotype group (n=25), 76% (n=19) were indicated 
to have TSC2 gene mutations, and among these, nonsense 
mutations were the most frequent with 28% (n=7). This was 
followed by frameshift mutations in 20% (n=5), other muta‑
tions (16%; n=4) and then missense mutations (12%; n=3), as 
presented in Fig. S1A.

In the clinical phenotype group, most TSC‑RAML grades 
were 5 and 6, and were therefore considered severe, suggesting 
a heavy renal tumor burden. Among the 25 participants, 10 
had LAM (40%) and the median whole body disease burden 
was 5 (Table I).

Unique plasma proteomics of patients with TSC‑RAML 
distinguished from cases of S‑AML and renal cyst. After 
censoring and filling missing values, 903  proteins were 
selected for further analysis. First, O2PLS‑DA analysis was 
performed with SIMCA (version 14.1) and a three‑dimen‑
sional distribution of all the samples was established. 
TSC‑RAML plasma proteomic profiling was distinguished 
from S‑AML and renal cyst (Fig. S1B). From the heatmap, 
the characteristic plasma proteomics of TSC‑RAML as well 
as the similarity within everolimus treatment were directly 
observed (Fig. 1).
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Differential analysis was applied to search for 
TSC‑RAML‑specific plasma proteins, regardless of 
the everolimus treatment status. In the volcano plots in 
Fig. 2A, it is apparent that numerous proteins, such as the 
upregulated MMP9, C‑C motif chemokine ligand 5 (CCL5), 
premelanosome protein (PMEL) and the downregulated 
FGB, FGG, EPB41, appear to have differential roles, not 
only in TSC‑RAML as opposed to renal cysts, but also in 
TSC‑RAML vs. S‑AML. PMEL (also known as HMB45) 
has already been regarded as a diagnostic marker for angio‑
myolipoma and MMP9 has been indicated to be elevated in 
TSC‑related cortical tubes and subependymal giant cell astro‑
cytoma at both the protein and transcriptome level (23,24). 
The Venn diagram revealed that there existed 71 proteins 
demonstrating similar differential functions like PMEL and 
CCL5 (Fig. 2A, lower panel).

Proinflammatory chemokine CCL5, responsible for 
recruiting immune cells such as monocytes and T cells to 
the site of inflammation (25), is significantly upregulated in 
TSC‑RAML, suggesting a high inflammatory status. The 
functional enrichment analysis of differentially expressed 
proteins (DEPs) indicated that they were mostly enriched 
in the platelet degranulation, blood coagulation, hemostasis 
(category biological process), secretory granule lumen, 
cytoplasmic vesicle lumen, vesicle lumen (category cellular 
component) and actin binding, sulfur compound binding 

and glycosaminoglycan binding (category molecular func‑
tion). The DEPs mainly participated in the process of blood 
cell function, secretory lumen component and actin binding 
function (Fig. 2B‑D).

Relationship between plasma proteomics with LAM and gene 
mutation status. Previous research has reported that serum 
proteins such as VEGF‑D may be prognostic markers not only 
for TSC‑RAML (8), but also for TSC‑LAM (26). Therefore, 
the impact of LAM on plasma proteomics was explored in 
the present study. The volcano plots and heatmaps in Fig. 3A 
and B suggest that the existence of LAM does not appear 
to influence the plasma proteomics because among the 903 
proteins, only 16 pretreatment and 17 post‑treatment molecules 
were statistically significant. It has been proposed that TSC2 
gene mutation and those producing premature termination 
codons may lead to a severe phenotype (27,28). For plasma 
proteomics, it appears that a TSC2 mutation prior to treat‑
ment has a substantial influence on patients with 31 DEPs and 
S100 family members, such as S100A6, ‑A9 and ‑A12, had a 
tendency to be upregulated among patients with TSC2 muta‑
tion, which has been proved to engage in the neutrophil and 
macrophage accumulation, corresponding cytokine secretion 
and smooth muscle cell proliferation (29‑32). However, after 
receiving everolimus, the number of DEPs was markedly 
reduced (Fig. 3C and D), indicating a reversible pattern after 
treatment.

