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Abstract 

Background  The mammalian Tumor Susceptibility Gene 101 (TSG101) encodes a protein with diverse functions 
that control the proliferation and survival of cells, but its role in malignant transformation and cancer development 
has remained enigmatic.

Methods  To study the pro-tumorigenic functions of TSG101, we developed a bi-transgenic mouse model 
that expresses exogenous TSG101 along with a luciferase reporter in a ligand-controlled manner in the mammary 
gland epithelium. We performed a comprehensive histopathologic, biochemical, and molecular characterization 
of ductal hyperplasia and mammary tumors. Unsupervised hierarchical clustering based on 1,723 intrinsic genes 
of ten TSG101-overexpressing cancers alongside 251 tissue samples representing 31 reference mammary tumor mod‑
els and normal mammary glands was conducted.

Results  Females overexpressing TSG101 develop ductal hyperplasia, adenomyoepitheliomas, and palpable adenos‑
quamous carcinomas at an average latency of approximately ten months. These metaplastic mammary tumors are 
comprised of transforming basal and luminal epithelial cells. Using a GFP reporter strain to monitor the transgene acti‑
vation at the single-cell level, we determined that the epithelial heterogeneity within transforming ducts and ensuing 
carcinomas originated from the luminal epithelium. At the molecular level, TSG101-induced mammary tumors are 
triple-negative and exhibit gene expression signatures of Wnt and inflammatory cytokine signaling, which are key 
regulators of epithelial cell fate. The ligand-controlled downregulation of exogenous TSG101 in established carcino‑
mas led to tumor regression. We demonstrated that the TSG101-mediated activation of PI3K/AKT signaling, as well 
as upregulation of Cyclin D1 and MDM2, are dependent on the perpetual expression of the TSG101 oncoprotein.

Conclusions  The collective findings of this study provide in vivo evidence that TSG101 possesses pro-tumorigenic 
properties that extend to cancer progression and maintenance, suggesting that this protein could be a rational 
molecular target to prevent and treat a subset of mammary tumors.
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Introduction
The Tumor Susceptibility Gene 101 (TSG101) encodes 
a protein with versatile functions in various molecular 
and biological processes that are essential for cell growth 
and survival [1]. TSG101 is the mammalian ortholog of 
the yeast class E Vacuolar Protein Sorting 23 (VPS23) [2, 
3], and in combination with other vacuolar proteins (i.e., 
VPS28, VPS37), VPS23/TSG101 forms the core of the 
Endosomal Sorting Complex Required for Transport I 
(ESCRT-I). As part of this complex, TSG101 is suggested 
to selectively bind and control the intracellular move-
ment of ubiquitinated cargos and proteins containing 
PT/SAP tetrapeptide motifs. Selected cargo proteins are 
sorted into multivesicular endosomes destined for deg-
radation [4], but TSG101 is also found in exosomes and 
has been shown to play critical roles in the biogenesis 
and release of extracellular vesicles [5, 6]. In addition to 
cellular trafficking, other proposed functions of TSG101 
include the regulation of transcription [7, 8], prolifera-
tion, and cytokinesis [9–11].

The murine Tsg101 gene is ubiquitously expressed in 
all tissues throughout development, and conventional 
knockout mice die very early during embryogenesis [12–
14]. A recent review by Ferraiuolo et al. [1] provides an 
overview of the biologically significant roles of TSG101 in 
normal organogenesis and diseases using various genetic 
models. The Cre recombinase-mediated deletion of both 
copies of the Tsg101 gene in primary mouse embryonic 
fibroblasts causes a cell cycle arrest at the G1 phase that 
is p53 and p21Cip1-dependent [15]. Moreover, TSG101-
deficient normal, immortalized, and tumorigenic cells 
engage p53-independent molecular mechanisms that ini-
tiate autophagy and programmed cell death [14–17].

Tsg101 was initially identified in transformed mouse 
NIH3T3 cells using an insertional mutagenesis screen 
[18]. A loss of contact inhibition and colony formation 
was observed when the Tsg101 cDNA was expressed in 
both antisense and sense orientation in NIH3T3 cells, 
suggesting that this gene might have tumor-suppressive 
and oncogenic properties. Subsequent studies reported 
that the TSG101 protein is overexpressed rather than 
lost in clinical specimens of breast, lung, thyroid, ovar-
ian, and colon cancers [19–24]. Moreover, experiments 
on human cancer cell lines from patients with breast, 
prostate, renal, ovarian, and hepatocellular carcinomas 
demonstrated that TSG101 is required for the growth 
and survival of malignant cells [23, 25–28]. In genetically 
engineered mice, the deletion of one or two copies of the 
Tsg101 gene does not lead to cancer development on a 
p53 wild-type or p53-deficient background [13–15]. Sim-
ilar to human cancer cell lines, the lack of TSG101 pre-
vented the initiation of ERBB2/neu-induced mammary 
cancer [29]. The notion that TSG101 executes primarily 

pro-tumorigenic roles in breast carcinogenesis was also 
supported by immunostaining results that showed that 
this protein is expressed at higher levels in invasive breast 
cancer cases [20].

More than two decades after Tsg101 was first cloned 
and designated as a tumor susceptibility locus, there are 
no genetically engineered models that develop cancer in 
response to the overexpression or downregulation of this 
gene. The generation of tumor models might have been 
hindered by the fact that in most cell types, the level of 
the TSG101 protein is tightly controlled by a posttrans-
lational, autoregulatory feedback mechanism that is still 
poorly defined [30]. The overexpression of TSG101 out-
side of this narrow physiological range causes cell death 
[10]. Cardiomyocytes and differentiated alveolar cells 
of the mammary gland are the only cell types reported 
thus far that can tolerate elevated levels of exogenous 
TSG101 [31, 32]. Transgenic female mice that overex-
press TSG101 under the Whey acidic protein (Wap) 
promoter in the mammary gland (WAP-TSG101) [32] 
exhibited a higher incidence of sporadic tumor forma-
tion. However, given the low penetrance (18%) and very 
long tumor latency (1–2  years), the oncogenic potency 
of TSG101 appeared to be relatively weak. It should be 
noted that the temporal activation of the WAP-TSG101 
transgene in the mammary gland was primarily limited 
to differentiated alveolar cells during pregnancy and 
lactation and it remained undetermined whether other 
epithelial subtypes in the gland are more susceptible to 
TSG101-induced neoplastic transformation. Here, we 
report the generation of a bi-transgenic mouse model 
(MMTV-tTA TetO-Tsg101) that overexpresses TSG101 
in a temporally and spatially controlled manner in the 
luminal epithelium throughout mammary gland develop-
ment. The collective results of the cellular and molecular 
analyses of this animal model demonstrate that TSG101 
is an oncoprotein, whose upregulation promotes the 
development of adenosquamous mammary carcinoma 
with gene expression signatures of high Wnt and inflam-
matory cytokine signaling. More importantly, the growth 
and survival of mammary carcinoma cells in tumor-bear-
ing mice were dependent on the sustained upregulation 
of TSG101, suggesting that this oncoprotein might serve 
as a rational therapeutic target.

