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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-
guamous 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 (TSGI101) encodes
a protein with versatile functions in various molecular
and biological processes that are essential for cell growth
and survival [1]. TSG10! 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 7sgi0I 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 TsgI101 gene in primary mouse embryonic
fibroblasts causes a cell cycle arrest at the G1 phase that
is p53 and p21“Pl-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 Tsgl0I 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
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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 TsgI01 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-Tsgl01) 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 Tsgl0I gene was described
previously [16]. The HA-Tsgl01 sequence was cloned
as a blunted fragment into the Smal site in front of
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an IRES-Luciferase construct [33], and the TsgI0OI-
IRES-luciferase expression cassette was transferred as
a blunted Notl/Sacl fragment into the EcoRV site of the
pTet-Splice vector. Prior to pronuclear injection into FVB
zygotes, the TetO-Tsgl01-IRES-luciferase transgene was
released from the vector backbone using X/ol/Notl 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-TsglO1 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 GTIT 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-Tsgl01 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
(MGL: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/]]  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
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transgenic line [Tg(MMTV-Flp)29542Kuw] can be
found in previous publications by our laboratory [36,
38]. The Rosa26“A9~FSF-GFP knockin reporter strain
[Gt(ROSA)26Sor™-2CAG-EGEPIEsh] - yyas 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 mm? 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-RagltmlMom II2rgtm1Wijl/Sz]; 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 (mm?3) were calculated using the fol-
lowing equation: length (mm)xwidth?> (mm?)/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-TsglOl 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-
GEFP 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 pm were
deparaffinized three times in Histo-Clear, rehydrated in
decreasing concentrations of ethanol, and washed three
times in 1xPBS. 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 X 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 1xXPBS 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 EcoRl/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-Tsgl01 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 pg/ml gentamycin, 100 units/ml penicil-
lin, and 100 pg/ml streptomycin. After genotyping, pri-
mary MEFs that carried the TetO-Tsgl01 transgene were
immortalized according to the standard 3T3 protocol. To
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activate the TetO-TsglO1 transgene, MEFs were plated
at a density of 3—4x 10° 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 pg/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 pg/pl 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 pg/ml) three minutes prior to the acquisition
of bioluminescent images using the IVIS200. Cells were
washed in 1xPBS 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 1X 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 X 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
1XTBST, two washes in 1XTBS (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 Image] 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.bioinformatics.babraham.ac.uk/
projects/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-project.org/web/packages/gplots/index.
html).

To perform the unsupervised hierarchical cluster
analysis of mammary tumors from MMTV-tTA TetO-
Tsgl01l females together with reference tumors from
31 diverse mouse mammary cancer models and normal
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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 (x%) 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 T7SGI01 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 (TsgI017")
and express a CLIP-tagged or a dTomato reporter fusion
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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-Tsgl01-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-Tsgl01 transgene to their progeny. To test the
transactivator-dependent expression of the transgene, we
crossed the TetO-Tsgl01 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-Tsgl01 double transgenic females (Fig. 2A). The
TetO-Tsgl01 transgene was silenced in double transgenic
females after administration of doxycycline (Dox) in
drinking water for 48—72 h as determined by quantitative

(See figure on next page.)
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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-TsglO1l 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-Tsgl01
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-
Tsgl01 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-TsglO1 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 TSGT07 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, HMET) 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
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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-Tsgl01
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-Tsgl01 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-Tsgl01 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-Tsgl01 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

(See figure on next page.)
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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 c¢m), 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-Tsgl01 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-Tsgl01 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

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. ATetO-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) STATS3 (Fig. 4C, right). A subset of tumors
exhibited a persistent activation of STATS5, 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 p19*™ 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

(See figure on next page.)
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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-Wntl (Wntl-
Late®™) transgenic females (Fig. 5A). A shared feature of
the TSG101 and late Wntl-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 Wntl-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 TSG10l-induced mammary tumo-
rigenesis, we compared the gene expression profiles
of TSG10l-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 um. 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 um. Slides were counterstained with DAPI
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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 Wntl-Late®™ 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-Tsgl01 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-Tsgl01 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-Tsgl01 females that also
carry the MMTV-Flp transgene in combination with the
Rosa264GFSE=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-Tsgl01 MMTV-Flp Rosa26“4GF5F=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