WGCNA analysis highlights relationship between plasma 
proteomics and disease burden. To assess the tumor 
burden‑associated plasma markers, all the proteins were 
divided into seven whole proteome co‑expression clusters 
using the WGCNA package (Fig. 4). The eigengene module 
(ME) MEturquoise was negatively associated with the AML 
grading and whole‑body disease burden (WBDB), while 
MEred was positively associated with LAM. Functional 
enrichment of MEturquoise suggested that AML and the 
WBDB characteristic module were mostly enriched in 
hydrogen peroxide metabolic process, carbohydrate biosyn‑
thetic process and neutrophil‑mediated immunity (Fig. 5A). 
However, the LAM‑related module MEred was enriched in the 
pathway of complement activation, humoral immune response 
and B cell response (Fig. 5B). The analysis also indicated that 
age and gene mutation status were not directly associated with 
any module (Fig. 4B), suggesting the limited effect of age and 
gene mutation status on plasma proteomics.

Tissue proteomics of patients with TSC‑RAML and WGCNA 
analysis. One of the problems in TSC‑RAML mechanistic 
research is the scarcity of tissue samples, as it is not gener‑
ally recommended to perform surgical interventions for 
TSC‑RAML (33). To validate the above analytic results, nine 
tumor tissues and NATs from patients with TSC‑RAML and 
S‑AML were collected and proteomics analysis was performed 
with UPLC‑MS. Compared with the plasma, protein diversity 
in the tumor microenvironment was much higher with 6,178 
proteins detected (Fig. 6).

From the heatmap in Fig. 6, a relative similarity between 
TSC‑RAML and S‑AML tumors, as well as a similarity 
between TSC‑AML and S‑AML NATs, was also observed. 

Table I. Baseline information of all the enrolled patients.

	 TSC‑AML	 S‑AML	 CY
Item	 (n=25)	 (n=25)	 (n=25)

Sex 			 
  Male 	 9	 5	 11
  Female	 16	 20	 14
Age, years	 30 (18‑42)	 39 (15‑54)	 45 (13‑57)
Gene mutation type			 
  TSC2 	 19	 ‑	 ‑
  None	 6	 ‑	 ‑
AML grading			 
  1	 3	 ‑	 ‑
  2	 2	 ‑	 ‑
  3	 3	 ‑	 ‑
  4	 1	 ‑	 ‑
  5	 7	 ‑	 ‑
  6	 9	 ‑	 ‑
LAM 			 
  Yes	 10 	 ‑	 ‑
  No	 15	 ‑	 ‑
Whole body disease	 5 (1‑7)	 ‑	 ‑ 
burdena

Values are expressed as n or median (range). aWhole body disease 
burden was defined as the sum of AML grading and LAM score. 
AML, angiomyolipoma; S‑AML, sporadic AML; TSC, tuberous 
sclerosis complex; CY, renal cyst; LAM, lymphangiomyomatosis.
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However, the difference between tumors and NATs appeared 
distinct. Among the 6,178 total proteins, there existed 307 
significantly upregulated and 616 downregulated proteins for 
TSC‑RAML together with 417 upregulated and 687 down‑
regulated proteins for S‑AML (depicted in Fig. 7A, top and 
middle panels). GO enrichment of DEPs further validated the 
above result, as both TSC‑RAML and S‑AML had a similar 
enrichment result, namely altered small molecule catabolic 
process, mitochondrial matrix component and actin binding 
function. Both TSC‑RAML and S‑AML appeared to have 
altered lipid metabolization, including lipid catabolic process, 
cellular lipid catabolic metabolism and the fatty acid catabolic 
process (Fig. 7B, top and middle panels).

To explore TSC‑RAML‑specific protein patterns, inter‑
sected proteins with S‑AML were deleted and the enrichment 
result indicated that ATP metabolic process, organic compound 
oxidation, oxidative phosphorylation, mitochondrial‑associ‑
ated compounds and actin binding were the most significantly 
distinguished pathways involved (Fig. 7A‑D, lower panel). 

Additional WGCNA analysis revealed that MEbrown and 
MEturquoise were positively and negatively associated with 
TSC‑RAML, respectively (Fig. 8A and B). Functional analysis 
of the two modules (Fig. 8C and D) highlighted the signifi‑
cant terms of small molecule catabolic process, organic acid 
catabolic process (MEbrown; all GO terms) and translational 
initiation and nuclear‑transcribed mRNA catabolic process 
(MEturquoise; all GO terms), which have been reported previ‑
ously by Lam et al (33).