Materials and methods
Generation of TetO‑Tsg101 transgenic mice
The cloning of a vector expressing the full-length cod-
ing sequence of TSG101 with an N-terminal hemag-
glutinin (HA) tag and its use to functionally rescue a 
conditional knockout of the Tsg101 gene was described 
previously [16]. The HA-Tsg101 sequence was cloned 
as a blunted fragment into the SmaI site in front of 
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an IRES-Luciferase construct [33], and the Tsg101-
IRES-luciferase expression cassette was transferred as 
a blunted NotI/SacI fragment into the EcoRV site of the 
pTet-Splice vector. Prior to pronuclear injection into FVB 
zygotes, the TetO-Tsg101-IRES-luciferase transgene was 
released from the vector backbone using XhoI/NotI and 
gel purified. Transgenic founder mice were generated at 
the McLaughlin Research Institute Transgenic Facility 
and Cyagen US, Inc. We obtained seven founder animals 
that were mated with FVB/N wild-type mice to establish 
individual transgenic lines, and six founders transmitted 
the TetO-Tsg101 transgene to their progeny. Offspring 
were screened by genomic PCR with primers recognizing 
approximately 500 bps of the junction between the IRES 
and the luciferase coding sequence (forward primer 5′- 
CCA TTG TAT GGG ATC TGA TCT GG -3′; reverse 
primer 5′- CTG CGA AAT GTT CAT ACT GTT G 
-3′). When mated with a transgenic strain expressing 
the tetracycline-controlled transactivator (tTA) under 
the regulation of the Mammary Tumor Virus promoter 
(MMTV-tTA) [34], three of the six founder lines (50%) 
showed a tTA-mediated activation of the transgene and 
were maintained for long-term tumor studies. One of 
the TetO-Tsg101 lines (founder line #1), which exhibited 
the highest rate of tumor onset within less than one year 
of latency, was chosen for detailed molecular and func-
tional studies. This strain is listed at the Mouse Genome 
Informatics (MGI) registry as Tg(tetO-Tsg101,-luc)1Kuw 
(MGI:7643530). Further information and requests for 
this mouse model should be directed to the Lead Con-
tact, Kay-Uwe Wagner.

Other mouse strains
The generation and use of the MMTV-tTA [Tg(MMTV-
tTA)25754Kuw] transgenic line to express TetO-driven 
responder transgenes in the mammary gland were 
described in our previous publications [34–36]. The 
presence of the MMTV-tTA transgene was determined 
by PCR amplification of a 364  bp fragment using a for-
ward primer that binds to the MMTV-LTR (5′- AGT 
GAT AGA GCT CTT GCC TAG C -3′) and a reverse 
primer that binds to the tTA coding sequence (5′- GCC 
AAT ACA GTG TAG GCT GC -3′). TetO-H2B-GFP 
[Tg(tetO-HIST1H2BJ/GFP)47Efu/J] reporter strain 
[37] was obtained from the Jackson Laboratory. The 
PCR genotyping of these mice was conducted using 
a primer pair that amplifies a fragment of approxi-
mately 209 bps across the fusion sequence between 
the human histone 2B (H2B) and the enhanced green 
fluorescent protein (GFP) (5′- TAC AAC AAG CGC 
TCG ACC ATC AC -3′ and 5′- CCG TCC AGC TCG 
ACC AGG ATG G -3′). Detailed information about 
the creation and characterization of the MMTV-Flp 

transgenic line [Tg(MMTV-Flp)29542Kuw] can be 
found in previous publications by our laboratory [36, 
38]. The Rosa26CAG−FSF−GFP  knockin reporter strain 
[Gt(ROSA)26Sortm1.2(CAG−EGFP)Fsh] was acquired from 
the Jackson Laboratory (Stock No: 32038-JAX) [39]. 
All transgenes were carried in the FVB/N genetic back-
ground. For orthotopic transplantation experiments into 
immunodeficient female recipients, mammary tumor 
fragments of approximately 1 mm3 in size were implanted 
into the #4 inguinal mammary glands of 8–12 weeks-old 
athymic nude (NCr strain, Charles River) or NRG mice 
(NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ; RRID:IMSR_
JAX:00779). Animals were housed under pathogen-free 
conditions in micro-isolator cages on a 12/12-h light/
dark cycle. This work was conducted in accordance with 
the recommendations in the Guide for the Care and 
Use of Laboratory Animals of the National Institutes of 
Health. We have complied with all relevant ethical regu-
lations. The animal study protocols were approved by 
the Institutional Animal Care and Use Committee of the 
Nebraska Medical Center and Wayne State University.

Tumor size measurement, administration of doxycycline, 
and in vivo bioluminescence imaging
Mammary tumors were measured using a caliper, and 
tumor volumes (mm3) were calculated using the fol-
lowing equation: length (mm) × width2 (mm2)/2. The 
experimental endpoints to assess cancer growth in trans-
planted recipients and in genetically engineered mice 
were determined by the size of the tumor. The maximum 
allowed tumor size was approximately 1.5  cm in diam-
eter, as mandated by the Institutional Animal Care and 
Use Committees. To suppress the MMTV-tTA-mediated 
expression of the TetO-Tsg101 transgene, mice were 
given freshly prepared Dox (doxycycline hyclate; Sigma 
cat.# D9891) in drinking water (2  mg/ml supplemented 
with 50  mg/ml sucrose). The activity of the luciferase 
reporter was monitored using in  vivo bioluminescence 
imaging (IVIS200 and Bruker In Vivo Xtreme). 150 mg/
kg luciferin (D-luciferin potassium salt in 0.9% saline; 
Caliper Life Sciences cat.# 119,222) was injected intra-
peritoneally ten minutes prior to the imaging procedure. 
During the acquisition of the images, the mice were kept 
under anesthesia (isoflurane) on the heated stage of the 
instrument. The Living Image® software was used to 
measure the total flux of photons emitted from each ani-
mal (photons per second).

Histologic analysis and immunostaining
Mammary gland wholemounts were prepared by spread-
ing the #4 inguinal mammary glands on glass slides. The 
tissues were fixed for 5 h in Carnoy’s solution, rehydrated, 
stained with Carmine Alum for several days, dehydrated, 
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and mounted. For the routine histologic examination 
of mammary gland tissues and tumor specimens were 
fixed overnight at room temperature in 10% buffered 
formalin (Fisher Scientific Company) and stored in 70% 
ethanol before paraffin embedding, sectioning, and stain-
ing with Hematoxylin and Eosin (H&E). To examine the 
presence of lung metastases or expression of the H2B-
GFP reporter, fresh tissue samples were spread on glass 
slides and examined with a Discovery.V8 fluorescence 
stereoscope (Carl Zeiss, Inc.). An updated protocol for 
immunohistochemistry or immunofluorescent staining 
on paraffin-embedded specimens was described by Rae-
dler et  al. [38]. Briefly, histologic sections of 5  µm were 
deparaffinized three times in Histo-Clear, rehydrated in 
decreasing concentrations of ethanol, and washed three 
times in 1 × PBS. Tissue sections were pressure cooked 
in ImmunoRetriever with Citrate (Bio SB) using a Bio SB 
TintoRetriever pressure cooker (116–121  °C for 4  min). 
After the slides cooled down to room temperature, they 
were rinsed in 1 × PBS and blocked with 3% bovine serum 
albumin (BSA) for 1  h. Next, the slides were incubated 
with primary antibodies overnight at 4  °C in a moisture 
chamber. The next day, slides were washed three times 
with 1 × PBS and incubated with a fluorophore-conju-
gated secondary antibody for 1  h in a light-protected 
moist chamber. After washing the slides twice with dis-
tilled water, Vectashield DAPI mounting media (Vector, 
H-1200) and coverslips were applied. A list of primary 
and secondary antibodies that were used for immuno-
fluorescent staining is provided in Supplementary Table  
1. Stained slides were examined with an Axio Imager 
microscope (Carl Zeiss, Inc.) equipped with a SPOT 
FLEX camera (Diagnostic Instruments, Inc.).

