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Abstract: Preclinical in vitro models play an important role in studying cancer cell biology and
facilitating translational research, especially in the identification of drug targets and drug discovery
studies. This is particularly relevant in breast cancer, where the global burden of disease is quite high
based on prevalence and a relatively high rate of lethality. Predictive tools to select patients who will
be responsive to invasive or morbid therapies (radiotherapy, chemotherapy, immunotherapy, and/or
surgery) are relatively lacking. To be clinically relevant, a model must accurately replicate the biology
and cellular heterogeneity of the primary tumor. Addressing these requirements and overcoming
the limitations of most existing cancer cell lines, which are typically derived from a single clone, we
have recently developed conditional reprogramming (CR) technology. The CR technology refers
to a co-culture system of primary human normal or tumor cells with irradiated murine fibroblasts
in the presence of a Rho-associated kinase inhibitor to allow the primary cells to acquire stem cell
properties and the ability to proliferate indefinitely in vitro without any exogenous gene or viral
transfection. This innovative approach fulfills many of these needs and offers an alternative that
surpasses the deficiencies associated with traditional cancer cell lines. These CR cells (CRCs) can be
reprogrammed to maintain a highly proliferative state and reproduce the genomic and histological
characteristics of the parental tissue. Therefore, CR technology may be a clinically relevant model to
test and predict drug sensitivity, conduct gene profile analysis and xenograft research, and undertake
personalized medicine. This review discusses studies that have applied CR technology to conduct
breast cancer research.

Keywords: conditionally reprogrammed cells; breast cancer; precision medicine

1. Breast Cancer and Clinical Challenges

Breast cancer is the second most common type of cancer among women in the world,
with an estimated 2.3 million new cases accounting for 11.7% of all cancer cases and approx-
imately 700,000 deaths worldwide [1,2]. In the United States alone, more than 300,500 new
cases and 43,700 deaths are reported annually [3]. Breast cancer is classified into four
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major molecular subtypes, namely luminal A (Estrogen Receptor (ER) and/or proges-
terone receptor (PR)-positive, HER2-negative, Ki-67<14%), luminal B ([luminal B (HER2-
negative): ER and/or PR-positive, HER2-negative, Ki-67 >14%] [luminal B (HER2-positive):
ER and/or PR-positive, HER2-over expressed or amplified, any Ki-67), HER2-enriched
(ER/PR-negative, HER2-positive), and basal/triple negative (ER/PR/HER2-negative)
based on human epidermal growth factor receptor-2 (HER2) receptor and hormonal sta-
tus [4,5]. The management of breast cancer patients relies on the assessment of hormone
receptor status, specifically PR, ER, and HER2 [6,7]. Hormonal therapies have proven
effective for the majority of patients with hormone receptor-positive subtypes. For in-
stance, selective estrogen modulators (SERMs) such as tamoxifen or selective estrogen
receptor degraders (SERDs) such as fulvestrant, or aromatase inhibitors, sometimes in
conjunction with CDK4/6 inhibitors, are used for ER-positive breast cancer, while the
combination of Trastuzumab (Herceptin), Docetaxel (Taxotere), and Pertuzumab (Perjeta)
can be employed for HER2-positive breast cancer [8–11]. Nevertheless, addressing the
issue of both primary and acquired resistance to hormonal therapies continues to be a
challenge [12]. Given the significant burden of cancer, researchers worldwide continue to
strive toward understanding tumor growth and treatment outcomes in breast cancer using
cutting-edge approaches.

A major obstacle hindering cancer research progress is the limited availability of
cancer models [13]. Cancer cell lines have been widely used as effective models for drug
discovery and preclinical studies. However, depending on the type and stage of the disease,
the success rate for producing cancer cell lines is as low as 1–10% [14]. Although the
number of available cell models has been increasing, they are still not enough to effectively
study various types of cancers. Moreover, traditional cancer cell lines have a limitation in
replicating the intricate heterogeneity of primary tumors, which considerably restricts the
advancement of basic and translational medicine [15]. Animal models are widely used in
laboratory cancer research and have made significant contributions to our understanding
of the biology of cancers [16]. Additionally, they have played a crucial role in preclinical
studies of different types of cancers. In breast cancer, these models can take various forms,
such as based on chemical carcinogenesis, genetically modified animals, xenograft models,
syngeneic models, and other approaches and tools [17–19]. Animal models are frequently
utilized in cancer research as a stand-in for humans. However, due to variations in genetics
and biology between different species, the translation of experimental findings from animal
models to clinical practice can be slow [20]. Creating feasible and innovative models for
translational medicine and cancer research is crucial to tackling these challenges.

Recent progress in biotechnology has led to significant changes in the development of
cancer models. Patient-derived models (PDMs) have emerged as a particularly promising
approach, as they maintain consistent genetic characteristics with their parental tumors.
Different types of PDMs such as organoids, induced pluripotent stem cells (iPSCs), patient-
derived xenografts (PDXs), and conditionally reprogrammed cells (CRCs) have been widely
used in cancer research due to their ability to better replicate the complexity of human
tumors [20–25]. PDMs have different uses in cancer research depending on the context and
methods employed. A comparison of these models (Table 1) is presented in this review,
along with a detailed discussion of the conditional reprogramming (CR) technology. This
article provides a comprehensive review of the current state and potential applications of
the CR method in primary mammary epithelial cells and breast cancer research.

2. Patient-Derived Cancer Models
2.1. Organoids

Organoids are three-dimensional (3D) cell structures derived from primary tissues or
stem cells that mimic the architecture and function of the original organ [26]. The concept
of 3D culture emerged in the 1980s [27,28]. During the exploration of 3D culture techniques,
Emerman et al. conducted pioneering experiments utilizing normal mammary epithelial
cells and collagen gels. Their findings highlighted the remarkable advantages offered by
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floating collagen gel substrates within a three-dimensional environment. Notably, they
demonstrated that these substrates provided unique growth and structural differentiation
factors for mammary epithelial cells, surpassing the capabilities of conventional plastic
substrates [28]. Similarly, various studies conducted during the 1980s reaffirmed the con-
cept that mammary myoepithelial cells can organize themselves when cultured in collagen
gels [29–31]. In the year 1992, Petersen et al. introduced the term “organoids” to define
the well-organized structures that emerge from 3D cultures [32]. In 2007, the Bissell group
outlined two protocols for cultivating normal and cancerous human mammary cells in the
3D structure [33]. The cells were cultured by either allowing them to grow or embedding
them in Matrigel, with durations of 10 days or 4 days, respectively. Sato et al. [34] devel-
oped long-term cultures of intestinal organoids. After being initially established for the
intestine, their technique was later adapted for use in other organs such as the prostate,
colon, lung, stomach, pancreas, liver, and most recently the breast. This resulted in the
creation of a biobank of organoids, which can be used for drug screening and molecular
research [34–40]. Breast organoids have been utilized to investigate factors that impact
signaling transduction, tissue remodeling, and gene expression [41]. Using mouse mam-
mary epithelial organoids derived from both a normal mouse mammary epithelial cell line
and 10-week-old CD-1 mouse tissue, Simian et al. proposed the significant involvement
of matrix metalloproteinases in mammary branching morphogenesis [42]. Sumbal et al.
demonstrated that the branching of mammary epithelium is regulated by fibroblasts using
epithelial organoids isolated from the mammary glands of pubertal mice [43]. In a similar
vein, Zhang et al. demonstrated the involvement of different FGF ligands in regulating ep-
ithelial behavior using mouse mammary organoids [44]. During their investigation of FGF
receptors in an immortalized murine mammary epithelial cell line, Xian et al. uncovered
the potential of 3D culture in comprehending the tissue’s response to growth factors [45].
Additionally, the application of 3D culture has proven to be valuable in investigating differ-
ent types of progenitor cells within the breast. This has been revealed by studies employing
normal human mammary epithelial organoids [46]. Davaadelger et al. examined breast
organoids derived from BRCA1 mutant human mammary tissue. These organoids were
subsequently treated with progesterone and estradiol, revealing distinct differences in pro-
gesterone receptor activity compared to non-carrier organoids, confirming results initially
reported in genetically engineered mice with loss of Brca1 over a decade earlier [47,48].
Sachs et al. successfully established over 100 primary and metastatic breast cancer organoid
lines derived from human breast cancer tissue. Remarkably, the majority of these breast
cancer organoids closely resembled their corresponding original breast cancer tumor in
terms of histopathology, HER2 receptor status, and hormone receptor status [36]. In a
recent study, Dekkers et al. employed breast organoids derived from normal breast tissue
and genetically modified them using CRISPR/Cas9 technology to create a model of breast
cancer. By knocking out four BC-associated tumor suppressor genes using CRISPR/Cas9,
they successfully recapitulated the process of oncogenesis. They demonstrated long-term
culturing ability and responsiveness to therapeutic interventions [49].

Despite the organoid system’s promise, it has some drawbacks and technological
challenges. It is significant to note that numerous phases of differential centrifugation and
cell straining are used in many contemporary techniques to separate and purify mammary
epithelial cells from surrounding stromal cells before growth in 3D culture. Breast organoids
made from pure stromal and epithelial cells might not accurately replicate the in vivo tissue
architecture and cell-cell/matrix interactions [50]. Although only epithelium is required in
the widely recognized definition of organoids, the inclusion of additional cell types may
help to more accurately recreate in vivo breast architecture.

2.2. Patient-Derived Xenografts

PDX models are generated by transplanting fragments of human tumors into mice
with immunocompromised immune systems [51,52]. Over the past few years, PDXs
have successfully recapitulated the genetic characteristics, gene expression patterns, and
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tissue histology of the original tumor [53]. They are now widely acknowledged as a
preclinical model that closely mimics physiological conditions. In breast cancer studies,
PDX models rely mainly on implanting small 1 mm3 fragments from patient tumors into
the subcutaneous tissue or mammary fat of immunocompromised mice. The tumors
that develop can be further propagated in mice, and even after multiple passages in the
mouse model, the grafts maintain their characteristic phenotype and genetic stability.
They continue to exhibit essential histological and molecular characteristics of the original
tumors, including their potential to spread and form metastases [54–56]. However, it has
been recently observed that copy number alterations can emerge during the process of PDX
passaging. This may be attributed to the selection of minor clones that were not present in
the original patient tumors during their evolution [57]. Furthermore, PDX models have
demonstrated treatment responses that closely resemble those observed clinically [58].
Therefore, they serve as a valuable tool for investigating tumor heterogeneity, metastasis,
and conducting preclinical drug testing. Additionally, they enable the examination of
signaling pathway activation before and after the occurrence of drug resistance.