(See figure on next page.)
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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-TsglO1 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-
TsglO1 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

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 (ERq, 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 FOXAT in normal mammary gland

and TSG101-induced tumor tissues, bars, 50 pm. 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 p1 9% NC, negative controls, NC1 p19"™-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

Aand C



Dennaoui et al. Breast Cancer Research (2025) 27:126 Page 13 of 21
A wigype MMTV-{TA TetO-TSG101 B ‘Vammary Gland
oa N N N N T T T T NS
- LA :
.| o e
~ L ———— T5G101
50— —— —
55 oo wn SO vPsz
Kl i L p—— LU
o, Uerus MMTV-new  MMTVATA Tet0-TSG101
a
o - ERBB2
-5 .- ERa
50— - - _—
-— PR
75—
37
SR ——— e GAPDH
C MMTV-TA TetO-TSG101
0 N N T T T o NN T T T T
150 .: l- — E EGFR | — PY-STATA
150 e @ wwes | ERBB3 ;| — W w—— STAT
DT - w——— HRAS s w— PY-STAT3
e U R ————
o = —— SR K1 . am— — | pY-STAT5
{0 SIS s S S | P110aipha TAT
100 o e s s - STATS
75 - ST T S W - S5 37— ———— | GAPDH
s @ | p50/55
%0- - — Controls MMTV-ATA TetO-TSG101
5| - e G W oo | pT308-AKT  pc NCINGZ N N T T T 1T
50— —D W o | [S4T3-AKT 50 == @ e e == DM2
5O | s w—— | AKT 50— p53
1| T — — | DV.STAT3 207 T ——— | D1
37 | ——————> G APDH 37 | —— - a———  GAPDH

Fig. 4 (Seelegend on previous page.)




Dennaoui et al. Breast Cancer Research

Basal Cluster

Luminal Cluster

(2025) 27:126

LR N E N -Em

Page 14 of 21

minal Basal-like

eeepgeEgEd

T3

14-primary
14-prinarv

-2.00
-1.33
-0.67
0.00
0.67

1.33
2.00

| Basal Gene Subcluster

Luminal Gene Subcluster

K14-Primary
TSG101_4

)

Y

1 4
1_10

K14-Primar
TSG10:
TSG10:

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 ™ 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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A

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 um. 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 um. 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 um. 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 p21“?! 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

(See figure on next page.)
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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 TSG10l-induced tumors were similar
to tumors that develop late in MMTV-Wntl 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=10animals) 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, T mm
(tumor 1) and 600 um (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
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mice (Wntl-Late®™) 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 Wntl-Late™ 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 RABI11-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 RABI1-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 p21°P,
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.
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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.

Abbreviations
AME Adenomyoepithelioma

AKT Serine/threonine-specific protein kinase B

Cre Cre recombinase from the P1 bacteriophage

CcK Cytokeratin

Dox Doxycycline

EGFR Epidermal growth factor receptor

ERBB Erythroblastic leukemia viral oncogene, receptor tyrosine kinase
family

Flp Flippase, site-specific recombinase from Saccharomyces cerevisiae

GFP Green fluorescent protein

H2B Histone H2B

HRAS Harvey rat sarcoma virus transforming protein

IRES Internal ribosome entry site

JAK Janus tyrosine kinase

Neu Receptor tyrosine-protein kinase ERBB2, HER2

STAT Signal Transducer and Activator of Transcription

TetO Tetracycline-controlled operator/promoter

Trp53 Transformation-related protein 53, TP53, p53

TSG101  Tumor susceptibility gene 101

MDM2  Mouse double minute 2 homolog

MMTV Mouse mammary tumor virus

PI3K Phosphoinositide 3-kinase

PyMT Polyoma virus middle T antigen

tTA Tetracycline-controlled transactivator

VPS Vacuolar protein sorting

WAP Whey acidic protein, milk protein

Wnt Wingless, integration site 1 (int1), signal transduction pathway

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513058-025-02007-8.