Tissue RNA sequencing data reveal characteristic 
transcriptome of TSC‑RAML and its unique tumor micro‑
environment composition. Altered proteomics may reflect 
upstream changes in RNA transcriptomes. Therefore, another 
cohort of TSC‑RAML and NATs was also tested (raw data 
are provided in Table SI). From the heatmap, distinguished 
RNA profiling was clearly observed (Fig. 9A). GO enrichment 
indicated that the altered RNAs were mostly enriched in the 
pathways of divalent inorganic cation homeostasis, apical part 

Figure 1. Relationship between plasma proteomics expression and clinical information. AML, angiomyolipoma; TSC, tuberous sclerosis complex; 
LAM, lymphangiomyomatosis.
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of cell, collagen‑containing extracellular matrix and passive 
transmembrane transporter activity (Fig. 9B‑D).

Compared with GO analysis, GSEA may better reveal the 
statistically significant, concordant differences between two 
biological states by ranking the molecules (34,35). From the 
results, it was clear that myogenesis process (Fig. 10A) was 
significantly upregulated, while K‑ras and early‑phase estrogen 
response were downregulated (Fig.  10B and  C). Another 
important process in energy production, oxidation phosphory‑
lation, even though not statistically significant, exhibited an 
upregulation tendency in TSC‑RAML (Fig. 10D).

The R package ‘MCFcounter’ allows for the calculation 
of the absolute abundance of eight immune and two stromal 
cell populations within the tumor microenvironment from 
transcriptomic data (22). It was observed that the fibroblast 
subpopulation within the sample of patients with TSC‑RAML 
was significantly higher than that in NATs. Furthermore, the 
endothelial cells and B lineage exhibited a dramatic reduction, 
indicating the local immune insufficiency in TSC‑RAML 
(Fig. 11A‑C). Due to the critical role of antigen‑presenting 
cells in the adaptive immune response, dendritic cells had a 

decreasing tendency, although not reaching statistical signifi‑
cance (P=0.055; Fig. 11D). Other cell compositional changes 
without significance are presented in Fig. S2.

Single‑cell RNA sequencing identifies TSC‑RAML‑like 
tumor cells and pseudo‑time trajectories analysis reveals 
the developmental routine of tumor cells. The above analysis 
highlighted abnormal stromal and immune cell composition 
within the tumor microenvironment, although direct evidence 
is lacking. Based on the previously published article (13), a 
second‑time analysis was performed. After quality control, 
1,675 high‑quality cells with 17,076 RNAs were selected and 
then classified into 10 subgroups. After sequentially automatic 
and manual annotation, the 10 subgroups were further divided 
into eight cell types (Fig. 12). A heatmap of characteristic 
markers for each cell type is presented in Fig. S3.

The source of TSC‑RAML cells has not been identified 
until now (33), although TSC‑LAM has been suggested to 
have a uterine source (13). According to clinical markers and 
previous research (13), cells with high expression of PMEL, 
CTSK, FIGF, ESR1, HOXA11 and SLC35F1 were defined as 

Figure 2. Plasma proteomics differential and functional enrichment analysis based on different subgroups. (A) The volcano (upper and middle panel) and Venn 
(lower panel) plots reveal differential and TSC‑associated renal angiomyolipoma‑specific proteins. (B) GO biological process enrichment of the differentially 
expressed proteins. (C) GO cellular component enrichment of the differentially expressed proteins. (D) GO molecular functional enrichment of the differen‑
tially expressed proteins. NS, no significance; FC, fold change; AML, angiomyolipoma; TSC, tuberous sclerosis complex; CY, renal cyst; DEG, differentially 
expressed gene; GO, Gene Ontology.
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Figure 3. Impact of LAM and gene mutation status on plasma proteomics. (A) Pre‑everolimus volcano plot reveals differential proteins and the corresponding 
heatmap based on the status of LAM. (B) Post‑everolimus volcano plot reveals differential proteins and the corresponding heatmap based on the status of 
LAM. (C) Pre‑everolimus volcano plot reveals differential proteins and the corresponding heatmap based on gene mutation. (D) Post‑everolimus volcano plot 
reveals differential proteins and the corresponding heatmap based on gene mutation. LAM, lymphangiomyomatosis; NS, no significance; FC, fold change.
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tumor‑like cells and the UMAP result is presented in Fig. S4. 
In terms of cell composition, accumulative monocytes and 
macrophages were observed together with a reduced number 
of T cells within the tumor microenvironment (percentage 
for monocytes, macrophages and T cells is 29, 15 and 7%, 
respectively). The functional enrichment of monocytes and 
macrophages suggested overactive neutrophil activation, 
increased secretory granules and increased actin binding 