Activation of the TetO‑Tsg101 transgene in embryonic 
fibroblast cell cultures
Similar to the cloning of the pBabe-tTA [40], a pBabe-
rtTA-puro retroviral expression vector that expresses 
the reverse tetracycline-inducible transactivator was 
generated by inserting a blunted EcoRI/BamHI frag-
ment of the rtTA coding sequence with an N-terminal 
nuclear localization signal (NLS) from pUHD172-1 
into the blunted EcoRI site of the pBabe-puro plasmid. 
To derive mouse embryonic fibroblasts (MEFs) from 
12.5-day-old embryos, wild-type FVB females were 
mated with TetO-Tsg101 transgenic males. MEFs were 
explanted and maintained in Dulbecco’s modified Eagle’s 
medium (DMEM) that was supplemented with 10% fetal 
bovine serum, 2  mM glutamine, 0.1  mM nonessential 
amino acids, 10 µg/ml gentamycin, 100 units/ml penicil-
lin, and 100  µg/ml streptomycin. After genotyping, pri-
mary MEFs that carried the TetO-Tsg101 transgene were 
immortalized according to the standard 3T3 protocol. To 

activate the TetO-Tsg101 transgene, MEFs were plated 
at a density of 3–4 × 105 cells per 10-cm culture dish and 
infected with pBabe-rtTA-puro retroviral particles. As 
a control, isogenic MEFs were infected with the original 
pBabe-puro retrovirus. Forty-eight hours after infec-
tion, cells were selected in complete medium containing 
7 µg/ml puromycin. To start the rtTA-mediated transac-
tivation, puromycin-resistant cells were maintained for 
24–96 h in the complete DMEM medium that contained 
1  µg/µl Dox. For extended time points, the cell media 
were changed after 48 h. To monitor the activation of the 
luciferase reporter, luciferin was added to the cell culture 
media (150 μg/ml) three minutes prior to the acquisition 
of bioluminescent images using the IVIS200. Cells were 
washed in 1 × PBS and collected for immunoblotting 
after 48 and 96 h of treatment with Dox as well as 24 and 
48 h after Dox withdrawal.

Human breast cancer cell lines, immunoblot analyses
The acquisition and maintenance of MCF 10A and 12A 
mammary epithelial cells as well as the human breast 
cancer cell lines used in this study were described in 
our previous publication [41]. Human cell pellets and 
homogenized mouse tissues were sonicated in complete 
lysis buffer containing 1% Nonidet P-40, 0.5% sodium 
deoxycholate, 0.1% SDS, 1  mM phenylmethylsulfo-
nyl fluoride (PMSF), 0.4 units/ml aprotinin, 1  mM NaF, 
leupeptin, and 0.1  mM sodium orthovanadate and kept 
on ice for 30 min. Extracts were resolved by SDS-PAGE 
and blotted onto polyvinylidene fluoride (PVDF) mem-
branes. After blocking the membranes for 1 h in 5% dry 
milk or 5% BSA (phosphotyrosine-specific antibodies) 
in 1 × Tris-buffered saline with 0.05% Tween-20 (TBST) 
buffer, the membranes were incubated with primary anti-
bodies in the blocking buffer at 4  °C overnight. A list of 
primary antibodies for immunoblotting as well as recom-
mended dilutions are provided in Supplementary Table 2. 
Subsequently, the membranes were washed in 1 × TBST 
and incubated for 1  h with one of the corresponding 
horseradish peroxidase-conjugated secondary antibodies 
listed in Supplementary Table 2. After three washes with 
1 × TBST, two washes in 1 × TBS (Tris-buffered saline 
without Tween 20) and finally in ultrapure water, the 
protein bands were detected using the ECL chemilumi-
nescence kit for Western blot analysis [KwikQuant Ultra 
Digital-ECLTM Substrate Solution (cat.# R1002)] accord-
ing to the instructions by the manufacturer (Kindle Bio-
sciences, LCC). Chemiluminescence and brightfield 
images of the blots with size markers were taken using 
a D1001 KwikQuant Imager (Kindle Biosciences, LLC). 
Membranes were stripped using a mild glycine stripping 
buffer (Abcam protocol) for consecutive detection of var-
ious proteins. For the analysis of TSG101 expression in 
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human breast cancer cell lines, we used Ultra Blue films 
(VWR) for the chemiluminescence detection. The films 
were scanned and protein bands were quantified using 
the ImageJ software. The intensity of the TSG101 protein 
bands was normalized to the beta-actin loading control, 
and the resulting TSG101 expression values of individual 
cancer cell lines were plotted as fold change in compari-
son to the average TSG101 expression in the normal cell 
lines (set as 1).

RNA‑Sequencing, gene set enrichment, and cluster 
analyses
Total RNA was extracted from flash-frozen mammary 
tumors and normal mammary gland tissues using the 
RNeasy Mini Kit (QIAGEN). The concentration of the 
RNA was determined on a NanoDrop spectrophotom-
eter, and the integrity of the RNA was validated using gel 
electrophoresis. The RNA expression library construc-
tion and next-generation sequencing were performed at 
the Genomics Core Facility at UNMC (NextSeq 500). The 
quality of sequenced reads was determined using FastQC 
(v0.11.9; http://​www.​bioin​forma​tics.​babra​ham.​ac.​uk/​
proje​cts/​fastqc). For GSEA, the ranked gene list was 
derived from a differential expression analysis between 
FVB mammary glands and TSG101-overexpressing 
mammary tumors. The genes were ranked by fold 
change and false discovery rate (FDR). For the differen-
tial expression analysis, the 75 base pair paired-end reads 
were mapped to the mm10 mouse reference genome with 
Rsubread (v2.0.0) [42]. Transcript abundance was deter-
mined using featureCounts from the Rsubread package. 
Low abundance transcripts (cpm ≤  5) that occurred in 
more than half of the samples were excluded from the 
subsequent analyses. The R package edgeR (v3.28.0) [43] 
was used to normalize the transcript counts and to per-
form differential expression analysis. Transcript abun-
dance was estimated in counts per million (cpm). Genes 
that showed differential expression by more than twofold 
and an FDR (False Discovery Rate) of below 0.05 between 
the sample groups were considered as significantly dereg-
ulated. The gene set enrichment analysis was performed 
with R-function gseKEGG [44]. The corresponding heat-
maps were created by log2 transforming the count data, 
extracting the significantly deregulated genes that belong 
to the corresponding pathways, and z-score transforma-
tion of the count data by gene. Heatmaps were plotted 
with the R-function heatmap.2 (package: gplots v3.0.3) 
(http://​cran.r-​proje​ct.​org/​web/​packa​ges/​gplots/​index.​
html).