[ Supplementary material 1. }

Acknowledgements

The authors thank Melissa Anders-DiPonio, Bridget Reno, as well as members
of the Animal Model and Therapeutics Evaluation Core (AMTEC) at the
Karmanos Cancer Institute (KCI) for the preparation of histologic sections.
The KCI Microscopic Imaging and Cytometry Resources (MICR) Core Facility


https://doi.org/10.1186/s13058-025-02007-8
https://doi.org/10.1186/s13058-025-02007-8

Dennaoui et al. Breast Cancer Research (2025) 27:126

maintained the Bruker In Vivo Xtreme. The KCI core facilities are supported by
the Public Health Service grant CA022453. The acquisition of bioluminescent
images using the IVIS200 was conducted at the In Vivo Imaging Core Facility
at the University of Nebraska Medical Center (UNMC). Yong Li assisted in the
maintenance of mice, genotyping, and tissue procurement.

Author contributions

K-UW. formulated the overarching research goals and aims, supervised the
research, and wrote the manuscript. R.D. completed most of the immunoblot
experiments, and M.N.W. assisted in the execution of immunostaining pro-
tocols and provided control specimens for immunoblots. With support from
CM.P, PD.R. conducted all RNA sequencing computational analyses of data
sets. KV. and AAAT. drafted the institutional animal study protocols at Wayne
State University and UNMC, developed genotyping protocols, conducted the
bioluminescence imaging, maintained the animal colonies, and were respon-
sible for the collection of tissue specimens. R-M.F. performed studies related
to mammary gland development, oversaw the collection of specimens, com-
piled data, and assisted in the writing of grants and reports. H.S. participated
in tumor regression studies and assisted in tissue procurement and sequence
data analysis. KCM. and TA.L. conducted experiments with the transgenic
mouse embryonic fibroblast cell lines. H.R. assisted with whole-slide scanning
and digital imaging of histologic sections. R.D.C. performed the histopatholog-
ical examination of mammary tumors. TM.G. conducted pronuclear injections
of the TetO-Tsg101 transgenic construct.

Funding

Initial pilot funding for this project was provided to K.-U.W. by the Nebraska
Cancer and Smoking Disease Research Program (NE DHHS LB506, 2018-45).
Financial support by Public Health Service grant CA219332 (to K-U.W.) was
imperative to maintain selected mouse strains that were used in this study.
K-UW.is the Lloyd and Marilyn Smith Endowed Professor for Breast Cancer
Research at KCl, and additional institutional support was provided by Wayne
State University. R.D. and M.N.W. were supported by the Ruth L. Kirschstein
National Research Service Award T32 (CA009531), and PD.R. received a
graduate fellowship through the Cancer Research Training Program at UNMC
(CA009476). K.CM. and TA.L. were supported by the South Carolina IDeA Net-
works of Biomedical Research Excellence (GM103499). CM.P. was supported
by the Public Health Service grants CA14876 (R01) and CA58223 (P50, NCI
Breast SPORE), as well as a grant from the Breast Cancer Research Foundation.
The funders had no role in the study design, data collection, analysis, the deci-
sion to publish, or the preparation of the manuscript.

Data availability

The RNA Sequencing data was deposited in the Gene Expression Omnibus
(GEO) under accession number GSE271036. Software used for RNA sequenc-
ing analyses is described above and is freely available through Bioconductor,
CRAN, or GitHub. Source data are provided in this paper. All the other data
supporting the findings of this study are available from the corresponding
author upon reasonable request.

Declarations

Ethics approval and consent to participate

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 regulations. The animal
study protocols were approved by the Institutional Animal Care and Use Com-
mittee of the Nebraska Medical Center and Wayne State University.

Competing interests

CMP.is an equity stockholder and consultant of BioClassifier LLC; CM.P is also
listed as an inventor on patent applications for the Breast PAM50 Subtyping
assay. The other authors declare no competing interests.