process (depicted in Fig. S5). Another striking point is the 
similar RNA expression pattern of smooth muscle cells, fibro‑
blasts and tumor‑like cells (depicted in Fig. 12). The functional 
enrichment regarding the top 200 RNAs of tumor‑like cells 
indicated that the differentially expressed genes (DEGs) are 
mainly involved in the muscle system process, ossification, 
collagen‑containing extracellular matrix and actin binding 
(Fig. 13). Fibroblasts with TSC‑/‑ have been widely applied in 
basic research to explore TSC mechanisms (36,37). From the 
GO analysis of fibroblasts, it was indicated that most of the 
DEGs were enriched in the process of ATP metabolic process, 
oxidative phosphorylation, mitochondrial composition and 
cadherin binding (Fig. S6).

Another way to explore the source and development of 
tumor cells is to simulate the differentiation lineage. Using the 
R package ‘monocle’ (19), developmental pseudo‑time anal‑
yses of different cell types were drawn (Fig. 14), from which 
similar development between fibroblasts, smooth muscle and 
tumor‑like cells was observed. This result is in accordance 
with the composition of TSC‑RAML, namely vessels, smooth 
muscle and adipose (33).

Discussion

By retrospectively analyzing TSC‑RAML, S‑AML and renal 
cyst multi‑omics data, the present study gained insight into 
the mechanisms of TSC‑RAML, which may be summarized 
as follows: i) Plasma proteins such as MMP9 and CCL5 may 
be possible markers for TSC‑RAML; ii) plasma proteomics 
enriched in neutrophil‑mediated immunity, hydrogen peroxide 
and carbohydrate metabolic processes were associated with 
renal tumor grading and whole disease burden; and iii) tissue 
transcriptome revealed increased monocyte‑macrophages 
within the tumor microenvironment, which may be crucial for 
TSC‑RAML tumorigenesis and development.

In addition to TSC‑RAML plasma proteomics analysis, 
the tissue transcriptome was also examined and indicated 
elevated MMP9. MMPs, containing a group of zinc‑dependent 
endopeptidases, are responsible for remodeling the extracel‑
lular matrix collagen and elastin under pathological and 
physiological conditions (38). Previous studies (24,39) have 
also reported higher MMP9 mRNA and protein expression in 
TSC brain tubers compared to controls and peritubular brain 
tissues. In LAM, one of the most common pulmonary mani‑
festations of TSC, MMP‑9 has been detected at high levels in 
both serum and urine (40). This has been associated with loss 
of pulmonary function in LAM (38,40). Through Src kinase 
activation, MMP9 has been suggested to promote the inva‑
siveness of TSC2‑null embryonic fibroblasts in vitro (40,41). 
The inhibitor of MMP9 and MMP2, doxycycline, has 
demonstrated an anti‑migration effect on TSC2‑negative 
mouse embryonic fibroblasts (MEF) through downregulating 
RhoA‑GTPase activity and phosphorylation of focal adhesion 
kinase (36). All evidence suggests that MMPs have a role in 
the tumorigenesis of TSC‑related diseases. A recent study has 
also suggested that an axis containing CD147‑MMP‑VEGF 
increases tumor angiogenesis  (40). This appears to be in 
accordance with the plasma elevated MMPs and VEGF‑D 
related to TSC. In the present study, it was first observed that 
MMP9 was elevated not only in the blood of patients with 