To perform the unsupervised hierarchical cluster 
analysis of mammary tumors from MMTV-tTA TetO-
Tsg101 females together with reference tumors from 
31 diverse mouse mammary cancer models and normal 

mammary glands from FVB and BALB/c mice, RNA-
sequencing (RNA-seq) data was upper quartile normal-
ized and combined with previously published RNA-seq 
data (GSE124821, GSE223630, and GSE118164) [45–47]. 
Samples were subset with the 1,723 murine intrinsic 
genes, log2 transformed, and median-centered prior to 
centroid linkage clustering in Cluster 3.0 (v3.0) [48]. The 
data was visualized through Java TreeView (Version 1.2.0 
for Mac) [49].

Statistical analysis
All graphic illustrations and statistics were performed 
with GraphPad Prism 6 software (GraphPad Software, 
Inc., La Jolla, CA). All reported data points and meas-
urements were taken from individual animals and dis-
tinct samples. The tumor-free survival distributions 
between animals were assessed using the log-rank test. 
P values < 0.05 ( ∗), < 0.01 (∗ ∗) or < 0.001 (∗ ∗ ∗) were 
considered statistically significant. RNA sequenc-
ing analysis-based statistical methods are described in 
the documentation of the respective R-packages and 
their corresponding manuscripts. The default statistical 
parameters were used for the differential gene expression 
analysis and the gene set enrichment analysis.

Results
The TSG101 protein is upregulated in human breast cancer 
cells
Using immunohistochemistry on formalin-fixed sec-
tions of 16 human breast cancers and 16 normal breast 
tissues and benign hyperplasia, we found that the levels 
of TSG101 were significantly higher in approximately 
half of the invasive breast cancer cases [20]. Recurrent 
mutations in the gene encoding TSG101 have not been 
identified in human breast cancers, but elevated levels 
of TSG101 transcripts are associated with a more dis-
mal prognosis for luminal-type breast cancers (Fig. 1A). 
Interestingly, the analysis of RNA sequencing data of 2 
normal and 30 human breast cancer cell lines from the 
Harvard Breast Cancer Profiling Project (ID:20,348) 
shows that the expression of the TSG101 transcript is 
nearly identical between normal and malignant cancer 
cells that represent the three major immune-histolog-
ical tumor subtypes (Fig.  1B). In contrast to the mRNA 
expression, we observed that the TSG101 protein expres-
sion was 2–sixfold higher in 10 of 14 breast cancer cell 
lines in comparison to two normal cell lines that we 
examined by immunoblot analysis (Fig.  1C). The speci-
ficity of the antibody to recognize the human TSG101 
protein (hTSG101) was validated using cell lysates from 
conditional knockout mouse embryonic fibroblasts that 
lack both alleles of the endogenous gene (Tsg101−/−) 
and express a CLIP-tagged or a dTomato reporter fusion 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://cran.r-project.org/web/packages/gplots/index.html
http://cran.r-project.org/web/packages/gplots/index.html
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protein of hTSG101. A direct comparison of selected 
cell lines of the major breast cancer subtypes that are 
included in the transcriptomic data set and in the immu-
noblot (e.g., MCF-7, T-47D, SK-BR-3, HCC70) clearly 
shows that the levels of the proteins deviate significantly 
from minor variations in the mRNA expression, suggest-
ing that altered posttranslational mechanisms contrib-
ute to the functionality of this oncoprotein. Moreover, 
none of the untransformed mammary epithelial cells and 
breast cancer cell lines exhibited shorter TSG101 protein 
variants that may have originated from aberrant or alter-
native mRNA splice products.

Overexpression of TSG101 in the mammary gland 
epithelium causes ductal hyperplasia and mammary 
cancer
To study whether the overexpression of TSG101 is suf-
ficient to initiate the formation of mammary cancer and 
to assess whether this oncoprotein is required for tumor 
maintenance, we generated transgenic mice that permit 
a tissue-specific and temporally controlled overexpres-
sion of TSG101 in the mammary epithelium. We cloned 
a bicistronic transgene [TetO-Tsg101-IRES-luciferase] 
where, upon binding of the tetracycline-controlled trans-
activator (tTA) to its operator/promoter (TetO), the full-
length mouse TSG101 is expressed along with a luciferase 
reporter (Suppl. Fig.  S1A). Following pronuclear injec-
tion, we obtained six founder animals that transmitted 
the TetO-Tsg101 transgene to their progeny. To test the 
transactivator-dependent expression of the transgene, we 
crossed the TetO-Tsg101 founder lines with transgenic 
mice expressing the tTA (Tet-Off repressor) under the 
control of the Mouse Mammary Tumor Virus promoter 
(MMTV-tTA) [34]. Using in vivo bioluminescence imag-
ing, we determined that three of the six founder lines (1, 
6, and 11) exhibited the anticipated expression of lucif-
erase in the mammary and salivary glands of MMTV-tTA 
TetO-Tsg101 double transgenic females (Fig.  2A). The 
TetO-Tsg101 transgene was silenced in double transgenic 
females after administration of doxycycline (Dox) in 
drinking water for 48–72 h as determined by quantitative 

bioluminescent imaging on 10 untreated and 6 Dox-
treated mice (Fig. 2A). To confirm the expression of the 
TSG101 protein from the bicistronic transgene, we cul-
tured primary mouse embryonic fibroblasts (MEFs) from 
founder line #1 and infected them with a retroviral vector 
expressing the reverse tetracycline-inducible transactiva-
tor (rtTA, Tet-On). Following the administration of Dox, 
we validated the transgene activation using biolumines-
cence imaging and by immunoblot analysis of the trans-
genic TSG101 protein which carries a hemagglutinin 
(HA) tag on its N-terminus (Suppl. Fig.  S1B–C). While 
the expression of luciferase and exogenous TSG101 
from the TetO-Tsg101 transgene were dependent on 
the rtTA and administration of Dox, the total levels of 
TSG101 remained relatively stable in cultured fibroblasts. 
Similar to the phenomenon first reported by Feng et al. 
[30], we observed a downregulation of the endogenous 
TSG101 protein following a short-term upregulation of 
the transgenic protein (Suppl. Fig.  S1C, upper panel). 
This suggested that the normal autoregulatory feedback 
mechanism controlling the TSG101 protein level was not 
perturbed in fibroblasts that expressed the TetO-Tsg101 
transgene under the control of a retroviral transactiva-
tor. The withdrawal of Dox for 24–48 h resulted in a swift 
suppression of the rtTA-mediated activation of the TetO-
Tsg101 transgene (Suppl. Fig. S1C, lower panel).

While the Dox-inducible upregulation of exogenous 
TSG101 had no noticeable effect on the growth of cul-
tured fibroblasts, we observed an initial delay in the 
pre-pubertal development of mammary glands in trans-
genic mice overexpressing TSG101. The MMTV-tTA is 
already highly expressed in the rudimentary mammary 
epithelium of newborn animals where it transactivates 
TetO-driven responder transgenes in the absence of 
Dox (Tet-Off) [34]. At four weeks of age, the elongation 
of mammary ducts in the inguinal #4 glands of MMTV-
tTA TetO-Tsg101 females was stunted (Fig.  2B, upper 
panel), but the protracted development of the ductal tree 
in post-pubertal double transgenic mice became indis-
tinguishable from littermate controls after eight weeks 
of age (Suppl. Fig. S2A, upper panel). In contrast to the 