Author details

'Department of Oncology, Wayne State University School of Medicine
and Tumor Biology Program, Barbara Ann Karmanos Cancer Institute, 4100
John R, Mail Code ELO1TM, Detroit, MI 48201, USA. 2Department of Genet-
ics, Lineberger Comprehensive Cancer Center, University of North Carolina
at Chapel Hill, Chapel Hill, NC 27599, USA. 2Eppley Institute for Research

Page 19 of 21

in Cancer and Allied Diseases, Nebraska Medical Center, University of Nebraska
Medical Center, 985950, Omaha, NE 68198-5950, USA. “Department of Biology,
Coastal Carolina University, Conway, SC 29528, USA. °Department of Pharma-
cology, Physiology & Cancer Biology, Thomas Jefferson University, Philadel-
phia, PA 19107, USA. *Department of Pathology and Laboratory Medicine,
School of Medicine University of California, Davis, CA 95616, USA. ”MclLaughlin
Research Institute, and Touro College of Osteopathic Medicine , Touro Univer-
sity, Great Falls, MT 59405, USA. 8Present Address: Canadian College of Health
Science and Technology, 1737 Walker Road, Windsor, ON N8W 3P2, Canada.
Present Address: Becton Dickinson, 21 Davis Drive, Durham, NC 27709, USA.
19present Address: PrecisionAQ, 777 Township Line Road, Suite 300, Yardley, PA
19067, USA.

Received: 10 July 2024 Accepted: 20 March 2025
Published online: 07 July 2025

References

1. Ferraiuolo RM, Manthey KC, Stanton MJ, Triplett AA, Wagner KU. The mul-
tifaceted roles of the tumor susceptibility gene 101 (TSG101) in normal
development and disease. Cancers. 2020;12(2):450.

2. LiY,KaneT,Tipper C, Spatrick P, Jenness DD. Yeast mutants affecting
possible quality control of plasma membrane proteins. MolCell Biol.
1999;19(5):3588-99.

3. Babst M, Odorizzi G, Estepa EJ, Emr SD. Mammalian tumor susceptibility
gene 101 (TSG101) and the yeast homologue, Vps23p, both function in
late endosomal trafficking. Traffic. 2000;1(3):248-58.

4. Katzmann DJ, Babst M, Emr SD. Ubiquitin-dependent sorting into the
multivesicular body pathway requires the function of a conserved endo-
somal protein sorting complex ESCRT-I. Cell. 2001;106(2):145-55.

5. Thery C, Boussac M, Veron P, Ricciardi-Castagnoli P, Raposo G, Garin J,
Amigorena S. Proteomic analysis of dendritic cell-derived exosomes: a
secreted subcellular compartment distinct from apoptotic vesicles. J
Immunol. 2001;166(12):7309-18.

6. Colombo M, Moita C, van Niel G, Kowal J, Vigneron J, Benaroch P, Manel
N, Moita LF, Thery C, Raposo G. Analysis of ESCRT functions in exosome
biogenesis, composition and secretion highlights the heterogeneity of
extracellular vesicles. J Cell Sci. 2013;126(Pt 24):5553-65.

7. Hittelman AB, Burakov D, Iniguez-Lluhi JA, Freedman LP, Garabedian MJ.
Differential regulation of glucocorticoid receptor transcriptional activa-
tion via AF-1-associated proteins. EMBO J. 1999;18(19):5380-8.

8. LinYS, ChenYlJ, Cohen SN, Cheng TH. Identification of TSG101 functional
domains and p21 loci required for TSG101-mediated p21 gene regula-
tion. PLoS ONE. 2013;8(11): €79674.

9. OhH,Mammucari C, Nenci A, Cabodi S, Cohen SN, Dotto GP. Negative
regulation of cell growth and differentiation by TSG101 through associa-
tion with p21Cip1/WAF1. ProcNatlAcadSciUSA. 2002;99(8):5430-5.