Figure 4. Weighted gene correlation network analysis identified seven 
modules and their correlation ship with local lesion and whole‑body disease 
burden. (A) Dendrogram with clustering of differential co‑expressed proteins 
(modules). (B) Correlation analysis identified local lesion (LAM: MEred; 
AML grading: MEturquoise)‑related and whole‑body disease burden 
(whole‑body disease burden: MEturquoise)‑related modules (correlation 
coefficients were located at the center of the modules with P‑values in the 
brackets; method: Pearson correlation). LAM, lymphangiomyomatosis; 
AML, angiomyolipoma; ME, eigengene module.
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TSC‑RAML but also in the tissue transcriptome. Although 
further research is required to validate the present results, 
MMP9 may be suggested as a possible marker and drug target 
for TSC‑RAML.

In addition to MMP9, CCL5, which is a member of 
the CC subfamily of chemokines, also appeared to have 
good distinguishability. CCL5 was able to be expressed 
on most inflammatory cell types, although monocytes and 

Figure 5. GO enrichment regarding proteins in the MEturquoise and MEred modules. (A) GO enrichment results of tuberous sclerosis complex‑associated 
renal angiomyolipoma and whole‑body disease burden associated module MEturquoise. (B) GO enrichment results of lymphangiomyomatosis‑associated 
module MEred. GO, Gene Ontology; ME, eigengene module.

Figure 6. Relationship between tissue proteomics expression and basic clinical information. AML, angiomyolipoma; TSC, tuberous sclerosis complex.
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T cells are the most common CCL5‑expressing cells (25). 
Accumulating evidence suggests that CCL5 participates 
in numerous processes, including inflammation, cancers, 
viral infection and immune responses (25). Recent research 
has also indicated that plasminogen activator inhibitor‑1 
is able to regulate CCL5 and promote cell migration and 
angiogenesis and inhibit cell apoptosis through MMPs (25), 
suggesting there is a synergistic function between CCL5 and 
MMPs in tumorigenesis. William et al  (42) reported that 
treatment of wild‑type murine marrow‑derived macrophages 
with mTORC1 inhibitors promoted 4E‑BP1/2 activation and 
reduced CCL5 secretion, indicating that overactive mTOR 
and downstream 4E‑BP1/2 may increase the production of 
CCL5. Accumulating evidence suggested that, as a chemoat‑
tractant factor, CCL5 was able to recruit tumor‑associated 
macrophages (TAMs) to the tumor beds, thus facilitating 
tumor metastasis (43‑45). In addition, TAMs have been proven 
to increase the secretion of collagen and thus potentiate the 
cell migration and increase tissue stiffness (43). Based on the 
results of the present study, plasma CCL5 was elevated and a 
large quantity of monocytes and macrophages was deposited 
within the tumor microenvironment according to single‑cell 

RNA sequencing. Therefore, it may be proposed that high 
levels of CCL5 are necessary for modulating and recruiting 
monocyte‑macrophages towards the tumor site and thus 
promoting tumor growth, although further experiments are 
required to confirm this finding.

Although a large number of studies have focused on 
genotype‑phenotype correlation, no definite conclusion 
regarding TSC‑RAML has been made, unless the TSC2 muta‑
tion is much more severe than that of TSC1 (27,28,46,47). A 
relatively large systematic review including 261 patients with 
TSC suggested that TSC1 missense mutation and the muta‑
tion of TSC2 encoding TAD1 were associated with a high risk 
of TSC‑RAML (28). The present study attempted to find the 
proteins associated with phenotype. The results suggested that 
the proteins involved in metabolization, neutrophil‑mediated 
immunity and extracellular matrix organization were signifi‑
cantly associated with renal tumor grading and whole‑body 
disease burden. The present results were consistent with estab‑
lished plasma markers, namely elevated MMPs (reflecting 
the extracellular matrix organization) and CCL5, which 
participates in immune responses. In the aspect of metaboliza‑
tion, Bottolo et al (48) indicated that metabolites involving 