While PDX tumor models have many advantages, they also have some drawbacks,
such as the possibility for selection of minor clones as mentioned above. Moreover, creating
PDX models may be an expensive and time-consuming process that takes anything from
six months to two years. In addition, depending on the specific characteristics of the
disease and the origins of the tumor, the success rate of developing PDX models might vary
greatly, ranging from 10% to 90% [52,59]. The quick loss of human stromal components in
PDXs, which are replaced by the murine microenvironment upon engraftment, is another
drawback [60]. Changes in the tumor’s paracrine regulation and its physical characteristics,
such as interstitial pressure, may result from the transition to the murine stroma, which
may limit research on anticancer agents that target this particular tumor compartment [61].
Finally, PDX models rely on immunodeficient hosts, leading to a lack of essential immune
cells and an inability to fully replicate the response of the human immune system to
tumors and tested drugs. To address this limitation, humanized mice with reconstituted
human immune systems have been developed to provide a unique platform for studying
human immune responses and evaluating immune-based therapies [52,62]. Hence, the
aforementioned limitations have impeded PDX models from offering practical references
for clinical decision-making. There are still important challenges to be addressed to make
this platform more informative.

2.3. Conditionally Reprogrammed Cells

Identifying a single model system that is fast, easy to perform, and has a high success
rate from a variety of clinical samples (surgical samples, needle biopsy, cryopreserved tissue,
blood, urine) remains a challenge. We have recently developed a new primary cell culture
system called conditional reprogramming. To efficiently and rapidly produce infinite cells,
we added irradiated Swiss-3T3-J2 mouse fibroblast cells and Y27632, a Rho-associated
kinase (ROCK) inhibitor, to the cell culture plate using this method [63]. Conditionally
reprogrammed cells (CRCs) is the term used to describe cells produced using this approach.
From a variety of tissues, including those obtained through fine-needle aspiration, core
biopsies, surgical specimens, and patient-derived xenograft tissues, the CR technique
may effectively produce huge numbers of primary cells [64]. The genetic and histological
properties of the parent tissue can be recapitulated in CRCs, allowing them to maintain
a highly proliferative state [65]. It is interesting to note that the phenotype is completely
reversible if these factors are eliminated [66]. Therefore, CR technology can be an ideal
model for performing gene profiling analysis [65,67] and drug sensitivity testing for use
in breast and other cancer research [68], regenerative medicine, and xenograft studies.
An important feature is that these cultures can be used for establishing xenografts [69],
patient-derived xenograft cell lines [70], cell cultures from PDXs, and organoid cultures.
Finally, conditionally reprogrammed cells maintain cell lineage commitment and the cell
heterogeneity found in a biopsy [63,69,71–74].
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The ease of execution, genotype stability, exponential growth, and high success rate
in a single model system are some of the reported advantages of CR. These properties
qualified CR as an outstanding in vitro model compared to other models such as organoids
and patient-derived xenografts [64]. Clinical research applications of CR technology have
been investigated in breast cancer [75], lung cancer [76], prostate cancer [71], bladder
cancer [77], gastric cancer [78], liver cancer [79], and salivary cancer (68).

The conditional reprogramming system can be successfully applied to various epithe-
lial tissues such as prostate, kidney, skin, lung, and several others [65,80]. Moreover, the use
of the system is not limited to humans. It can be applied to many kinds of mammals such
as mice, rats, horses, dogs, and cows [81]. Recent publications summarized applications of
CR in cell biology, virology, and cancer research [24,64,66,77,78,82–85]. In this article, we
review studies that applied CR technology for breast cancer research (Figure 1).
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Figure 1. CR technology in Breast Cancer. The CR method can quickly generate cultures from
normal and cancerous tissue obtained through fine-needle aspiration (FNA), core biopsy, and surgery.
Therefore, CR technology can be used as an ideal in vitro model for breast cancer research especially
in precision medicine. The figure was drawn using BioRender.

Table 1. Comparisons between patient-derived models: 2D culture, organoids, patient-derived
xenografts (PDXs), and conditionally reprogrammed cells (CRCs).

Methods Advantages Shortcomings References

2D culture

1. Inexpensive technique
2. Easy to manipulate genetically

3. Suitable for high-throughput drug
screens in a short amount of time at a

low cost

1. Loss of tumor heterogeneity
2. Genetic drift between different

laboratories (for cell lines)
3. Lack of microenvironment
4. Not suitable for low-grade

tumor establishment
5. limitation of cell-cell and

cell-extracellular matrix interactions

[14,15]
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Table 1. Cont.

Methods Advantages Shortcomings References

Organoids

1. 3D culturing
2. Can generate both healthy and

tumor organoids
3. Maintain tumor heterogeneity

4. Possibility to co-culture tumor organoids
with elements of the microenvironment

(pathogens [bacteria]
and immune cells)

1. Lack of microenvironment (immune
cells, vasculature, and microbiota)

2. Dependent on stem cells
3. Lack of protocol and medium

standardization
4. Overgrowth of nonmalignant cells

[34–40]

PDXs

1. In vivo model
2. Direct engraftment from human tumor

3. Maintain histological, genomic, and
transcriptomic features of tissue of origin

4. Recapitulate the natural environment of
the tumor

5. humanized mice model with
reconstituted human immune systems

1. Expensive technique
2. Resource and time consuming

3. Not suitable for high-throughput drug
screening

4. Rely on interactions with a
mouseMicroenvironment

5. Only tumor models
6. challenging to be reproducible on a

large scale

[52,55,58,61]

CRCs

1. A wide range of specimen sources
2. Paired normal and tumor cells culturing

3. Cost saving and rapid expansion
(1–10 days)

4. Can maintain original karyotype and
tumor heterogeneity

5. High-throughput drug screening6. Gene
profiling analyses

7. Suitable for low-grade tumor
establishment

1. Contamination with feeder cells
2. Overgrowth of benign cells
3. Lack of stromal components

[63–68]

3. Applications of CR in Primary Mammary Epithelial Cells

The adult human mammary gland consists of a complex structure made up of tubu-
loalveolar units. These tubuloalveolar units are composed of polarized epithelial cells
responsible for producing milk, which is surrounded by myoepithelial cells. The overall
organization of the gland is characterized by a two-layered arrangement, with a basement
membrane encompassing the entire structure [86]. Understanding the function of the
mammary gland in animal models has substantially advanced our understanding of gene
regulation [87], hormone action [88], and stem cell biology [89] during the past few decades.
However, using knowledge gleaned from animal models to explain the evolution of human
mammary glands is not optimal. There are many differences between the mammary glands
of rodents and humans, including their anatomical locations, histological compositions,
and gene expression profiles [90,91]. Furthermore, it is challenging to separate and examine
molecular events at the cellular level as a result of whole-animal research [92]. The mam-
mary epithelium biology has been extensively studied in vitro using cultured immortalized
human breast cell lines such as MCF-10A. However, it has lately been questioned whether
these cells are suitable in vitro models for human mammary epithelial cells [93]. Accord-
ing to studies, continuous cell lines demonstrate increased lineage-restricted profiles that
make them unable to accurately recapitulate the intratumoral heterogeneity of different
breast tissues [94]. For instance, EpCAM+CD24+CD49f+ and EpCAM+CD49f- populations
are lost in normal breast cell lines compared to primary breast epithelial cells obtained
from reduction mammoplasty. Additionally, mammary cell lines such as HME I/II and
MCF-10A are unable to develop into mature luminal breast epithelial cells despite main-
taining the characteristics of bipotent progenitor cells [94]. Hence, it is desirable to develop
in vitro models that more accurately mimic the physiologically relevant heterogeneity of
the epithelial cells in the tissue of the human mammary gland.



Cells 2023, 12, 2388 7 of 25

Using primary epithelial cells directly derived from human mammary glands of-
fers a tissue-specific model; however, it has certain limitations. One of the limitations
is that these cells have a short lifespan when cultured under conventional tissue cul-
ture conditions [95]. CR system demonstrated that feeder cell-conditioned medium,
together with a Rho-associated kinase (ROCK) inhibitor, can induce inexhaustible and
rapid in vitro proliferation of primary epithelial cells from normal and malignant breast
tissues [63,65,67,69,80,96].

Jin and colleagues investigated the feasibility of the CR system for the characteriza-
tion of primary human mammary epithelial cells (PHMEC) isolated and propagated by
conditionally reprogrammed cell culture [97]. They established cell cultures of PHMEC
based on the Liu et al. procedure [80]. They have shown that these cells maintain numerous
important characteristics associated with mammary tissue cells. The cultured cells exhibit
the expression of markers typically found in luminal and myoepithelial cells. Interestingly,
some conditionally reprogrammed cells express both luminal and myoepithelial markers,
making their cell identity unclear. The persistent presence of CK19 staining in the cultured
cells suggests that this model can retain specific characteristics inherited from primary
tissues, particularly in the early passages. CD49f and EpCAM are commonly utilized to
categorize subpopulations of mammary epithelial cells. Myoepithelial cells and potential
bipotent progenitor cells are identified by a CD49f+EpCAM-/low phenotype, whereas
Luminal progenitor cells are typically characterized by a CD49f+EpCAMhigh profile. They
found four distinct subpopulations, including CD49f+EpCAMhigh and CD49f+EpCAM-
/low cells, that were each characterized by a different amount of EpCAM and CD49f
expression. Additionally, cells with the CD49f- EpCAMhigh profile, a marker for mature
luminal cells, were seen. Therefore, they considered that the conditional reprogramming
strategy will preserve the mammary epithelial cells’ complex heterogeneity. They demon-
strated that the CR technique enables the in vitro establishment of heterogeneous cultures
from normal human breast tissue. Importantly, these cultures showed Erα expression
because estrogen stimulates Erα function. Both the construction of different 3D organoid
structures and the development of milk-producing cells are supported by this culture tech-
nique. Alothman et al. established PHMEC to study the behavior and transcriptomes of
non-cancerous human mammary epithelial cells at risk for breast cancer development [67]
(Figure 2).
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Figure 2. Using a parallel approach to characterize in vitro behavior and transcriptome profiling of
CR derived cells. Experimental flow beginning with IRB approval and informed consent (1), surgical
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specimen (2), and deidentified tissue acquisition following pathological review (3), with initial isola-
tion of mammary epithelial cells using CRC technology with assignment of a unique GUMC identifier
to viable cell pellets (4), sample validation with secondary pathology review (5), and acquisition of
deidentified medical records (6). At this point sample processing diverged with one viable cell pellet
(7A) undergoing passage in MEGM (8A), followed by culture in a 96 well plate for growth assess-
ment in different media and under different hormonal conditions (9A), biochemical mycoplasma
testing (10A), with analyses of viability (11A1), growth characteristics and mammosphere number
(11A2). A second viable pellet (7B) was processed for RNA sequencing (8B) with sequence validation
for human origin and mycoplasma screening (9B) followed by identification of DEGs, GSEA, and
visualization of gene expression and signaling networks (10B). Abbreviations: IRB: Institutional
Review Board. GUMC: Georgetown University Medical Center. MEGM: Mammary Epithelial Cell
Growth Medium™. BRCA: BReast CAncer gene. RNAseq: RNA sequencing. EpiCult: EpiCult™
Mammary Cell Culture Media. MammoCult: MammoCult™ Human Medium. CRC: Conditionally
Reprogrammed Cells. EtOH: Ethanol. n: number. All images Open Source.