Fig. 1  Human breast cancer cell lines exhibit an upregulated expression of the TSG101 protein. A. Kaplan–Meier survival curves assessing 
the correlation between TSG101 mRNA expression levels and survival of patients with luminal-type and Her2-positive breast cancers (source: 
https://​kmplot.​com/). B. Normalized gene expression levels of TSG101 transcripts (Fragments Per Kilobase of transcript per Million mapped reads, 
FPKM) in 2 normal (MCF10A, HME1) and 30 human breast cancer cell lines from the Harvard Breast Cancer Profiling Project (ID:20,348). The cell 
lines and their FKPM values were arranged and color-coded according to the major immune-histological breast cancer subtypes they represent. 
C. Immunoblot analysis of TSG101 on two normal and 14 breast cancer cell lines. Cell lysates from TSG101 knockout mouse embryonic fibroblasts 
that express a CLIP-tagged human TSG101 protein served as a control to validate the specificity of the antibody. Beta-actin (ACTB) served 
as a loading control. The intensity of the TSG101 protein bands was normalized to the loading control, and the resulting TSG101 expression values 
of individual cancer cell lines were plotted as fold change in comparison to the average TSG101 expression in the normal cell lines (set as 1). The 
plotted TSG101 values of the cell lines are color-coded according to the major immune-histological breast cancer subtypes

(See figure on next page.)

https://kmplot.com/
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Fig. 1  (See legend on previous page.)



Page 8 of 21Dennaoui et al. Breast Cancer Research          (2025) 27:126 

inhibitory effect on the growth of the main collecting 
ducts, the overexpression of TSG101 during lactation did 
not affect the proliferation and functional differentiation 
of secretory alveolar cells and MMTV-tTA TetO-Tsg101 
dams were able to lactate normally (Suppl. Fig. S2A, B). 
However, the high expression of TSG101 during preg-
nancy and lactation caused extensive and, in some cases, 
very severe forms of ductal hyperplasia near the nip-
ple areas in the thoracic and inguinal mammary glands 
of involuted multiparous females (Fig.  2B, lower panel, 
Suppl. Fig.  S2C, upper panel). While mammary can-
cer formation was not observed in single transgenic 
TetO-Tsg101 or MMTV-tTA control animals, double 
transgenic females of the three expressing founder lines 
developed palpable mammary tumors by 18  months of 
age. The detailed histological and molecular analysis of 
mammary cancers was carried out on tissue specimens 
of founder line #1, which showed a very consistent rate 
of tumor formation with a median latency of 231  days 
(N = 73)(Fig. 2C). Palpable tumors that originated in any 
of the ten mammary glands showed a strong expression 
of luciferase, indicating that the MMTV-tTA-driven 
TetO-Tsg101 transgene was still highly active in pro-
gressing mammary cancers (Fig.  2D). Although less 
severe forms of ductal hyperplasia were present in the 
main collecting ducts of nulliparous MMTV-tTA-driven 
TetO-Tsg101 females (Suppl. Fig. S2C, lower panel), the 
formation of palpable mammary tumors was dependent 
on parity and only 2 of 14 nulliparous females that were 
monitored for 12–18 months developed mammary carci-
nomas at 214 and 362 days-of-age.

TSG101‑induced mammary tumors are adenosquamous 
carcinomas and adenomyoepitheliomas
The histopathologic analysis revealed that large tumors 
overexpressing TSG101 were adenosquamous mam-
mary carcinomas. Some of these tumors contained areas 
that exhibited typical characteristics of adenomyoepi-
theliomas (AMEs) that were more predominant in the 

hyperplastic ducts (Fig.  3A; Suppl. Fig.  S3A). Similar 
to neoplasms of the same histopathologic subtypes in 
humans, all TSG101-induced mammary tumors were 
comprised of cytokeratin 8 and 18 (CK8/18)-positive 
luminal epithelial cells and basal cells expressing CK5 and 
CK14 (Fig.  3B, upper). Interestingly, luminal and basal 
epithelial cells were already present within hyperplasia of 
the main collecting ducts (Fig. 3B, lower), suggesting that 
both epithelial lineages were coevolving during the sub-
sequent stages of mammary tumorigenesis. The TSG101-
induced mammary cancers were slow-growing, and 
regardless of their final dimensions at the time of nec-
ropsy (1–2 cm), only 2% of the tumor-bearing mice had 
metastatic lesions in their lungs as determined by stereo-
scopic examination (Suppl. Fig. S3B). This suggested that 
similar to the corresponding human neoplasms, aden-
osquamous mammary carcinomas in TSG101-overex-
pressing females were typically low-grade. This notion is 
supported by the fact that transplanted tumor fragments 
remained dormant and did not give rise to secondary 
large mammary cancers after 4–5  months when ortho-
topically transplanted into athymic nude (N = 16) and 
NRG (N = 16) immunocompromised recipient females 
(Suppl. Fig.  S3C). Also, numerous attempts to estab-
lish primary and immortalized TSG101-overexpress-
ing tumor cell lines were unsuccessful likely due to the 
silencing of the MMTV-tTA and TetO-Tsg101 transgene 
expression in cultured tumor cells as determined by bio-
luminescence imaging (not shown). Consequently, all 
subsequent biochemical and molecular studies were con-
ducted on primary tumor specimens.

Triple‑negative tumors overexpressing TSG101 exhibit 
high PI3K/AKT and JAK/STAT signaling
Compared to the normal mammary glands of MMTV-
tTA TetO-Tsg101 double transgenic females, the expres-
sion of exogenous TSG101 was significantly higher in 
most mammary cancers (Fig. 4A). This may suggest that 
the initiation of tumorigenesis is accompanied by the 

(See figure on next page.)
Fig. 2  Conditional expression of TSG101 under the control of the tetracycline-controlled transactivator (tTA) in the mammary gland causes ductal 
hyperplasia and mammary tumors. A. In vivo bioluminescence imaging (IVIS200) of two MMTV-tTA TetO-Tsg101 double transgenic females (mouse 
2, 3) before and after one of the two experimental animals (mouse 3) was given doxycycline (Dox) for 48 h. A TetO-Tsg101 single transgenic female 
(mouse 1) served as a control. The schematic of the double transgenic model illustrates the functionality of the Dox-controlled expression system 
as well as the co-expression of the luciferase reporter from the bicistronic TetO-Tsg101 transgene. The results of the quantitative bioluminescent 
image analysis of 10 untreated and 6 Dox-treated mice are shown as a box plot. B. Carmine Alum-stained wholemounts of mammary glands 
from nulliparous (4 weeks, upper panels) and nonpregnant multiparous (lower panels) double transgenic females and TetO-Tsg101 single 
transgenic controls; LN, lymph node; N, nipple region; bars, 1 mm. The dotted lines mark the leading boundaries of extending ducts from the nipple 
towards the lymph nodes and epithelium-free mammary fat pads at 4 weeks of age. C. Kaplan–Meier survival plot of multiparous MMTV-tTA 
TetO-Tsg101 females and multiparous TetO-Tsg101 single transgenic controls. Statistical significance in tumor-free survival between the two 
experimental groups was calculated with the log-rank test, P < 0.0001. D. In vivo bioluminescence imaging to validate the MMTV-tTA-mediated 
expression of the TetO-Tsg101 transgene in a palpable mammary tumor
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loss of the autoinhibitory feedback mechanism that con-
strains a deregulated expression of the TSG101 protein. 
Similar to the reported posttranslational downregulation 
of the ESCRT-1 binding partner VPS28 in siRNA-medi-
ated TSG101 knockdown cell lines [50, 51], we observed 
a concomitant upregulation of VPS28 in mammary 
tumors with high overexpression of TSG101. All adenos-
quamous carcinomas in the TSG101-induced mammary 
tumor model lacked expression of the estrogen and pro-
gesterone receptors as well as amplification of ERBB2. 
The absence of FOXA1 staining in these carcinoma cells 
supported the finding that the growth of the triple-neg-
ative TSG101-induced mammary tumor cells was likely 
not controlled by steroid hormones (Fig. 4B).