Figure 7. Tissue proteomics differential and functional analysis based on different subgroups. (A) The volcano (upper and middle panel) and Venn (lower 
panel) plots reveal differential and TSC‑associated renal angiomyolipoma‑specific proteins. (B) GO biological process enrichment. (C) GO cellular component 
enrichment. (D) GO molecular functional enrichment. NS, no significance; FC, fold change; AML, angiomyolipoma; TSC, tuberous sclerosis complex; 
DEG, differentially expressed gene; GO, Gene Ontology; NATs, non‑tumor normal tissues.
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fatty acid and sphingolipid metabolism were associated with 
the severity of lung disease, whole‑body disease burden and 
disease activity. Feng et al (49) observed that secreted lyso‑
phospholipase D autotaxin (ATX) was upregulated in human 
renal angiomyolipoma‑derived TSC2‑deficient cells and 
inhibiting ATX was able to suppress TSC2 loss‑associated 
oncogenicity in  vitro and in  vivo and induce apoptosis in 
TSC2‑deficient cells. The tissue proteomic analysis of the 
present study indicated that both TSC‑RAML and S‑AML 

harbored a dysregulated lipid metabolism, further validating 
the notion that targeted lipid metabolism may be another 
breakthrough in treating TSC‑related disease. From the RNA 
sequencing data, altered energy production was also observed, 
further validating the above analysis. It is generally thought 
that mTOR has a critical role in the regulation of metabolism 
and energy production (33). Although there was no difference 
in the components of TSC‑RAML and S‑AML, proteomics 
analysis revealed distinctive alterations of plasma and tissue 

Figure 8. Tissue proteomics weighted gene correlation network analysis and functional analysis of TSC‑RAML related modules. (A) Dendrogram providing 
clustering of differential co‑expressed proteins (modules). (B) A total of 21 total modules and 5 significantly correlated modules were identified (correlation 
coefficients were located at the center of the modules with P‑values in the brackets; method: Pearson correlation). (C) GO enrichment of the positively corre‑
lated module (MEbrown). (D) GO enrichment of the negatively correlated module (MEturquoise). TSC‑RAML, tuberous sclerosis complex‑associated renal 
angiomyolipoma; ME, eigengene module; S‑AML, sporadic angiomyolipoma; GO, Gene Ontology.
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proteins. The RNA transcriptome analysis indicated that, 
compared with NATs, most of the differential RNAs were 
downregulated and the functional enrichment also revealed 
altered matrix organization and collagen‑containing extracel‑
lular matrix.

Increasing evidence suggests that the cell composition 
within the tumor microenvironment has a critical role in 
tumorigenesis. From the RNA transcriptome data, the compo‑
sition of 8 various cell types was determined in the present 
study. Fibroblasts were indicated to be higher in TSC‑RAML 

Figure 9. Differential and functional analysis of tissue transcriptome from patients with TSC‑associated renal angiomyolipoma. (A) The differential analysis 
revealed that most genes were downregulated compared with para‑tumor normal tissues. (B) GO biological process enrichment of DEGs. (C) GO cellular 
component enrichment of DEGs. (D) GO molecular functional enrichment of DEGs. GO, Gene Ontology; DEG, differentially expressed gene; TSC, tuberous 
sclerosis complex.
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compared with NATs. A previous in vitro study suggested 
that TSC2‑null fibroblast‑like cells grown from human 
TSC skin hamartomas were able to induce normal human 
keratinocytes to form hair follicles and stimulate changes in 
hamartomata, suggesting that the fibroblast‑like cells may 
be the source of the TSC tumor (50). In experiments using 
TSC‑/‑ cell lines, MEFs with TSC2 knockout are still most 
widely used, indicating the similarity between fibroblasts 
and tumor cells in terms of biological behaviour  (36,51). 
Another experiment discovered that a population of stromal 
cells/fibroblasts from the kidney labelled by Prx1 was able to 
form a cyst from the loop of Henle after ablation of the Tsc1 
gene, indicating the contributive role of fibroblasts in patients 
with TSC (52). From the cell annotation for patients with 
TSC‑RAML, the tumor‑like cells were also identified, which 
had similarities with fibroblasts and smooth muscle cells. The 
pseudo‑time analysis revealed a similar developing tendency 

of the three cell clusters, indicating their same source. All 
of the evidence suggested that the tumor cells, as well as 
fibroblasts and smooth muscle cells, may originate from the 
same progenitor cells.