10. Zhong Q, Chen, Jones D, Lee WH. Perturbation of TSG101 protein affects
cell cycle progression. Cancer Res. 1998;58:2699-702.

11. Lee HH, Elia N, Ghirlando R, Lippincott-Schwartz J, Hurley JH. Midbody
targeting of the ESCRT machinery by a noncanonical coiled coil in CEP55.
Science. 2008;322(5901):576-80.

12. Wagner KU, Dierisseau P, Rucker EB, Robinson GW, Hennighausen L.
Genomic architecture and transcriptional activation of the mouse and
human tumor susceptibility gene TSG101: common types of shorter tran-
scripts are true alternative splice variants. Oncogene. 1998;17:2761-70.

13. Ruland J, Sirard C, Elia A, MacPherson D, Wakeham A, Li L, Luis DLP,
Cohen SN, Mak TW. p53 Accumulation, defective cell proliferation, and
early embryonic lethality in mice lacking tsg101. ProcNatlAcadSciUSA.
2001,98(4):1859-64.

14. Wagner KU, Krempler A, Qi Y, Park K, Henry MD, Triplett AA, Riedlinger G,
Rucker EB Ill, Hennighausen L. Tsg101 Is essential for cell growth, pro-
liferation, and cell survival of embryonic and adult tissues. MolCell Biol.
2003;23(1):150-62.

15. Carstens MJ, Krempler A, Triplett AA, van Lohuizen M, Wagner KU.

Cell cycle arrest and cell death are controlled by p53-dependent and
p53-independent mechanisms in Tsg101-deficient cells. JBiolChem.
2004,279(34):35984-94.



Dennaoui et al. Breast Cancer Research

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

(2025) 27:126

Krempler A, Henry MD, Triplett AA, Wagner KU. Targeted deletion of the
Tsg101 gene results in cell cycle arrest at G1/S and p53-independent cell
death. JBiolChem. 2002;277(45):43216-23.

Morris CR, Stanton MJ, Manthey KC, Oh KB, Wagner KU. A knockout of
theTsg101 gene leads to decreased expression of ErbB receptor tyrosine
kinases and induction of autophagy prior to cell death. PLoSOne.
2012;7(3): @34308.

Li L, Cohen SN.Tsg101: a novel tumor susceptibility gene isolated by
controlled homozygous functional knockout of allelic loci in mammalian
cells. Cell. 1996;85:319-29.

Liu RT, Huang CC, You HL, Chou FF, Hu CC, Chao FP, Chen CM, Cheng JT.
Overexpression of tumor susceptibility gene TSG101 in human papillary
thyroid carcinomas. Oncogene. 2002;21(31):4830-7.

Oh KB, Stanton MJ, West WW, Todd GL, Wagner KU. Tsg101 is upregulated
in a subset of invasive human breast cancers and its targeted overexpres-
sion in transgenic mice reveals weak oncogenic properties for mammary
cancer initiation. Oncogene. 2007;26(40):5950-9.

LiuF,YuY, JinY, Fu S.TSG101, identified by screening a cancer cDNA
library and soft agar assay, promotes cell proliferation in human lung
cancer. MolBiolRep. 2010;37(6):2829-38.

Young TW, Rosen DG, Mei FC, Li N, Liu J, Wang XF, Cheng X. Up-regulation
of tumor susceptibility gene 101 conveys poor prognosis through
suppression of p21 expression in ovarian cancer. ClinCancer Res.
2007;13(13):3848-54.

Young TW, Mei FC, Rosen DG, Yang G, Li N, Liu J, Cheng X. Up-regulation
of tumor susceptibility gene 101 protein in ovarian carcinomas revealed
by proteomics analyses. Mol Cell Proteomics. 2007;6(2):294-304.

Ma XR, Edmund Sim UH, Pauline B, Patricia L, Rahman J. Overexpres-

sion of WNT2 and TSG101 genes in colorectal carcinoma. TropBiomed.
2008;25(1):46-57.