Adenosquamous and adenofibromatous mam-
mary tumors often result from the deregulated activa-
tion of the RAS and PI3 kinase signaling pathways [52, 
53]. Compared to adjacent normal mammary glands, 
TSG101-overexpressing carcinomas show higher lev-
els of ERBB3, HRAS, and active AKT (Fig. 4C, left). The 
upregulation of the p50/p55 regulatory subunits of the 
PI3 kinase in tumor cells is a consequence of an increase 
in inflammatory cytokine signaling through the JAK/
STAT pathway, in particular tyrosine-phosphorylated 
(i.e., activated) STAT3 (Fig. 4C, right). A subset of tumors 
exhibited a persistent activation of STAT5, which indi-
cates the presence of a significant fraction of differenti-
ated luminal epithelial cells. Despite the broad activation 
of JAK/STAT signaling cascades and low-grade histo-
pathological features of these adenosquamous carcino-
mas, the TSG101-induced tumors lacked active STAT1, 
which is a suggested tumor suppressor. Interestingly, the 
overexpression of TSG101 led to a significant increase 
in MDM2 expression in established mammary tumors 
(Fig.  4C, right). The concurrent upregulation of p21, 
along with a sustained low expression of p19Arf as well 
as the absence of high p53 protein levels were indicative 
that the genesis of triple-negative adenosquamous carci-
nomas was not associated with mutations in Trp53.

The gene expression profiles of TSG101‑overexpressing 
tumors are similar to mammary cancers that originate late 
in MMTV‑Wnt1 transgenic females
We performed RNA sequencing on ten tumor speci-
mens to classify TSG101-overexpressing mammary 

carcinomas based on their intrinsic gene expression 
profiles. The results of the unsupervised hierarchi-
cal clustering based on 1,723 intrinsic genes of these 
tumors alongside 251 tissue samples representing 31 
reference mammary tumor models and normal mam-
mary glands from two genetic backgrounds (i.e., FVB 
and BALB/c) are shown in Suppl. Fig. S4. The compu-
tational analysis revealed that TSG101-overexpressing 
tumors are most similar to luminal-type mammary 
cancers that developed late in MMTV-Wnt1 (Wnt1-
LateEx) transgenic females (Fig. 5A). A shared feature of 
the TSG101 and late Wnt1-induced luminal-type mam-
mary tumors is the expression of genes that belong to 
the basal gene cluster (Fig.  5B, left). In addition, there 
were several genes within the luminal gene expression 
subcluster that discriminated TSG101-overexpressing 
and late Wnt1-induced mammary cancers from typi-
cal luminal tumors that originated in MMTV-neu and 
MMTV-PyMT mice (Fig.  5B, right). TSG101-overex-
pressing tumors were relatively slow-growing, which 
is also evident from the reduced expression of genes 
within the proliferation subcluster (P, black) shown in 
Suppl. Fig. S4.

To gain insight into the molecular pathways that are 
associated with TSG101-induced mammary tumo-
rigenesis, we compared the gene expression profiles 
of TSG101-induced mammary tumors with RNA 
sequencing data from mammary gland tissues of three 
FVB wild-type females. Gene set enrichment analy-
sis (GSEA) confirmed the deregulated expression of 
genes associated with Wnt signaling as well as cytokine 
receptor and JAK/STAT pathway activation (Suppl. 
Fig.  S5). Several differentially regulated genes within 
these pathways are key signaling nodes and effectors 
that control biological processes, such as the pluripo-
tency of stem and progenitor cells and the genesis of 
basal cell carcinoma. Another group of deregulated 
genes in TSG101-overexpressing tumors is functionally 
linked to microRNAs (Suppl. Fig. S5). These genes play 
a role in several of the proposed multifaceted functions 
of TSG101, including the biogenesis of exosomes and 
the release of local growth factors such as inflammatory 
cytokines and Wnts [54, 55].

Fig. 3  TSG101 overexpression causes the development of adenosquamous carcinomas with regional areas of AMEs that are comprised 
of transforming luminal and basal epithelial cells. A. Hematoxylin and eosin (H&E)-stained histologic sections of mammary tumors from MMTV-tTA 
TetO-Tsg101 double transgenic females; bars, 50 µm. B. Immunofluorescent staining of luminal epithelial cytokeratins 8 and 18 (CK8, CK18) as well 
as basal epithelial cytokeratins 5 and 14 (CK5, CK14) in adenosquamous carcinomas (upper panels) and ductal hyperplasias (lower panels); N, 
adjacent normal epithelial ducts, bars, 50 µm. Slides were counterstained with DAPI

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Overexpression of TSG101 in luminal progenitors 
promotes cellular heterogeneity
In addition to their gene expression profiles, TSG101-
induced mammary cancers and Wnt1-LateEx tumors 
share several commonalities, such as their mixed com-
position of cancer cells with luminal and basal epithelial 
cell characteristics. The observation that diverse epithe-
lial subtypes were already present in ductal hyperplasia 
of TSG101-overexpressing females prior to tumor onset 
(Fig. 3B) provided a unique opportunity to study whether 
tumor cell heterogeneity is a result of potential parac-
rine effects of the oncogene or a luminal-basal transition 
of transforming epithelial cells. Using a TetO-H2B-GFP 
reporter transgene, we observed that in the absence of 
the TetO-Tsg101 transgene, the MMTV-tTA is expressed 
in a mosaic fashion in a subset of CK8-positive luminal 
epithelial cells of mammary ducts (Fig. 6A). The presence 
of nuclear GFP in most CK14-positive cells in hyperplas-
tic ducts of MMTV-tTA TetO-Tsg101 TetO-H2B-GFP 
triple transgenic females indicated that basal cells in the 
heterogenous preneoplastic lesions likely originated early 
from luminal progenitors (Fig.  6B). Consequently, they 
are not groups of cells that are co-amplified though par-
acrine signals from oncogene-expressing luminal cells. 
In support of this notion, the GFP reporter was still 
expressed in basal epithelial cells of large adenosquamous 
carcinomas (Fig. 6C). These collective observations were 
validated in MMTV-tTA TetO-Tsg101 females that also 
carry the MMTV-Flp transgene in combination with the 
Rosa26CAG−FSF−GFP reporter allele. Similar to the MMTV-
tTA, the expression of the MMTV-Flp transgene is 
confined to the luminal epithelium where the Flp recom-
binase initiates a constitutive expression of GFP from 
the ubiquitously active Rosa26 locus (Suppl. Fig.  S6A). 
This dual reporter system was used to label luminal epi-
thelial cells and their progeny during the early stages of 
TSG101-associated transformation in parous MMTV-
tTA TetO-Tsg101 MMTV-Flp Rosa26CAG−FSF−GFP females 
(Suppl. Fig. S6B). Although the MMTV-tTA and MMTV-
Flp expression profiles are mosaic and not identical in all 
cells, hyperplastic ducts in quadruple transgenic mice 

were GFP-positive. The results from the immunofluores-
cent co-staining of CK14 and GFP on histologic sections 
of these lesions suggested that transforming epithelial 
cells with basal-like features likely originated from the 
luminal epithelium.