Contrary to the increased fibroblasts, other cell types, 
including endothelial cells, B  cells and DC  cells, were 
decreased in TSC‑RAML, suggesting an immune inhibi‑
tory state within the tumor microenvironment. In line with 
the RNA transcriptome, the single‑cell RNA sequencing 
revealed a high proportion of monocytes and macro‑
phages but low proportion of T cells. As reported, M2‑like 
tumor‑associated macrophages have critical roles in facili‑
tating epithelial‑mesenchymal transition, angiogenesis and 
immunosuppression  (53). A previous in  vitro experiment 
indicated that fibroblast‑like cells from angiofibroma and 
periungual fibromas were able to secrete higher levels of 
monocyte chemoattractant protein‑1 (MCP‑1) mRNA and 

Figure 10. Top gene set enrichment analysis results for TSC‑associated renal angiomyolipoma tissue transcriptome revealed (A) altered myogenesis, (B) k‑ras 
signaling, (C) estrogen response and (D) oxidative phosphorylation. AML, angiomyolipoma; TSC, tuberous sclerosis complex; ES, enrichment score.
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Figure 12. Clustering and annotation of single‑cell RNA sequencing from one patient with TSC1 gene‑mutated renal angiomyolipoma. UMAP, Uniform 
Manifold Approximation and Projection; TSC, tuberous sclerosis complex.

Figure 11. Stromal and immune cell compositions within the tumor microenvironment estimated using transcriptome analysis. (A) Endothelial cells were 
decreased, (B) fibroblasts were increased, and (C) B lineage cells and (D) myeloid dendritic cells were decreased within the TSC‑associated renal angiomyo‑
lipoma tumor microenvironment compared with the para‑tumor normal tissues. TSC, tuberous sclerosis complex.
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Figure 13. Gene ontology enrichment of TSC1 gene‑mutated renal angiomyolipoma tumor‑like cells. BP, biological process; CC, cellular component; 
MF, molecular function; TSC, tuberous sclerosis complex.

Figure 14. Pseudo‑time trajectories analysis of all the cell types within the tumor microenvironment revealed similar developmental routines between fibro‑
blasts, tumor‑like and smooth muscle cells. CP, component.
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protein than fibroblasts from the same patient's normal 
skin (54). Furthermore, conditioned medium from cultured 
TSC skin tumor cells was chemotactic for human monocytic 
cells and neutralizing antibody against MCP‑1 inhibited the 
chemotactic activity (54). In line with this, Eker rat embry‑
onic fibroblasts with TSC2 deletion produced 28 times higher 
MCP‑1 protein compared with the wild‑type (54). In a mouse 
model with TSC1 deletion, it was demonstrated that macro‑
phages were refractory to IL‑4‑induced M2 polarization and 
evoked increased inflammatory responses to pro‑inflamma‑
tory stimuli, suggesting the critical role of the mTOR pathway 
in regulating macrophage polarization (55). All of the above 
results validated the role of monocyte‑macrophages in 
tumorigenesis and suggested a new therapeutic approach for 
TSC‑related disease.

As exploratory research, the present study has the 
following limitations. First, the sample size in the present 
cohort was relatively small and therefore, it remains to be 
further determined whether the present results are able to be 
widely applied to patients with TSC‑RAML. Due to the rarity 
of TSC‑RAML, studies with large sample sizes are difficult 
to perform. In addition, the relatively small sample size may 
have introduced selection bias and affected the validity of the 
present results. Furthermore, the fact that the present study 
is a single‑center study without external validation may be 
another limitation. Therefore, our group has started enrolling 
patients with TSC‑RAML from different centers to validate 
the present findings in external cohorts. In the end, although 
the present results revealed the unique tumor microenviron‑
ment of TSC‑RAML, further in vitro and in vivo experiments 
are required to elucidate the internal mechanism.

To conclude, the present results suggested that plasma 
proteins such as CCL5 and MMP9 may be useful diagnostic 
markers and disease burden markers. The unique inflammatory 
tumor microenvironment, particularly the monocyte‑macro‑
phages, also potentially has a crucial role in the development 
of TSC‑RAML. Targeting the plasma diagnostic markers and 
inflammatory cells within the tumor microenvironment may 
be another breakthrough in TSC‑RAML treatment.
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