Zhu G, Gilchrist R, Borley N, Chng HW, Morgan M, Marshall JF, Camplejohn
RS, Muir GH, Hart IR. Reduction of TSG101 protein has a negative impact
on tumor cell growth. IntJCancer. 2004;109(4):541-7.

Zhang Y, Song M, Cui ZS, Li CY, Xue XX, Yu M, LuY, Zhang SY, Wang EH,
Wen YY. Down-regulation of TSG101 by small interfering RNA inhibits the
proliferation of breast cancer cells through the MAPK/ERK signal pathway.
Histol Histopathol. 2011,26(1):87-94.

Xu C, Zheng J. siRNA against TSG101 reduces proliferation and induces
G0/G1 arrest in renal cell carcinoma - involvement of c-myc, cyclin E1,
and CDK2. Cell Mol Biol Lett. 2019;24:7.

Shao Z, JiW, Liu A, Qin A, Shen L, Li G, Zhou Y, Hu X, YU E, Jin G.

TSG101 silencing suppresses hepatocellular carcinoma cell growth by
inducing cell cycle arrest and autophagic cell death. Med Sci Monit.
2015;21:3371-9.

Henry MD, Triplett AA, Oh KB, Smith GH, Wagner KU. Parity-induced mam-
mary epithelial cells facilitate tumorigenesis in MMTV-neu transgenic
mice. Oncogene. 2004;23(41):6980-5.

Feng GH, Lih CJ, Cohen SN.TSG101 protein steady-state level is regulated
posttranslationally by an evolutionarily conserved COOH-terminal
sequence. Cancer Res. 2000,60(6):1736-41.

Essandoh K, Deng S, Wang X, Jiang M, Mu X, Peng J, Li Y, Peng T, Wagner
KU, Rubinstein J, et al. Tsg101 positively regulates physiologic-like cardiac
hypertrophy through FIP3-mediated endosomal recycling of IGF-1R.
FASEB J of American Societies Experiment Biol. 2019;33(6):7451-66.

Oh KBSM, West WW, Todd GL, Wagner KU. Tsg101 is upregulated in a
subset of invasive breast cancers and its targeted overexpression in
transgenic mice reveals weak oncogenic properties for mammary cancer
initiation. Oncogene. 2007;26:5950-9.

Lin WC, Schmidt JW, Creamer BA, Triplett AA, Wagner KU. Gain-of-func-
tion of Stat5 leads to excessive granulopoiesis and lethal extravasation of
granulocytes to the lung. PLoSOne. 2013;8(4): €60902.

Sakamoto K, Schmidt JW, Wagner KU. Generation of a novel MMTV-tTA
transgenic mouse strain for the targeted expression of genes in the
embryonic and postnatal mammary gland. PLoSOne. 2012;7(8): e43778.
Zhang Q, Sakamoto K, Wagner KU. D-type Cyclins are important down-
stream effectors of cytokine signaling that regulate the proliferation of
normal and neoplastic mammary epithelial cells. Mol Cell Endocrinol.
2014;382(1):583-92.

Radler PD, Wehde BL, Triplett AA, Shrestha H, Shepherd JH, Pfefferle AD,
Rui H, Cardiff RD, Perou CM, Wagner KU. Highly metastatic claudin-low

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 20 of 21

mammary cancers can originate from luminal epithelial cells. Nat Com-
mun. 2021;12(1):3742.

Tumbar T, Guasch G, Greco V, Blanpain C, Lowry WE, Rend! M,

Fuchs E. Defining the epithelial stem cell niche in skin. Science.
2004;303(5656):359-63.

Radler PD, Vistisen K, Triplett AA, Dennaoui R, Li Y, Shrestha H, Ferraiu-
olo R-M, Thangasamy A, Saur D, Wagner K-U. Dual recombinase action

in the normal and neoplastic mammary gland epithelium. Sci Rep.
2021;11(1):20775.

Sousa VH, Miyoshi G, Hjerling-Leffler J, Karayannis T, Fishell G. Characteri-
zation of Nkx6-2-derived neocortical interneuron lineages. Cereb Cortex.
2009;19(Suppl 1):i1-10.