Exogenous TSG101 is required for tumor progression 
and the survival of carcinoma cells
The observation that luciferase was expressed from the 
bicistronic TetO-Tsg101 transgene in established mam-
mary tumors (Fig. 2C) suggested that the overexpression 
of the oncoprotein is continuously required for the main-
tenance and progression of adenosquamous carcinoma 
cells. To experimentally address this notion, we admin-
istered Dox in the drinking water of 10 tumor-bearing 
females. The ligand-mediated suppression of the TetO-
Tsg101 transgene was validated by bioluminescence 
imaging 48 and 72 h after the first administration of Dox 
(Fig.  7A). Tumors were measured every other day for 
four weeks while the animals were continuously treated 
with Dox. At the end of the treatment period, 8 of the 10 
tumors were more than 60% smaller in size (Fig. 7B, left). 
The histological examination of residual cancer tissues of 
Dox-treated animals showed that the size of the tumor 
was not an accurate readout for the effects of the ablation 
of exogenous TSG101 (Fig. 7B, right). The tumor with the 
least reduction in size (tumor 1) was cystic and filled with 
necrotic fluid. On the other end of the spectrum, residual 
carcinoma cells were still present at primary tumor sites 
where carcinomas exhibited a near complete macro-
scopic regression in response to Dox treatment (tumors 
9 and 10). None of the regressed tumors showed a recur-
rence or increase in size while the mice were treated 
with Dox for a month, and Ki-67-positive cells were not 
detected in residual cancer cells (Suppl. Fig. S7).

Next, we collected tumor specimens from animals that 
were treated with Dox for 72 h to investigate the immedi-
ate impact of the downregulation of TSG101 on cytokine 
and receptor tyrosine kinase signaling. While the short-
term treatment with Dox had no immediate effect on 
the STAT3-mediated expression of the PI3K subunits 

(See figure on next page.)
Fig. 4  TSG101-induced mammary tumors are triple-negative and exhibit a robust activation of PI3K/AKT and JAK/STAT signaling. A. Immunoblot 
analysis of HA-tagged TSG101 and its binding partner VPS28 as well as the estrogen and progesterone receptors (ERα, PR) and the epidermal 
growth factor receptor 2 (ERBB2/HER2) in mammary tumors (T) and normal mammary gland tissues (N) of parous MMTV-tTA TetO-Tsg101 double 
transgenic females; tissue specimens of normal mammary glands (N) and uterus of wild-type FVB females as well as ERBB2-overexpressing 
mammary tumors (MMTV-neu) served as controls. B. Immunohistochemical staining of nuclear FOXA1 in normal mammary gland 
and TSG101-induced tumor tissues, bars, 50 µm. C. Western blot analysis of selected receptor tyrosine kinases and downstream MAP3K and PI3K/
AKT signaling effectors (left), as well as STAT proteins and cell cycle regulators (right); PC, positive controls, mutant KRAS-induced mouse mammary 
tumors expressing tyrosine phosphorylated STAT1/3 and high levels of mutant p53 and p19Arf; NC, negative controls, NC1 p19Arf-deficient NIH3T3 
cells; NC2, mouse embryonic fibroblasts (MEFs) with a targeted double knockout of MDM2 and p53. GAPDH was used as loading controls in panels 
A and C 
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Fig. 4  (See legend on previous page.)
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Fig. 5  Unsupervised hierarchical clustering of TSG101 overexpressing mammary tumors with mouse reference tumors and normal mammary 
glands. A. Left, overview of the complete heatmap resulting from the unsupervised hierarchical clustering of the expression of 1,723 intrinsic 
genes among 251 individual mammary cancers and normal mammary glands, representing 31 reference tumor models, including cancer 
tissues that originated late in MMTV-Wnt1 transgenic females (light blue; Wnt1-Late.Ex; N = 4;) and that clustered together with tumors 
from TSG101-overexpressing females (light red; MMTV-tTA TetO-Tsg101; N = 10). Right, a selected subset of mammary cancer models from the entire 
cluster showing that tumors from TSG101-overexpressing females share expression patterns with basal-like and luminal mammary tumors. B. Basal 
and luminal gene expression subclusters showing similarities between mammary tumors that are overexpressing TSG101 and Wnt1
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Fig. 6  Basal-like tumor cells in heterogeneous mammary carcinomas overexpressing TSG101 originate from luminal epithelial cells. A. 
Immunofluorescent (IF) co-staining of nuclear GFP along with luminal cytokeratin 8 (CK8) or basal cytokeratin 14 (CK14) in the mammary 
gland of MMTV-tTA TetO-H2B-GFP double transgenic females; bars 50 µm. Note that without the expression of an oncogene, the MMTV-tTA 
transactivates TetO-driven responder transgenes in a subset of luminal epithelial cells. B. IF staining of the MMTV-tTA-driven nuclear GFP reporter 
in CK14-positive basal epithelial cells in a ductal hyperplasia that developed in MMTV-tTA TetO-Tsg101 TetO-H2B-GFP triple transgenic females; 
bars, 50 µm. C. Stereoscopic bright-field image (left) with a corresponding GFP fluorescent image (middle) of a mammary tumor that developed 
in an MMTV-tTA TetO-Tsg101 TetO-H2B-GFP triple transgenic female; bar, 0.5 cm. The right panel shows a histologic section of the mammary tumor 
(T) with adjacent normal duct (N) that was co-stained for GFP and CK14; bar 50 µm. DAPI was used as a counterstain in panels A-C 
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p50/p55, the ablation of exogenous TSG101 resulted in 
a notable decline in the expression of individual EGFR/
ERBB receptors as well as the downstream activation 
of AKT and its effectors (Fig.  7C), including Cyclin D1 
(Suppl. Fig.  S8). We also observed a significant reduc-
tion in the expression of MDM2 and p21Cip1 in mam-
mary tumors as a consequence of the downregulation of 
TSG101 (Suppl. Fig.  S8). The collective results suggest 
that the growth and survival of most TSG101-overex-
pressing mammary adenosquamous carcinoma cells are 
dependent on the sustained expression of this oncopro-
tein, the activation of PI3K/AKT signaling, as well as 
expression of MDM2, Cyclin D1, and p21.

Discussion
The results of this study provide experimental evidence 
that, when persistently overexpressed, TSG101 promotes 
the initiation of metaplastic lesions in the mammary epi-
thelium and the development of triple-negative adenos-
quamous carcinomas. Moreover, excess levels of TSG101 
are required for the survival of carcinoma cells in  vivo. 
This suggests that TSG101 has persistent pro-tumor-
igenic functions during cancer initiation, progression, 
and maintenance of established tumors. An interesting 
phenomenon is the predominant occurrence of ductal 
hyperplasia, AMEs, and palpable adenosquamous tumors 
in the specific region of the mammary glands of parous 
mice (i.e., epithelial cells of the main collecting ducts), 
where the overexpression of TSG101 in prepubescent 
females initially led to a delay in the normal development 
of the gland. This observation and the higher expression 
of exogenous TSG101 in tumors compared to the normal 
mammary glands of transgenic mice might indicate that 
the initiation of ductal precursor lesions and carcinomas 
relies on an alteration in the posttranslational autoregula-
tory feedback loop that normally restricts the level of the 
TSG101 protein [30]. Although the precise mechanism 
controlling this feedback loop remains to be elucidated, 
this process is likely associated with one or several epi-
genetic changes that are augmented during the gestation 
cycle, such as DNA and histone methylation, as reviewed 
by Holliday et al. [56]. This would explain why the repro-
ductive status of a female is the primary determinant 

for the TSG101-induced formation of large mammary 
tumors.