They showed that PHMEC initially isolated using CRC could be transferred and
grown in a variety of different mammary cell specific media. Then, exploiting the ability of
utilizing CRC-isolated cells for parallel studies of behavior and gene expression, showed
that estrogen growth response was associated with tissue necrosis factor signaling and
interferon alpha response gene enrichment while neoadjuvant chemotherapy exposure
significantly altered transcriptomes, shifting them towards expression of genes linked to
mammary stem cell formation. Finally, they showed gene expression patterns in mammary
cells normally linked to pregnancy can be found as an abnormal finding in non-pregnant
at-risk and breast cancer cells [67]. Alamri et al. used genetically engineered mice carrying
Brca1 and Trp53 mutations to explore how CRC methodology compared to his- torical
methods of mammary epithelial cell isolation for initial primary cell isolation, allograft
generation, and impact of CRC and passage on the transcriptome [65]. They compared the
CR system with mammary-optimized EpiCult™-B (EpiC) for isolating and propagating
primary mammary epithelial cells, generating allografts, and examining the genome-wide
transcriptional effects. They conducted their investigation using both cancerous and non-
cancerous mammary tissue from mice with varying levels of BRCA1 and p53. They showed
the high success rate of CRC in the initial isolation and propagation of primary cells. Mam-
mary epithelial cells, initially isolated using CRC, subsequently could be transitioned to a
different culture method. One notable advantage of CRC is that the growth of epithelial cells
is selectively enhanced under the conditions used in their study. As a result, implementing
CRC for the initial isolation process not only increased the success rate of cell cultures
but also reduced fibroblast contamination. They concluded that CRC is more efficient for
the initial generation of cultures, while EpiC is more suitable for allograft generation [65].
Saenz and colleagues conducted a study to examine the feasibility of generating mouse
mammary epithelial CRCs using either normal or tumor tissues [98]. Furthermore, they
sought to determine whether the characteristics of these mouse mammary epithelial CRCs
resembled those of human cells when exposed to the CRC system. While mouse epithelial
cells exhibit senescence over several passages, the mechanisms underlying senescence differ
from those observed in human cells. Notably, telomere shortening does not appear to be a
significant contributor to the senescence process in mouse cells. Interestingly, despite these
differences, Saenz et al. revealed that both normal and tumor-derived mammary epithelial
CRCs from mice could be continually passaged without limitations. They observed that
similar to human epithelial cells, normal mouse mammary epithelial CRCs displayed the
presence of markers associated with progenitor cells while lacking pluripotent stem cell
markers. Furthermore, when cultured in a 3D Matrigel matrix, mammary epithelial CRCs
were capable of forming mammary acinar structures. In contrast to human cells, the study
revealed that mouse mammary epithelial CRCs maintained high levels of expression for nu-
merous progenitor cell markers even after the withdrawal of the CRC system. This suggests
that in mouse cells, the effects induced by the CRC system are not rapidly reversible. This
is one of the notable differences between mouse and human CRCs. Mammary epithelial
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CRCs derived from mouse mammary tumors obtained from MMTV-Neu mice were also
found to be capable of indefinite passage. Furthermore, a substantial proportion of these
cells exhibited the expression of markers typically associated with tumor-initiating cells
when examined in vitro. When MMTV-Neu mammary epithelial CRCs were transplanted
into mice, they were capable of forming tumors that closely resembled the tumors and
metastases observed in MMTV-Neu transgenic animals. Histopathologically, these tumors
were indistinguishable. They noted a substantial overlap in the properties of mouse and
human CRCs based on these findings, suggesting similarities between mouse and human
CRCs. Therefore, the CRC technology can be effectively employed with both normal
and transformed mouse epithelial cells, providing valuable opportunities to investigate
the properties of genetically manipulated cells in allograft models [98]. This highlights
the potential of the CRC system as an ideal tool for studying various aspects of mouse
epithelial cell behavior and characteristics and that the CRC method may offer an ideal
tool for studying the function of mammary cells and the factors that influence malignant
transformation [97].

4. Applications of CR in Breast Cancer Research

In addition to applications on basic mammary epithelial biology, recent studies sug-
gested CR technology also can be used for modeling human breast cancer (Figure 2), biology
of cancer disparity, molecular heterogeneity of breast cancer, and clinical translations (pre-
cision diagnostics and treatment) (Table 2).

4.1. Modeling Diseases

Efficient and rapid establishment of CRCs has been achieved using various human
normal and tumor specimens, including the breast, without the need for exogenous viruses
or genetic manipulation. These CRCs can preserve the characteristics of their primary
tissues. By removing these conditions, the cells’ differentiation ability can be restored.
They also can be cultured in both 2D and 3D systems. Consequently, CR can serve as
an ideal in vitro model for studying breast cancer. Mahajan et al. applied CR technology
to conduct a comparative analysis between early-passage conditionally reprogrammed
breast cancer cells and their corresponding primary tumors [75]. They evaluated the
genomic characteristics of six newly established CRC cultures derived from invasive breast
cancer and compared them to the original primary breast tumors. Simultaneous profiling
of CRCs and their corresponding primary breast tumors was conducted using targeted
next-generation sequencing, genome-wide array-CGH, and global miRNA expression
analysis. This comprehensive approach aimed to determine the molecular similarities
between the two in terms of gene mutations, copy number alterations (CNAs), and miRNA
expression levels. Using flow cytometry, they also evaluated the ploidy and amount of
epithelial cells in the CRCs. The study findings indicated that the CRCs retained the
overall genomic signatures of the original primary breast tumor and demonstrated a
similar pattern and level of CNAs. The array-CGH analysis showed a high level of overlap,
ranging from 72 to 100%, between the CRCs and their corresponding primary breast tumors.
Notably, the cytobands commonly affected by CNAs displayed more than 95% overlap
between each CRC and its corresponding primary breast tumor. Furthermore, the copy
number profiles of these CRCs exhibited non-random and recurrent CNAs that are typically
associated with specific intrinsic subtypes of breast cancer. The analysis using targeted next-
generation sequencing also showed that the established CRCs maintained the particular
gene alterations that had been found in their original tumors. Analysis of three paired
CRCs and primary breast tumors (Cases 2, 4, and 6) revealed that they share the same
type of variants affecting the FLT3, TP53, CDKN2A, PIK3CA, KDR, and JAK3 genes. In
the unpaired CRC (Case 3) that was sequenced, variants in the TP53, CDKN2A, KDR, and
JAK3 genes were observed. Specifically, the same variant in the TP53 gene resulting in
a codon change (cCc/cGc) and amino acid alteration (P72R) was detected in this CRC,
similar to the other CRCs and their corresponding primary breast tumors. In summary,
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Mahajan and colleagues demonstrated that the breast cancer CRCs analyzed in their study
preserved the overall gene mutations, copy number, and miRNA expression patterns of the
respective tumor tissue they were derived from [75]. This study highlights the potential of
CRCs as a valuable tool for studying various subtypes of breast cancer.

Ductal carcinoma in situ (DCIS) is a non-invasive form of breast cancer, and cur-
rently, there are no reliable predictors to determine its progression into an invasive disease.
Therefore, the majority of patients undergo radiation and/or hormone therapy following
surgical removal, often resulting in overtreatment. Two commercially available cell lines
for studying DCIS, namely SUM225CWN and MCF10DCIS.COM, are not ideal due to their
origins that are not derived directly from primary DCIS tumors [99–103]. Five cell lines
were generated from a patient in Singapore. These cell lines underwent genetic manipula-
tion through hTERT transfection, a process that enhances their lifespan, but they are not
commercially available [103].

Brown et al. sought to develop new models of DCIS by culturing primary DCIS
tissue from patients following lumpectomy or mastectomy [74]. Following mechanical
and enzymatic dissociation, primary DCIS cells were cultured from 19 patients using CR
technology. The resulting cultures consisted predominantly of cytokeratin 8- and EpCAM-
positive luminal, as well as cytokeratin 5-, cytokeratin 14-, and p63-positive basal mammary
epithelial cells. This composition suggests the maintenance of cellular heterogeneity in the
in vitro culture system. Moreover, the cellular identities of these cells were preserved both
during the ‘conditionally reprogrammed’ proliferative state and after the withdrawal of
conditioned media and the ROCK inhibitor, as indicated by the expression of basal and
luminal markers [74]. This study indicates that CR technology can be a valuable and viable
model for studying DCIS progression and etiology.

Table 2. Studies of conditionally reprogrammed cells applied in Breast cancer research.

Origination Finding Application References

Mouse tumor tissue
(genetically engineered mouse

models of triple negative
invasive adenocarcinomas)

CRCs maintain tumor heterogeneity and
epithelial cell differentiation.

A model for triple negative
mammary cancer [104]

Human breast tumor tissue CR breast cancer cells are successfully
established and characterized. in vitro breast cancer mode [105]

Human breast tumor tissue CR breast cancer cells at early passages maintain
main genetic characteristics of primary tumors. in vitro breast cancer model [75]

Human normal mammary
tissue

CR enables heterogeneous culture of primary
mammary cells.