Sakamoto K, Lin WC, Triplett AA, Wagner KU. Targeting janus kinase 2 in
Her2/neu-expressing mammary cancer: implications for cancer preven-
tion and therapy. Cancer Res. 2009;69(16):6642-50.

Zhang Q, Sakamoto K, Liu C, Triplett AA, Lin WC, Rui H, Wagner KU. Cyclin
D3 compensates for the loss of cyclin D1 during ErbB2-induced mam-
mary tumor initiation and progression. Cancer Res. 2011;71(24):7513-24.
LiaoY, Smyth GK, ShiW.The R package Rsubread is easier, faster, cheaper
and better for alignment and quantification of RNA sequencing reads.
Nucleic Acids Res. 2019;47(8): e47.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package
for differential expression analysis of digital gene expression data. Bioin-
formatics (Oxford, England). 2010;26(1):139-40.

Yu G, Wang LG, Han'Y, He QY. clusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS. 2012;16(5):284~7.
Hollern DP, Xu N, Thennavan A, Glodowski C, Garcia-Recio S, Mott KR, He
X, Garay JP, Carey-Ewend K, Marron D, et al. B cells and T follicular helper
cells mediate response to checkpoint inhibitors in high mutation burden
mouse models of breast cancer. Cell. 2019;179(5):1191-1206.1121.

Lim C, Hwang D, Yazdimamaghani M, Atkins HM, Hyun H, Shin Y, Ramsey
JD, Rédler PD, Mott KR, Perou CM, et al. High-Dose paclitaxel and its
combination with CSF1R inhibitor in polymeric micelles for chemoimmu-
notherapy of triple negative breast cancer. Nano Today. 2023;51:101884.
Pfefferle AD, Darr DB, Calhoun BC, Mott KR, Rosen JM, Perou CM. The
MMTV-Wnt1 murine model produces two phenotypically distinct
subtypes of mammary tumors with unique therapeutic responses to

an EGFR inhibitor. Disease Models Mech. 2019. https://doi.org/10.1242/
dmm.037192.

de Hoon MJ, Imoto S, Nolan J, Miyano S. Open source clustering software.
Bioinformatics (Oxford, England). 2004;20(9):1453-4.

Saldanha AJ. Java Treeview—extensible visualization of microarray data.
Bioinformatics (Oxford, England). 2004;20(17):3246-8.

Doyotte A, Russell MR, Hopkins CR, Woodman PG. Depletion of TSG101
forms a mammalian “Class E” compartment: a multicisternal early endo-
some with multiple sorting defects. JCell Sci. 2005;118(Pt 14):3003-17.
Bache KG, Slagsvold T, Cabezas A, Rosendal KR, Raiborg C, Stenmark H.
The growth-regulatory protein HCRP1/hVps37A is a subunit of mam-
malian ESCRT-I and mediates receptor down-regulation. Mol Biol Cell.
2004;15(9):4337-46.

Adams JR, Xu K, Liu JC, Agamez NM, Loch AJ, Wong RG, Wang W,

Wright KL, Lane TF, Zacksenhaus E, et al. Cooperation between Pik3ca
and p53 mutations in mouse mammary tumor formation. Can Res.
2011,71(7):2706-17.

Meyer DS, Brinkhaus H, Muller U, Muller M, Cardiff RD, Bentires-Alj M.
Luminal expression of PIK3CA mutant H1047R in the mammary gland
induces heterogeneous tumors. Cancer Res. 2011;71(13):4344-51.

Gross JC, Chaudhary V, Bartscherer K, Boutros M. Active Wnt proteins are
secreted on exosomes. Nat Cell Biol. 2012;14(10):1036-45.

Jung HH, Kim J-Y, Lim JE, Im Y-H. Cytokine profiling in serum-derived
exosomes isolated by different methods. Sci Rep. 2020;10(1):14069.
Holliday H, Baker LA, Junankar SR, Clark SJ, Swarbrick A. Epigenom-

ics of mammary gland development. Breast cancer research : BCR.
2018;20(1):100.