While the hyperplastic lesions within extended mam-
mary ducts of TSG101-overexpressing mice were similar 
to AMEs, the palpable mammary tumors presented as 
adenosquamous carcinomas, sometimes retaining fea-
tures of AMEs in focal areas. These findings support the 
previously stated notion by Foschini et al. [57] that both 
types of neoplasms may follow a common developmen-
tal trajectory. Nonetheless, the pathogenesis of AMEs 
and adenosquamous carcinomas remains poorly under-
stood. The presence of luminal and basal epithelial cells 
within AMEs was regarded as evidence that these lesions 
may co-evolve from both epithelial cell lineages [58]. In 
contrast, the preservation of the cellular heterogeneity in 
rare cases of metastatic tumors arising from AMEs may 
suggest that they originate from a dual-lineage progeni-
tor [59]. Using an H2B-GFP reporter to monitor MMTV-
tTA-mediated activation of TetO-driven responder 
transgenes on the cellular level, we determined that the 
overexpression of TSG101 promotes a basal trans-differ-
entiation of a subset of luminal epithelial cells within the 
ductal epithelium. Like transgenic mice that express the 
Flp recombinase under the control of the same MMTV 
promoter [38], the activation of the MMTV-tTA is typi-
cally restricted to the luminal epithelium. The atypical 
expression pattern of the MMTV-tTA-driven H2B-GFP 
reporter in basal epithelial cells within early TSG101-
overexpressing preneoplastic lesions is retained in aden-
osquamous carcinomas. The developmental trajectory 
of TSG101-overexpressing tumors is quite similar to the 
basal trans-differentiation of luminal progenitors during 
the initial stages of basal-like and claudin-low mammary 
tumorigenesis [36, 60]. This might explain why a subset 
of low-grade adenosquamous carcinomas have the pro-
pensity to progress into high-grade triple-negative meta-
plastic breast cancer [61].

On the mechanistic level, the acquisition of basal-
like characteristics instigated by the overexpression of 
TSG101 might be a consequence of the activation of 
Wnt signaling. Unsupervised hierarchical clustering 
indicated that TSG101-induced tumors were similar 
to tumors that develop late in MMTV-Wnt1 transgenic 

Fig. 7  Sustained expression of exogenous TSG101 is required for the survival of mammary carcinoma cells in vivo. A. In vivo bioluminescence 
imaging (Bruker In Vivo Xtreme) of tumor-bearing MMTV-tTA TetO-Tsg101 mice before (-Dox) and after administration of doxycycline (+ Dox) 
in the drinking water for 72 h (N = 3); PC, positive control, tumor-bearing mouse that was not treated with Dox. B. Relative changes in tumor size 
(N = 10 animals) before and 30 days after continuous treatment with Dox. The right images are hematoxylin and eosin (H&E)-stained sections 
of the tumors with the least (tumor 1) and macroscopically near-complete regression (tumor 10) at the end of the treatment period; bars, 1 mm 
(tumor 1) and 600 µm (tumor 10). C. Western blot analysis of HA-tagged TSG101, ERBB receptor tyrosine kinases, and downstream mediators 
of PI3K/AKT signaling in mammary carcinomas before and after 72 h of treatment with Dox. GAPDH was used as a loading control

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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mice (Wnt1-LateEx) and shared similar gene expression 
patterns within the luminal and basal gene subclusters 
[47]. Wnt signaling has been reported to suppress lumi-
nal epithelial cell lineage determination through various 
molecular mechanisms [62]. Although Wnt promotes 
the spontaneous onset of mammary tumors, recent work 
by Schachter et al. [63] demonstrated that the pro-tum-
origenic function of Wnt is independent of its ability to 
trigger squamous differentiation. It is therefore possible 
that the activation of Wnt signaling in TSG101-induced 
adenosquamous carcinomas promotes cellular features 
independently of other oncogenic functions of TSG101. 
Interestingly, nearly 70% of Wnt1-LateEx mammary 
tumors carried mutations in codon 61 of the Hras gene 
[47], which, in association with other PI3K/AKT pathway 
alterations, have also been recently identified as a main 
driver in the pathogenesis of AMEs in human [59]. While 
we have not identified hotspot mutations in Hras and 
Pik3ca, TSG101-overexpressing tumors have elevated 
levels of receptor tyrosine kinases (e.g., EGFR, ERBB2/3), 
HRAS, and exhibit a robust activation of PI3K/AKT sign-
aling. More importantly, the activation of the PI3K/AKT 
pathway and the survival of cancer cells was dependent 
on the sustained overexpression of TSG101 in tumors. 
Similar to the ablation of exogenous TSG101 in mam-
mary tumors, the conditional knockout of TSG101 led 
to the downregulation of the steady-state protein expres-
sion of ERBB receptors prior to cell death [17]. As part 
of its function in intra-cellular trafficking, TSG101 medi-
ates the recycling of receptor tyrosine kinases, in part, 
by binding to the RAB11-family interacting proteins 
FIP3/4 [64]. This proposed function in the modulation of 
receptor signaling is supported by the observation that 
a knockout of TSG101 disrupts the association of early 
endosomes from RAB11-positive recycling endosomes 
[1]. The effects of the downregulation of exogenous 
TSG101 on the decelerated growth and eventual regres-
sion of the tumors is likely mediated, in part, by the 
observed significant reduction in the expression of Cyclin 
D1. The results of this study also provide in vivo evidence 
for additional functions of TSG101 in cell cycle control 
through upregulation of MDM2 [65] as well as p21Cip, 
which does not seem to exert a growth inhibitory role in 
mammary tumors as previously reported for HEK293F 
cells and differentiated keratinocytes [9].

Conclusions
Collectively, this work provides experimental evidence 
that the protein encoded by the Tumor susceptibility gene 
101 has potent oncogenic functions in vivo. The overex-
pression of TSG101 causes adenosquamous carcinomas 
that originate from luminal epithelial cells of the main 
mammary ducts after a median latency of 10  months. 

It is interesting to note that, initially, the upregulated 
expression of TSG101 is growth inhibitory to develop-
ing mammary ducts. Therefore, the ability of TSG101 
to promote malignant transformation and cellular het-
erogeneity within the mammary ductal epithelium likely 
requires secondary events (e.g., epigenetic changes) that 
diminish the posttranslational autoregulatory control of 
the TSG101 protein expression and that enable the sur-
vival of cells expressing elevated levels of TSG101. This 
might explain why the expression of the TSG101 protein 
is significantly higher in many human breast cancer cell 
lines compared to untransformed epithelial cells despite 
similar mRNA expression levels. Consistent with find-
ings from previous reports that TSG101 is essential for 
the growth of breast cancer cells in culture [25, 26], the 
results from this study demonstrate a perpetual pro-
tumorigenic function of TSG101 for the proliferation 
and survival of adenosquamous carcinoma cells in estab-
lished tumors, suggesting that TSG101 might serve as a 
rational molecular target to prevent and treat a subset of 
mammary tumors.
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