Establishment of mammary
cell line [97]

Human DCIS tumor tissue
CR DCIS cells are cultured for 2 months

expressing both luminal and basal marker and
maintaining tumor heterogeneity.

in vitro DCIS model [74]

Human breast tumor tissue

CR luminal-B breast cancer cells are established
in 3 of 5 tissues, demonstrating similar gene

expression profile to primary tumors. The CR
cells enable the evaluation of drug sensitivity of

tamoxifen, docetaxel and adriamycin.

n vitro model of luminal-B
breast cancer; drug

sensitivity test
[106]

Human Phyllodes tumor of
breast tissue

This study demonstrates the feasibility of CR for
culturing primary cells for drug discovery,

selectively targeting phyllodes tumors of the
breast cells.

In vitro model of phyllodes
tumors of breast [107]

Human breast tumor tissue This study reveals the potential of CRC culture
in the detection of CTCs in breast cancer in vitro breast cancer model [108]
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Table 2. Cont.

Origination Finding Application References

Human breast tumor tissue
Combining CR and single-cell gene expression
analysis enables more precise identification of

cancer deregulated genes
in vitro breast cancer model [109]

Human breast tumor tissue CR enables detecting high impact-low frequency
mutations in primary tumors and metastases in vitro breast cancer model [110]

Human tumor and adjacent
normal breast tissue

CR enables detecting Heterogeneity in Healthy
Normal Breast

in vitro breast cancer and
normal mammary model [111]

Human (male) breast
tumor tissue

CR male breast cancer cells are successfully
established and characterized.

In vitro model of male
breast cancer [112]

4.2. Precision Medicine and Drug Discovery

Precision medicine is a recently developed strategy for characterizing malignancies
biologically and is seen as a new frontier in the treatment and prevention of cancer. Preci-
sion medicine has a wide range of applications, including those for prevention, diagnosis,
prognosis, monitoring treatment response, and early treatment resistance discovery. Preci-
sion medicine aims to do away with the “one size fits all” approach to managing cancer
patients. Genetic analysis has recently revolutionized how different malignancies are classi-
fied and treated. Precision medicine is built on targeted therapy, a therapeutic approach
that uses drugs to specifically target proteins and genes linked to the growth and survival
of tumor cells [77]. Due to the lack of suitable in vitro models for breast cancer, this is a
major concern in studying drug resistance and treatment response. A specific limitation in
recognizing effective drugs for breast cancer is that the results are only based on studies in
long-term cultured cell lines or xenograft models; thus, the consequences of most clinical
research are usually unsatisfactory. At present, the use of patient-derived models (PDMs)
with the features of maintained genotype, high immortality, throughput screening, and
xenotransplantation is urgently needed for drug screening, drug discovery, and targeted
therapy. The CR method can be used in primary cell cultures from normal and tumor
tissues of different types of tissues to retain the genotypic and phenotypic characteristics
and heterogeneity of the primary species. CR cells can also be used in cultures under 3D
conditions and establishment xenografts in animals (zebrafish or mouse).

To investigate heterogeneity and drug sensitivity, Mimoto and colleagues generated
CRCs from patients with recurrent HR+/HER2- (hormone receptor-positive/human epi-
dermal receptor 2-negative) breast cancer [106]. In CR cells, the pathological features and
mutation status were retained, but the RNA expression was different from the original
tumor cells. To investigate heterogeneity and drug sensitivity, Mimoto and colleagues
generated CRCs from individuals with recurring HR+/HER2- breast cancer. In CR cells,
the pathological features and mutation status were preserved, but the RNA expression
was different from the original tumor cells. They also evaluated the response of CR cells
obtained from a liver metastasis that was ER+/PgR+/HER2- to a total of 224 drugs. Out
of these, 66 drugs demonstrated a decrease in cell viability, which included SERD and
CDK4/6 inhibitors. The patient initially received SERD and CDK4/6 inhibitors following
mastectomy, and for a duration of 13 months, no recurrence was observed. These findings
are consistent with the results obtained from the drug screening performed on the CR
cells [106].

The findings of this study highlight the potential application of CR cells for drug
sensitivity tests and determining appropriate treatments. Their research represents a key
step in innovative clinical tools development to aid in decision-making for patients with
metastatic HR+/HER2- breast cancer. Phyllodes tumors of the breast are uncommon tumors
that involve both stromal and epithelial components. Surgical removal is the primary
recommended treatment for Phyllodes tumors. However, despite complete resection, the
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malignant form of Phyllodes tumors still carries a high recurrence risk, reaching up to
40%. Furthermore, there is currently no consensus regarding the most effective drugs for
treating Phyllodes tumors. Recently, Urbaniak et al. applied CR technology to evaluate the
response of phyllodes tumor of the breast to seven drugs namely Salinomycin, Bcl-2/Bcl-xL
inhibitor ABT-263, paclitaxel, DOX, colchicine, vincristine, and cisplatin. Of these, ABT-263,
Salinomycin, and DOX were found to be highly selective toward phyllodes tumor cells [107].
This study revealed the feasibility of using CR technology for drug discovery, selectively
targeting phyllodes tumor cells. Based on the metaplastic breast-carcinoma cell line with
EGFR amplification from a patient using the CR method, Chung et al. discovered that the
combination of EGFR inhibitor and paclitaxel was a promising strategy for metaplastic
breast-carcinoma with EGFR amplification [113].

Customizing assays for tumor molecular phenotyping is essential due to variations in
the differentiation status of tumors and normal tissues in different patients. In response
to this challenge, Anjanappa and colleagues [109] employed a combination of the CR
method and single-cell gene expression analysis. This approach aimed to investigate
the tumor heterogeneity at an individual patient level. Their study involved 420 tumor
cells and 284 adjacent normal cells, focusing on the expression of 93 genes. These genes
encompassed the PAM50-intrinsic subtype classifier and genes associated with stemness.
Notably, normal and tumor cells marked by ALDH+/CD49f+/EpCAM+ exhibited different
clustering compared to unselected normal and tumor cells. Through PAM50 gene-set
analysis, they effectively identified both minor and major tumor cell subgroups within the
ALDH+/CD49f+/EpCAM+ population. The major clone resembled the tumor’s clinical
characteristics. Additionally, by utilizing a gene set linked to stemness, they detected
varying activations of stemness pathways within different clones of the same tumor. This
refined profiling technique enabled the differentiation between genes truly deregulated
in cancer from genes indicating potential precursors of tumor cells. The assays used in
their study offer a heightened ability to pinpoint genes deregulated in cancer with greater
accuracy [109].

Recent progress in DNA sequencing technology have made it feasible to sequence a
considerable number of tumor samples at a reasonable cost. Nonetheless, to enhance its clin-
ical applicability, it is crucial to decrease sequencing errors and identify rare mutations that
might exist within a small subset of tumor cells. Tumor complexity and intratumor hetero-
geneity contribute to the diversity of subclones. Despite advancements in next-generation
sequencing, pinpointing low frequency mutations in primary tumors and metastases that
contribute to subclonal diversity remains a challenge in precision genomics. To address
this, Anjanappa and colleagues [110] employed CR technology for short-term cultivation
of epithelial cells derived from primary and metastatic tumors. This approach enabled
them to expand minor clones and gather epithelial cell-specific DNA/RNA for quantitative
next-generation sequencing analysis. Comparative analysis of DNA from unprocessed
breast tumors and tumor cells cultured from the same tumors was carried out using the
AmpliSeq Comprehensive Cancer Panel. They revealed previously uncharacterized muta-
tions found exclusively in the cultured tumor cells, with some of these mutations reported
in brain metastases but not primary breast tumors. Moreover, whole-genome sequencing
highlighted mutations enriched in liver metastases across different cancer types. Notably,
Notch pathway mutations and chromosomal inversions were detected in all five liver
metastases, regardless of the type of cancer. Mutations and rearrangements in the FHIT
gene, involved in purine metabolism, were identified in four out of five liver metastases.
Additionally, the same set of four liver metastases shared mutations in 32 genes. Among
these were mutations in various HLA-DR family members, impacting the OX40 signaling
pathway, potentially influencing the immune response to metastatic cells. Pathway analysis
of all mutated genes in liver metastases indicated abnormal signaling of tumor necrosis
factor and transforming growth factor in these metastatic cells. CR technology employed in
their study indicated an improved capacity for identifying mutations in both primary and
metastatic cancer cells [110]. Therefore, CR technology offers a new tool for assessing the
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toxicity and effectiveness of new drugs and developing personalized treatment strategies
for breast cancer.

4.3. Noninvasive Diagnosis and Surveillance

Early diagnosis is crucial for effective breast cancer treatment and plays an impor-
tant role in reducing mortality rates [114]. While mammography is considered the gold
standard for imaging breast cancer, its limitations in detecting tumors in dense breast
tissue necessitate the use of supplementary detection methods. One commonly employed
complementary method is ultrasound. However, ultrasound has its limitations as it may
not always detect microcalcifications and can potentially miss early signs of tumors [115].
To achieve early detection of breast cancer, it is imperative to utilize fast, simple, and cost-
effective blood-based biomarkers in conjunction with mammography. These biomarkers
serve as valuable tools in identifying breast cancer at its early stages.

Liquid biopsies are non-invasive and safe methods for tumor detection. These mini-
mally invasive sampling techniques utilize circulating biomarkers to analyze tumors and
deliver reliable diagnostic information. Liquid biopsies encompass various components,
such as exosomes [116], microRNA (miRNA) [117], circulating tumor cells (CTCs) [118],
circulating tumor DNA [119], etc. CTCs are cells that detach from the primary tumor and
enter the bloodstream. Some of these cells manage to evade the body’s immune system
and undergo a process known as epithelial-mesenchymal transition. These highly inva-
sive processes, including the acquisition of tumor DNA information, genomic data, and
proteomic information, allow for the dynamic monitoring of tumor activity.