Foschini MP, Pizzicannella G, Peterse JL, Eusebi V. Adenomyoepithelioma
of the breast associated with low-grade adenosquamous and sarcoma-
toid carcinomas. Virchows Archiv: Int J Pathol. 1995;427(3):243-50.
Rakha E, Tan PH, Ellis I, Quinn C. Adenomyoepithelioma of the breast: a
proposal for classification. Histopathology. 2021;79(4):465-79.

Geyer FC, Li A, Papanastasiou AD, Smith A, Selenica P, Burke KA, Edelweiss
M, Wen H-C, Piscuoglio S, Schultheis AM, et al. Recurrent hotspot


https://doi.org/10.1242/dmm.037192
https://doi.org/10.1242/dmm.037192

Dennaoui et al. Breast Cancer Research (2025) 27:126

60.

61.

62.

63.

64.

65.

mutations in HRAS Q61 and PI3K-AKT pathway genes as drivers of breast
adenomyoepitheliomas. Nat Commun. 2018;9(1):1816.

Lim E, Vaillant F, Wu D, Forrest NC, Pal B, Hart AH, Asselin-Labat ML, Gyorki
DE, Ward T, Partanen A, et al. Aberrant luminal progenitors as the candi-
date target population for basal tumor development in BRCAT mutation
carriers. NatMed. 2009;15(8):907-13.

Kawachi K, Tang X, Kasajima R, Yamanaka T, Shimizu E, Katayama K,
Yamaguchi R, Yokoyama K, Yamaguchi K, Furukawa Y, et al. Genetic
analysis of low-grade adenosquamous carcinoma of the breast pro-
gressing to high-grade metaplastic carcinoma. Breast Cancer Res Treat.
2023;202(3):563-73.

Wicker MN, Wagner KU. Cellular plasticity in mammary gland develop-
ment and breast cancer. Cancers. 2023;15(23):5605.

Schachter NF, Adams JR, Skowron P, Kozma KJ, Lee CA, Raghuram N, Yang
J, Loch AJ, Wang W, Kucharczuk A, et al. Single allele loss-of-function
mutations select and sculpt conditional cooperative networks in breast
cancer. Nat Commun. 2021;12(1):5238.

Horgan CP, Hanscom SR, Kelly EE, McCaffrey MW. Tumor susceptibility
gene 101 (TSG101) is a novel binding-partner for the class Il Rab11-FIPs.
PLoS ONE. 2012;7(2): €32030.

LiL, Liao J, Ruland J, Mak TW, Cohen SN. ATSG101/MDM?2 regulatory
loop modulates MDM2 degradation and MDM2/p53 feedback control.
ProcNatlAcadSciUSA. 2001;98(4):1619-24.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 21 of 21



	Overexpression of TSG101 causes the development of adenosquamous mammary carcinoma
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Generation of TetO-Tsg101 transgenic mice
	Other mouse strains
	Tumor size measurement, administration of doxycycline, and in vivo bioluminescence imaging
	Histologic analysis and immunostaining
	Activation of the TetO-Tsg101 transgene in embryonic fibroblast cell cultures
	Human breast cancer cell lines, immunoblot analyses
	RNA-Sequencing, gene set enrichment, and cluster analyses
	Statistical analysis

	Results
	The TSG101 protein is upregulated in human breast cancer cells
	Overexpression of TSG101 in the mammary gland epithelium causes ductal hyperplasia and mammary cancer
	TSG101-induced mammary tumors are adenosquamous carcinomas and adenomyoepitheliomas
	Triple-negative tumors overexpressing TSG101 exhibit high PI3KAKT and JAKSTAT signaling
	The gene expression profiles of TSG101-overexpressing tumors are similar to mammary cancers that originate late in MMTV-Wnt1 transgenic females
	Overexpression of TSG101 in luminal progenitors promotes cellular heterogeneity
	Exogenous TSG101 is required for tumor progression and the survival of carcinoma cells

	Discussion
	Conclusions
	Acknowledgements
	References