In 1869, Thomas R. Ashworth first identified CTCs in the blood of a cancer patient
through a comparison of CTC morphology with different tumor cells [120]. Despite their
discovery dating back approximately 150 years, there was limited research focused on CTCs
until the mid-1990s. This can be attributed to the fact that CTCs are exceptionally rare in
the bloodstream, with only a few CTCs present among billions of erythrocytes and millions
of leukocytes [121,122]. Hence, the detection of CTCs is technically challenging. Jeong
et al. applied CR technology to detect CTCs in breast cancer patients [108]. Their objective
was to assess the efficacy of the CR system in detecting CTCs in breast cancer. CTCs were
isolated from the peripheral blood of breast cancer patients and cultured using the protocol
described by Liu et al. [80]. Subsequently, total RNA was extracted from the cultured CTCs,
and reverse transcription PCR (RT-PCR) was performed to amplify the MAGE A1-6 and
hTERT genes. RNA extraction was also directly extracted from blood samples, and only
RT-PCR was used to analyze the expression of these two genes. Following CRC culture,
CTC growth was observed in seven out of the samples (23.3% detection rate). The detection
rates of CTCs using RT-PCR for the MAGE A1-6 and hTERT genes in CTCs grown through
the CRC culture method were 10.0% and 26.7%, respectively. The positive expression rates
for the MAGE and hTERT genes in CTCs assessed only by RT-PCR were 23.5% and 44.1%,
respectively. By combining the positive expression rates from RT-PCR alone and CRC
culture for the MAGE A1-6 and hTERT genes, the CTC detection rates increased to 23.3%
and 53.3%, respectively. Furthermore, when the positive expression rates of the two genes
were combined using either method, the CTC detection rate reached its highest value [108].
Their study demonstrated the potential of CRC culture in detecting CTCs in breast cancer.
Additionally, the combination of CRC culture and RT-PCR for the MAGE A1 6 and hTERT
genes proved to be beneficial in enhancing the detection rate of CTCs in the blood.

4.4. Disparity of Breast Cancer

We recently established a CRC-derived biobank that can be used to explore the genetic
diversity and in vitro behavior of high risk non-cancer breast epithelial cells. While age-
associated decreased viability impacted our collection, we successfully isolated non-cancer
high risk ipsilateral breast epithelial cells from a wide range of ages, breast cancer subtypes,
and pathological stages [67]. Interestingly, we found that MYC and ribosome related genes
were expressed at significantly higher levels in samples from women identifying as black
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or African-American. Genetic variations linked to geographically defined ancestry have
been hypothesized to contribute to the disparity in breast cancer outcome women who
identify as black or African-American experience as compared to women who identify
as white or Caucasian [70]. To explore if non-cancer ipsilateral breast cells from women
who identify as black as compared to white showed any significant differences in gene
expression, DEGs between samples obtained from women who self-identified as black
(n = 6) versus white (n = 15) were identified (padj<0.05). One hundred seventy-seven genes
were significantly up-regulated and one hundred forty-four genes significantly down-
regulated in non-cancer ipsilateral cells from women identifying as black as compared
to white (Figure 3A). GSEA analysis of these DEGs showed significant associations with
ribosome biology (Figure 3B) and up-regulation of genes associated with MYC (Figure 3C)
with MYC itself also higher expressed (padj = 0.052) (Figure 3D). Significantly, the division
was not absolute between women identifying as black versus white as a similar pattern
of down-regulated ribosome-related and up-regulated MYC-related genes was seen in
n = 3 women identifying as white (Figure 3D). The methodology used for isolation of
cells, preparation of RNA, processing for RNA-seq and GSEA analysis was the same as
presented in a previous publication (67). The results suggest that biological differences,
particularly Myc-associated pathways, of mammary epithelial cells may contribute to
BC disparity, especially BC initiation in addition to social-economic factors. Since Myc
induces a multigenic program that involves changes in intracellular calcium signalling
and fatty acid metabolism, our previous collaborative study suggested key roles for fatty
acid transporters (CD36), lipases (LPL), and kinases (PDGFRB, CAMKK2, and AMPK),
each of which contributes to promoting fatty acid oxidation (FAO) in human mammary
epithelial cells transduced with Myc [123]. Thus, it is possible that dysregulation of fatty
acid metabolism by both biological and social/economic factors contribute disparities of
BC in African American population.

Using CR technology, Nakshatri and colleagues [111] found a distinct subgroup of
cells in a majority of African American women that exhibited higher CD44 expression
but lacked CD24 or EpCAM. These cells displayed elevated expression levels of genes
associated with stemness and epithelial-mesenchymal transition. Thus, CR technology
allows the studying of basic biological factors of BC disparity using live cells from different
populations. Together with traditional genetic and other -omics based studies, these will
transform disparity biology studies using live normal or cancer cells from healthy donors
and/or BC patients.

4.5. Heterogeneity of Breast Cancer

Breast cancer is a category of diseases with high heterogeneity. The heterogeneity
is attributed to differences in the genomic, epigenomic, transcriptomic, and proteomic
characteristics of the cancer cells, these factors also contribute biological properties of
cancer cells such as proliferation, apoptosis, metastasis, and therapeutic response.

Breast cancer heterogeneity can be observed in tumor tissues among individual pa-
tients (different patients) or intertumor heterogeneity (different tumors), or intratumor
heterogeneity (within the same tumor tissues). To study micro- or molecular heterogeneity
of breast cancer, we established cell-derived clones using CR technology (Figure 4A). Nine
cell clones were generated from one needle biopsy of breast cancer tissue. Results from
whole genome sequencing and transcriptome analyses showed complexity at genomic and
transcriptome levels (Figure 4B), while transcriptome analysis indicated two categories of
profiling of gene expression in nine single cell-derived clones.
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Figure 3. Self-identification as Black or African-American was associated with enrichment in ribosome
and MYC biology-related genes. A. Bar graph indicating numbers of up-regulated and down-
regulated DEGs identified in non-cancer ipsilateral samples from women identifying as Black
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or African-American versus white. B. Bar graph presenting the top ten GO gene sets with the lowest
significant FDR q-values identified from the MSigDB Collection utilizing identified DEGs in non-
cancer ipsilateral samples from women identifying as Black or African-American versus white. C. Bar
graph presenting three C2 gene sets with FDR q-values <0.05 identified from the MSigDB Collection
utilizing identified DEGs in non-cancer ipsilateral samples from women identifying as Black or
African-American versus white. D. Heat map illustrating relative expression levels of identified
DEGs enriched in samples from individuals identifying as Black or African-American or white. DEGs
enriched in Ribosome biology or MYC related are indicated. DEG: differentially expressed gene, at
Padj ≤ 0.05. FDR: false discovery rate. MsigDB, Molecular Signatures Database, v7.5.1 [124–126]
Color coding: Dark blue to yellow with increasing expression.
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Figure 4. Micro-heterogeneity of breast cancer using CR and single cell derived clones. Needle
biopsy from breast cancer tissue was processed and digested as we described previously. Single
cell suspension was diluted to 1 cell per 200 uL and 100 uL were plated in each well in ten 96-well
plates. All wells were evaluated under light microcopy; wells with two or more than two cells were
labeled and left out for the next step. Nine clones were expanded after replating to 24, 12 well-plates
and T25 flasks (A). DNA and RNA were isolated from 5 clones, adjacent normal and tumor CRCs
for whole genome sequencing and transcriptome analyses. CNVs were labeled on the left side of
each chromosome of clone number 6 and differential gene expressions were labeled on the right side
of chromosome compared to normal cells from same patient (B). Correlation of profiling of gene
expression of 5 clones indicated two categories of breast cancer cell types (C).

The heterogeneity found within the normal breast can impact the characterization of
cancer stem cells. Nakshatri and colleagues [111] employed CR technology to document
heterogeneity in healthy breast tissue profiles. Their study involved growing cells from
over 60 primary samples using CR system and a combination of nine markers. These
markers allowed the quantification of at least 20 cell types per individual. Moreover, the
CR method enabled the growth of stem, progenitor, and mature cells, and the percentage
of these cell types varied among individuals. They noticed a distinct subgroup of cells
in a majority of African American women that exhibited higher CD44 expression but
lacked CD24 or EpCAM. This difference in cell population between African American and
Caucasian patients was significant. These cells displayed elevated expression levels of
genes associated with stemness and epithelial-mesenchymal transition. Notably, this gene
expression pattern closely resembled that of PROCR+/EpCAM- mammary stem cells [127]

This result suggests that CR technology may serve as a biological method to study
heterogeneity of breast cancer from patients’ specimens, especially minimized samples
from advanced breast cancer patients.
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5. Challenges and Prospects for the Clinical Setting

The CR system has shown great promise in breast cancer research, but it is important
to acknowledge and address its limitations. One such limitation is that the CR method
lacks the inclusion of essential stromal components, including matrix elements, vascular
immune cells, and endothelial cells. This limitation hinders the comprehensive analysis of
how stromal cells influence tumor cell growth and how tumor cells respond to drugs [96].
Another challenge is distinguishing tumor cells from normal epithelial cells since sometimes
normal cells are generated more than tumor cells such that normal cells may surpass
in cultures. However, modifications to the standard CR method can enable selective
expansion of tumor cells in vitro [96]. Despite these limitations, CR technology holds
excellent application prospects in breast cancer research. There is no perfect model for
biomedical research, and researchers must choose an appropriate model that suits their
specific research question. In many cases, scientists use a combination of technologies
at different levels, from molecules to cells, organs, and populations, for their research
goals. We also would like to highlight several aspects for further development in clinical
laboratory settings.

6. Conclusion

The development of the CR method offers encouraging opportunities for studying
breast cancer (Figure 5). Cell cultures from both normal and malignant tissues can be
generated quickly and efficiently by using the CR system. These CR cells are particularly
noteworthy since they maintain the developmental characteristics of the parental tissue
and can regain the ability for cellular differentiation even when conditions are removed.
Moreover, CR technology can rapidly produce cultures from small biopsy samples and even
cryopreserved tissues as well as from xenografts and organoid tissues. This allows for the
creation of cell-derived xenograft tumors and the cultivation of spheroids and organoids,
making CR technology a potentially optimal in vitro model for breast cancer research that
can facilitate the progress of precision medicine and drug discovery. Moreover, in the future
CR technology could help develop precision medicine and could create a living biobank
for breast cancer. In short, the use of CR technology provides exceptional opportunities for
advancing the prevention, diagnosis, and treatment of breast cancer.
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Figure 5. Applications of CR technology in Breast Cancer. CR system enables rapid culture generation
from both fresh and cryopreserved normal and malignant tissue samples acquired through surgical
procedures, fine-needle aspiration (FNA), and core biopsy. Consequently, CR technology serves as
an excellent in vitro model for breast cancer, offering significant potential in drug discovery and
precision medicine applications. The figure was drawn using BioRender.



Cells 2023, 12, 2388 20 of 25

Author Contributions: Conceptualization, X.L. and J.L.; writing—original draft preparation, D.D.;
P.A.F.; X.L. and J.L.; writing—review and editing, D.D.; M.L.; Z.L.; X.M.; S.A.; B.K.; R.S.; J.Z.; D.G.;
X.L. and J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by NIH grants: R01CA276474, R01CA222148, R33CA258016,
R01CA112176, U01CA278927.

Conflicts of Interest: Several patents for conditional reprogramming technology have been awarded
to Georgetown University by the US Patent Office. The license for this technology has been given
to a Maryland-based start-up company for commercialization. The inventors, R.S. and X.L., and
Georgetown University receive potential royalties and payments from the company. CR media and
CR cells have been distributed by Propagenix, StemCell Technology, Fisher Scientific, ATCC, etc.
Other authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

References
1. Giaquinto, A.N.; Sung, H.; Miller, K.D.; Kramer, J.L.; Newman, L.A.; Minihan, A.; Jemal, A.; Siegel, R.L. Breast Cancer Statistics,

2022. CA: A Cancer J. Clin. 2022, 72, 524–541. [CrossRef] [PubMed]
2. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

3. Siegel, R.L.; Wagle, N.S.; Cercek, A.; Smith, R.A.; Jemal, A. Colorectal cancer statistics, 2023. CA Cancer J Clin. 2023, 73, 233–254.
[CrossRef] [PubMed]

4. van‘t Veer, L.J.; Dai, H.; van de Vijver, M.J.; He, Y.D.; Hart, A.A.; Mao, M.; Peterse, H.L.; van der Kooy, K.; Marton, M.J.; Witteveen,
A.T.; et al. Gene expression profiling predicts clinical outcome of breast cancer. Nature 2002, 415, 530–536. [CrossRef]

5. Perou, C.M.; Sørlie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; Rees, C.A.; Pollack, J.R.; Ross, D.T.; Johnsen, H.; Akslen, L.A.; et al.
Molecular portraits of human breast tumours. Nature 2000, 406, 747–752. [CrossRef] [PubMed]

6. Cardiff, R.D.; Kenney, N. A Compendium of the Mouse Mammary Tumor Biologist: From the Initial Observations in the House
Mouse to the Development of Genetically Engineered Mice. Cold Spring Harb. Perspect. Biol. 2010, 3, a003111. [CrossRef]

7. Sørlie, T.; Perou, C.M.; Tibshirani, R.; Aas, T.; Geisler, S.; Johnsen, H.; Hastie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; et al.
Gene expression patterns of breast carcinomas distinguish tumor subclasses with clinical implications. Proc. Natl. Acad. Sci. USA
2001, 98, 10869–10874. [CrossRef]

8. Metcalfe, C.; Lauchle, J.O. Clinical Translation: Targeting the Estrogen Receptor. Nucl. Recept. Hum. Health Dis. 2022, 1390,
297–309. [CrossRef]

9. Piezzo, M.; Cocco, S.; Caputo, R.; Cianniello, D.; Gioia, G.D.; Lauro, V.D.; Fusco, G.; Martinelli, C.; Nuzzo, F.; Pensabene, M.; et al.
Targeting Cell Cycle in Breast Cancer: CDK4/6 Inhibitors. Int. J. Mol. Sci. 2020, 21, 6479. [CrossRef]

10. Luque-Cabal, M.; García-Teijido, P.; Fernández-Pérez, Y.; Sánchez-Lorenzo, L.; Palacio-Vázquez, I. Mechanisms behind the
Resistance to Trastuzumab in HER2-Amplified Breast Cancer and Strategies to Overcome It. Clin. Med. Insights: Oncol. 2016, 10s1,
CMO.S34537–30. [CrossRef]

11. Swain, S.M.; Baselga, J.; Kim, S.B.; Ro, J.; Semiglazov, V.; Campone, M.; Ciruelos, E.; Ferrero, J.M.; Schneeweiss, A.; Heeson,
S.; et al. Faculty Opinions recommendation of Pertuzumab, trastuzumab, and docetaxel in HER2-positive metastatic breast cancer.
New Engl. J. Med. 2015, 372, 724–734. [CrossRef] [PubMed]

12. Portman, N.; Alexandrou, S.; Carson, E.; Wang, S.; Lim, E.; Caldon, C.E. Overcoming CDK4/6 inhibitor resistance in ER-positive
breast cancer. Endocr. Relat. Cancer 2019. 26, r15–r30. [CrossRef]

13. Codenotti, S.; Mansoury, W.; Pinardi, L.; Monti, E.; Marampon, F.; Fanzani, A. Animal models of well-differentiated/dedifferentiated
liposarcoma: Utility and limitations. OncoTargets Ther. 2019, ume 12, 5257–5268. [CrossRef]

14. Meijer, T.G.; Naipal, K.A.; Jager, A.; van Gent, D.C. Ex vivo tumor culture systems for functional drug testing and therapy response
prediction. Futur. Sci. OA 2017, 3, FSO190. [CrossRef] [PubMed]

15. Gillet, J.-P.; Varma, S.; Gottesman, M.M. The Clinical Relevance of Cancer Cell Lines. PEDIATRICS 2013, 105, 452–458. [CrossRef]
[PubMed]

16. Ito, R.; Takahashi, T.; Ito, M. Humanized mouse models: Application to human diseases. J. Cell. Physiol. 2017, 233, 3723–3728.
[CrossRef]

17. Giles, E.D.; Wellberg, E.A. Preclinical Models to Study Obesity and Breast Cancer in Females: Considerations, Caveats, and Tools.
J. Mammary Gland. Biol. Neoplasia 2020, 25, 237–253. [CrossRef] [PubMed]

18. Diaz-Cruz, E.S.; Cabrera, M.C.; Nakles, R.; Rutstein, B.H.; Furth, P.A. BRCA1 deficient mouse models to study pathogenesis and
therapy of triple negative breast cancer. Breast Dis. 2011, 32, 85–97. [CrossRef]

19. Dabydeen, S.A.; Furth, P.A. Genetically engineered ERα-positive breast cancer mouse models. Endocr.-Relat. Cancer 2014, 21,
R195–R208. [CrossRef] [PubMed]

20. Clevers, H. Modeling Development and Disease with Organoids. Cell 2016, 165, 1586–1597. [CrossRef]

https://doi.org/10.3322/caac.21754
https://www.ncbi.nlm.nih.gov/pubmed/36190501
https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.3322/caac.21772
https://www.ncbi.nlm.nih.gov/pubmed/36856579
https://doi.org/10.1038/415530a
https://doi.org/10.1038/35021093
https://www.ncbi.nlm.nih.gov/pubmed/10963602
https://doi.org/10.1101/cshperspect.a003111
https://doi.org/10.1073/pnas.191367098
https://doi.org/10.1007/978-3-031-11836-4_17
https://doi.org/10.3390/ijms21186479
https://doi.org/10.4137/CMO.S34537
https://doi.org/10.1056/NEJMoa1413513
https://www.ncbi.nlm.nih.gov/pubmed/25693012
https://doi.org/10.1530/ERC-18-0317
https://doi.org/10.2147/OTT.S175710
https://doi.org/10.4155/fsoa-2017-0003
https://www.ncbi.nlm.nih.gov/pubmed/28670477
https://doi.org/10.1093/jnci/djt007
https://www.ncbi.nlm.nih.gov/pubmed/23434901
https://doi.org/10.1002/jcp.26045
https://doi.org/10.1007/s10911-020-09463-2
https://www.ncbi.nlm.nih.gov/pubmed/33146844
https://doi.org/10.3233/BD-2010-0308
https://doi.org/10.1530/ERC-13-0512
https://www.ncbi.nlm.nih.gov/pubmed/24481326
https://doi.org/10.1016/j.cell.2016.05.082


Cells 2023, 12, 2388 21 of 25

21. Guillen, K.P.; Fujita, M.; Butterfield, A.J.; Scherer, S.D.; Bailey, M.H.; Chu, Z.; DeRose, Y.S.; Zhao, L.; Cortes-Sanchez, E.; Yang,
C.-H.; et al. A human breast cancer-derived xenograft and organoid platform for drug discovery and precision oncology. Nat.
Cancer 2022, 3, 232–250. [CrossRef] [PubMed]

22. Rowe, R.G.; Daley, G.Q. Induced pluripotent stem cells in disease modelling and drug discovery. Nat. Rev. Genet. 2019, 20,
377–388. [CrossRef] [PubMed]

23. Okada, S.; Vaeteewoottacharn, K.; Kariya, R. Application of Highly Immunocompromised Mice for the Establishment of
Patient-Derived Xenograft (PDX) Models. Cells 2019, 8, 889. [CrossRef]

24. Zhong, M.; Fu, L. Culture and application of conditionally reprogrammed primary tumor cells. Gastroenterol. Rep. 2020, 8,
224–233. [CrossRef] [PubMed]

25. O’Connell, L.; Winter, D.C. Organoids: Past Learning and Future Directions. Stem. Cells Dev. 2020, 29, 281–289. [CrossRef]
26. Völkner, M.; Zschätzsch, M.; Rostovskaya, M.; Overall, R.W.; Busskamp, V.; Anastassiadis, K.; Karl, M.O. Retinal Organoids from

Pluripotent Stem Cells Efficiently Recapitulate Retinogenesis. Stem. Cell Rep. 2016, 6, 525–538. [CrossRef]
27. Bissell, M.J.; Hall, H.G.; Parry, G. How does the extracellular matrix direct gene expression? J. Theor. Biol. 1982, 99, 31–68.

[CrossRef]
28. Emerman, J.T.; Burwen, S.J.; Pitelka, D.R. Substrate properties influencing ultrastructural differentiation of mammary epithelial

cells in culture. Tissue Cell 1979, 11, 109–119. [CrossRef]
29. Flynn, D.; Yang, J.; Nandi, S. Growth and Differentiation of Primary Cultures of Mouse Mammary Epithelium Embedded in

Collagen Gel. Differentiation 1982, 22, 191–194. [CrossRef]
30. Tonelli, Q.J.; Sorof, S. Induction of Biochemical Differentiation in Three-Dimensional Collagen Cultures of Mammary Epithelial

Cells from Virgin Mice. Differentiation 1982, 22, 195–200. [CrossRef]
31. Haeuptle, M.; Suard, Y.; Bogenmann, E.; Reggio, H.; Racine, L.; Kraehenbuhl, J. Effect of cell shape change on the function and

differentiation of rabbit mammary cells in culture. J. Cell Biol. 1983, 96, 1425–1434. [CrossRef] [PubMed]
32. nbsp; Petersen, O.W.; Rønnov-Jessen, L.; Howlett, A.R.; Bissell, M.J. Interaction with basement membrane serves to rapidly

distinguish growth and differentiation pattern of normal and malignant human breast epithelial cells. Proc. Natl. Acad. Sci. USA
1992, 89, 9064. [CrossRef] [PubMed]

33. Lee, G.Y.A.; Kenny, P.; Lee, E.H.; Bissell, M.J. Three-dimensional culture models of normal and malignant breast epithelial cells.
Nat. Methods 2007, 4, 359–365. [CrossRef]

34. Sato, T.; Vries, R.G.; Snippert, H.J.; Van De Wetering, M.; Barker, N.; Stange, D.E.; Van Es, J.H.; Abo, A.; Kujala, P.; Peters, P.J.; et al.
Single Lgr5 Stem Cells Build Crypt-Villus Structures in Vitro without a Mesenchymal Niche. Nature 2009, 459, 262–265. [CrossRef]

35. Sato, T.; Stange, D.E.; Ferrante, M.; Vries, R.G.J.; Van Es, J.H.; Van Den Brink, S.; Van Houdt, W.J.; Pronk, A.; Van Gorp, J.;
Siersema, P.D.; et al. Long-term Expansion of Epithelial Organoids From Human Colon, Adenoma, Adenocarcinoma, and
Barrett’s Epithelium. Gastroenterology 2011, 141, 1762–1772. [CrossRef] [PubMed]

36. Sachs, N.; de Ligt, J.; Kopper, O.; Gogola, E.; Bounova, G.; Weeber, F.; Balgobind, A.V.; Wind, K.; Gracanin, A.; Begthel, H.; et al. A
Living Biobank of Breast Cancer Organoids Captures Disease Heterogeneity. Cell 2018, 172, 373–386.e10. [CrossRef]

37. Huch, M.; Boj, S.F.; Clevers, H. Lgr5+ liver stem cells, hepatic organoids and regenerative medicine. Regen. Med. 2013, 8, 385–387.
[CrossRef]

38. Karthaus, W.R.; Iaquinta, P.J.; Drost, J.; Gracanin, A.; van Boxtel, R.; Wongvipat, J.; Dowling, C.M.; Gao, D.; Begthel, H.; Sachs,
N.; et al. Identification of Multipotent Luminal Progenitor Cells in Human Prostate Organoid Cultures. Cell 2014, 159, 163–175.
[CrossRef]

39. Bartfeld, S.; Clevers, H. Organoids as Model for Infectious Diseases: Culture of Human and Murine Stomach Organoids and
Microinjection of Helicobacter Pylori. J. Vis. Exp. 2015, 105, e53359.

40. Boj, S.F.; Hwang, C.-I.; Baker, L.A.; Chio, I.I.C.; Engle, D.D.; Corbo, V.; Jager, M.; Ponz-Sarvise, M.; Tiriac, H.; Spector, M.S.; et al.
Organoid Models of Human and Mouse Ductal Pancreatic Cancer. Cell 2015, 160, 324–338. [CrossRef]

41. Slepicka, P.F.; Somasundara, A.V.H.; dos Santos, C.O. The molecular basis of mammary gland development and epithelial
differentiation. Semin. Cell Dev. Biol. 2020, 114, 93–112. [CrossRef] [PubMed]

42. Simian, M.; Hirai, Y.; Navre, M.; Werb, Z.; Lochter, A.; Bissell, M.J. The interplay of matrix metalloproteinases, morphogens and
growth factors is necessary for branching of mammary epithelial cells. Development 2001, 128, 3117–3131. [CrossRef] [PubMed]

43. Koledova, Z.; Sumbal, J. FGF signaling in mammary gland fibroblasts regulates multiple fibroblast functions and mammary
epithelial morphogenesis. Development 2019, 146, dev185306. [CrossRef] [PubMed]

44. Zhang, X.; Martinez, D.; Koledova, Z.; Qiao, G.; Streuli, C.H.; Lu, P. FGF ligands of the postnatal mammary stroma regulate
distinct aspects of epithelial morphogenesis. Development 2014, 141, 3352–3362. [CrossRef]

45. Xian, W.; Schwertfeger, K.L.; Vargo-Gogola, T.; Rosen, J.M. Pleiotropic effects of FGFR1 on cell proliferation, survival, and
migration in a 3D mammary epithelial cell model. J. Cell Biol. 2005, 171, 663–673. [CrossRef]

46. Fridriksdottir, A.J.; Villadsen, R.; Morsing, M.; Klitgaard, M.C.; Kim, J.; Petersen, O.W.; Rønnov-Jessen, L. Proof of region-specific
multipotent progenitors in human breast epithelia. Proc. Natl. Acad. Sci. USA 2017, 114, E10102–E10111. [CrossRef]

47. Davaadelger, B.; Choi, M.-R.; Singhal, H.; Clare, S.E.; Khan, S.A.; Kim, J.J. BRCA1 mutation influences progesterone response in
human benign mammary organoids. Breast Cancer Res. 2019, 21, 1–13. [CrossRef]

48. Ma, Y.; Katiyar, P.; Jones, L.P.; Fan, S.; Zhang, Y.; Furth, P.A.; Rosen, E.M. The Breast Cancer Susceptibility Gene BRCA1 Regulates
Progesterone Receptor Signaling in Mammary Epithelial Cells. Mol. Endocrinol. 2006, 20, 14–34. [CrossRef]

https://doi.org/10.1038/s43018-022-00337-6
https://www.ncbi.nlm.nih.gov/pubmed/35221336
https://doi.org/10.1038/s41576-019-0100-z
https://www.ncbi.nlm.nih.gov/pubmed/30737492
https://doi.org/10.3390/cells8080889
https://doi.org/10.1093/gastro/goaa023
https://www.ncbi.nlm.nih.gov/pubmed/32665854
https://doi.org/10.1089/scd.2019.0227
https://doi.org/10.1016/j.stemcr.2016.03.001
https://doi.org/10.1016/0022-5193(82)90388-5
https://doi.org/10.1016/0040-8166(79)90011-9
https://doi.org/10.1111/j.1432-0436.1982.tb01249.x
https://doi.org/10.1111/j.1432-0436.1982.tb01250.x
https://doi.org/10.1083/jcb.96.5.1425
https://www.ncbi.nlm.nih.gov/pubmed/6841452
https://doi.org/10.1073/pnas.89.19.9064
https://www.ncbi.nlm.nih.gov/pubmed/1384042
https://doi.org/10.1038/nmeth1015
https://doi.org/10.1038/nature07935
https://doi.org/10.1053/j.gastro.2011.07.050
https://www.ncbi.nlm.nih.gov/pubmed/21889923
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.2217/rme.13.39
https://doi.org/10.1016/j.cell.2014.08.017
https://doi.org/10.1016/j.cell.2014.12.021
https://doi.org/10.1016/j.semcdb.2020.09.014
https://www.ncbi.nlm.nih.gov/pubmed/33082117
https://doi.org/10.1242/dev.128.16.3117
https://www.ncbi.nlm.nih.gov/pubmed/11688561
https://doi.org/10.1242/dev.185306
https://www.ncbi.nlm.nih.gov/pubmed/31699800
https://doi.org/10.1242/dev.106732
https://doi.org/10.1083/jcb.200505098
https://doi.org/10.1073/pnas.1714063114
https://doi.org/10.1186/s13058-019-1214-0
https://doi.org/10.1210/me.2004-0488


Cells 2023, 12, 2388 22 of 25

49. Dekkers, J.F.; Whittle, J.R.; Vaillant, F.; Chen, H.-R.; Dawson, C.; Liu, K.; Geurts, M.H.; Herold, M.J.; Clevers, H.; Lindeman,
G.J.; et al. Modeling Breast Cancer Using CRISPR-Cas9–Mediated Engineering of Human Breast Organoids. PEDIATRICS 2019,
112, 540–544. [CrossRef]

50. Mohan, S.C.; Lee, T.-Y.; Giuliano, A.E.; Cui, X. Current Status of Breast Organoid Models. Front. Bioeng. Biotechnol. 2021, 9, 745943.
[CrossRef]

51. Malcolm, J.E.; Stearns, T.M.; Airhart, S.D.; Graber, J.H.; Bult, C.J. Factors that influence response classifications in chemotherapy
treated patient-derived xenografts (PDX). PeerJ 2019, 7, e6586. [CrossRef] [PubMed]

52. Jung, J.; Seol, H.S.; Chang, S. The Generation and Application of Patient-Derived Xenograft Model for Cancer Research. Cancer
Res. Treat. 2018, 50, 1–10. [CrossRef] [PubMed]

53. Tentler, J.J.; Tan, A.C.; Weekes, C.D.; Jimeno, A.; Leong, S.; Pitts, T.M.; Arcaroli, J.J.; Messersmith, W.A.; Eckhardt, S.G. Patient-
derived tumour xenografts as models for oncology drug development. Nat. Rev. Clin. Oncol. 2012, 9, 338–350. [CrossRef]

54. De Rose, Y.S.; Wang, G.; Lin, Y.-C.; Bernard, P.S.; Buys, S.S.; Ebbert, M.T.W.; Factor, R.; Matsen, C.A.; Milash, B.; Nelson, E.; et al.
Tumor grafts derived from women with breast cancer authentically reflect tumor pathology, growth, metastasis and disease
outcomes. Nat. Med. 2011, 17, 1514–1520. [CrossRef] [PubMed]

55. Zhang, X.; Claerhout, S.; Prat, A.; Dobrolecki, L.E.; Petrovic, I.; Lai, Q.; Landis, M.D.; Wiechmann, L.; Schiff, R.; Giuliano, M.; et al.
A renewable tissue resource of phenotypically stable, biologically and ethnically diverse, patient-derived human breast cancer
xenograft models. Cancer Res. 2013, 73, 4885–4897. [CrossRef] [PubMed]

56. Eirew, P.; Steif, A.; Khattra, J.; Ha, G.; Yap, D.; Farahani, H.; Gelmon, K.; Chia, S.; Mar, C.; Wan, A.; et al. Dynamics of genomic
clones in breast cancer patient xenografts at single-cell resolution. Nature 2015, 518, 422–426. [CrossRef]

57. Ben-David, U.; Ha, G.; Tseng, Y.-Y.; Greenwald, N.F.; Oh, C.; Shih, J.; McFarland, J.M.; Wong, B.; Boehm, J.S.; Beroukhim, R.; et al.
Patient-derived xenografts undergo mouse-specific tumor evolution. Nat. Genet. 2017, 49, 1567–1575. [CrossRef]

58. Gao, H.; Korn, J.M.; Ferretti, S.; Monahan, J.E.; Wang, Y.; Singh, M.; Zhang, C.; Schnell, C.; Yang, G.; Zhang, Y.; et al. High-
throughput screening using patient-derived tumor xenografts to predict clinical trial drug response. Nat. Med. 2015, 21, 1318–1325.
[CrossRef]

59. Collins, A.T.; Lang, S.H. A systematic review of the validity of patient derived xenograft (PDX) models: The implications for
translational research and personalised medicine. PeerJ 2018, 6, e5981. [CrossRef]

60. Liu, Y.; Chanana, P.; Davila, J.I.; Hou, X.; Zanfagnin, V.; McGehee, C.D.; Goode, E.L.; Polley, E.C.; Haluska, P.; Weroha, S.J.; et al.
Gene expression differences between matched pairs of ovarian cancer patient tumors and patient-derived xenografts. Sci. Rep.
2019, 9, 6314. [CrossRef]

61. Hidalgo, M.; Amant, F.; Biankin, A.V.; Budinská, E.; Byrne, A.T.; Caldas, C.; Clarke, R.B.; de Jong, S.; Jonkers, J.; Mælandsmo,
G.M.; et al. Patient-Derived Xenograft Models: An Emerging Platform for Translational Cancer Research. Cancer Discov. 2014, 4,
998–1013. [CrossRef] [PubMed]

62. Wang, M.; Yao, L.C.; Cheng, M.; Cai, D.; Martinek, J.; Pan, C.X.; Shi, W.; Ma, A.H.; De Vere White, R.W.; Airhart, S.; et al.
Humanized mice in studying efficacy and mechanisms of PD-1-targeted cancer immunotherapy. FASEB J. 2018, 32, 1537–1549.
[CrossRef] [PubMed]

63. Liu, X.; Ory, V.; Chapman, S.; Yuan, H.; Albanese, C.; Kallakury, B.; Timofeeva, O.A.; Nealon, C.; Dakic, A.; Simic, V.; et al.
ROCK Inhibitor and Feeder Cells Induce the Conditional Reprogramming of Epithelial Cells. Am. J. Pathol. 2012, 180, 599–607.
[CrossRef] [PubMed]

64. Palechor-Ceron, N.; Krawczyk, E.; Dakic, A.; Simic, V.; Yuan, H.; Blancato, J.; Wang, W.; Hubbard, F.; Zheng, Y.-L.; Dan, H.; et al.
Conditional Reprogramming for Patient-Derived Cancer Models and Next-Generation Living Biobanks. Cells 2019, 8, 1327.
[CrossRef]

65. Alamri, A.M.; Kang, K.; Groeneveld, S.; Wang, W.; Zhong, X.; Kallakury, B.; Hennighausen, L.; Liu, X.A.; Furth, P. Primary cancer
cell culture: Mammary-optimized vs. conditional reprogramming. Endocr.-Relat. Cancer 2016, 23, 535–554. [CrossRef]

66. Liu, W.; Ju, L.; Cheng, S.; Wang, G.; Qian, K.; Liu, X.; Xiao, Y.; Wang, X. Conditional reprogramming: Modeling urological cancer
and translation to clinics. Clin. Transl. Med. 2020, 10, e95. [CrossRef]

67. Alothman, S.J.; Kang, K.; Liu, X.; Krawczyk, E.; Azhar, R.I.; Hu, R.; Goerlitz, D.; Kallakury, B.V.; Furth, P.A. Characterization of
transcriptome diversity and in vitro behavior of primary human high-risk breast cells. Sci. Rep. 2022, 12, 1–16. [CrossRef]

68. Alamri, A.M.; Liu, X.; Blancato, J.K.; Haddad, B.R.; Wang, W.; Zhong, X.; Choudhary, S.; Krawczyk, E.; Kallakury, B.V.; Davidson,
B.J.; et al. Expanding primary cells from mucoepidermoid and other salivary gland neoplasms for genetic and chemosensitivity
testing. Dis. Model. Mech. 2018, 11, dmm031716. [CrossRef]

69. Suprynowicz, F.A.; Upadhyay, G.; Krawczyk, E.; Kramer, S.C.; Hebert, J.D.; Liu, X.; Yuan, H.; Cheluvaraju, C.; Clapp, P.W.;
Boucher, R.C., Jr.; et al. Conditionally reprogrammed cells represent a stem-like state of adult epithelial cells. Proc. Natl. Acad. Sci.
USA 2012, 109, 20035–20040. [CrossRef]

70. McAuliffe, P.F.; Evans, K.W.; Akcakanat, A.; Chen, K.; Zheng, X.; Zhao, H.; Eterovic, A.K.; Sangai, T.; Holder, A.M.; Sharma,
C.; et al. Ability to Generate Patient-Derived Breast Cancer Xenografts Is Enhanced in Chemoresistant Disease and Predicts Poor
Patient Outcomes. PLoS ONE 2015, 10, e0136851. [CrossRef]

71. Saeed, K.; Rahkama, V.; Eldfors, S.; Bychkov, D.; Mpindi, J.P.; Yadav, B.; Paavolainen, L.; Aittokallio, T.; Heckman, C.; Wennerberg,
K.; et al. Comprehensive Drug Testing of Patient-derived Conditionally Reprogrammed Cells from Castration-resistant Prostate
Cancer. Eur. Urol. 2017, 71, 319–327. [CrossRef] [PubMed]

https://doi.org/10.1093/jnci/djz196
https://doi.org/10.3389/fbioe.2021.745943
https://doi.org/10.7717/peerj.6586
https://www.ncbi.nlm.nih.gov/pubmed/30944774
https://doi.org/10.4143/crt.2017.307
https://www.ncbi.nlm.nih.gov/pubmed/28903551
https://doi.org/10.1038/nrclinonc.2012.61
https://doi.org/10.1038/nm.2454
https://www.ncbi.nlm.nih.gov/pubmed/22019887
https://doi.org/10.1158/0008-5472.CAN-12-4081
https://www.ncbi.nlm.nih.gov/pubmed/23737486
https://doi.org/10.1038/nature13952
https://doi.org/10.1038/ng.3967
https://doi.org/10.1038/nm.3954
https://doi.org/10.7717/peerj.5981
https://doi.org/10.1038/s41598-019-42680-2
https://doi.org/10.1158/2159-8290.CD-14-0001
https://www.ncbi.nlm.nih.gov/pubmed/25185190
https://doi.org/10.1096/fj.201700740R
https://www.ncbi.nlm.nih.gov/pubmed/29146734
https://doi.org/10.1016/j.ajpath.2011.10.036
https://www.ncbi.nlm.nih.gov/pubmed/22189618
https://doi.org/10.3390/cells8111327
https://doi.org/10.1530/ERC-16-0071
https://doi.org/10.1002/ctm2.95
https://doi.org/10.1038/s41598-022-10246-4
https://doi.org/10.1242/dmm.031716
https://doi.org/10.1073/pnas.1213241109
https://doi.org/10.1371/journal.pone.0136851
https://doi.org/10.1016/j.eururo.2016.04.019
https://www.ncbi.nlm.nih.gov/pubmed/27160946


Cells 2023, 12, 2388 23 of 25

72. Beglyarova, N.; Banina, E.; Zhou, Y.; Mukhamadeeva, R.; Andrianov, G.; Bobrov, E.; Lysenko, E.; Skobeleva, N.; Gabitova, L.;
Restifo, D.; et al. Screening of Conditionally Reprogrammed Patient-Derived Carcinoma Cells Identifies ERCC3–MYC Interactions
as a Target in Pancreatic Cancer. Clin. Cancer Res. 2016, 22, 6153–6163. [CrossRef] [PubMed]

73. Walters, B.J.; Diao, S.; Zheng, F.; Walters, B.J.; Layman, W.S.; Zuo, J. Pseudo-immortalization of postnatal cochlear progenitor cells
yields a scalable cell line capable of transcriptionally regulating mature hair cell genes. Sci Rep. 2015, 5, 17792. [CrossRef]

74. Brown, D.D.; Dabbs, D.J.; Lee, A.V.; McGuire, K.P.; Ahrendt, G.M.; Bhargava, R.; Davidson, N.E.; Brufsky, A.M.; Johnson, R.R.;
Oesterreich, S.; et al. Developing in vitro models of human ductal carcinoma in situ from primary tissue explants. Breast Cancer
Res. Treat. 2015, 153, 311–321. [CrossRef] [PubMed]

75. Mahajan, A.S.; Sugita, B.M.; Duttargi, A.N.; Saenz, F.; Krawczyk, E.; McCutcheon, J.N.; Fonseca, A.S.; Kallakury, B.; Pohlmann, P.;
Gusev, Y.; et al. Genomic comparison of early-passage conditionally reprogrammed breast cancer cells to their corresponding
primary tumors. PLoS ONE 2017, 12, e0186190. [CrossRef] [PubMed]

76. Gao, B.; Huang, C.; Kernstine, K.; Pelekanou, V.; Kluger, Y.; Jiang, T.; Peters-Hall, J.R.; Coquelin, M.; Girard, L.; Zhang, W.; et al.
Non-malignant respiratory epithelial cells preferentially proliferate from resected non-small cell lung cancer specimens cultured
under conditionally reprogrammed conditions. Oncotarget 2016, 8, 11114–11126. [CrossRef]

77. Daneshdoust, D.; Yin, M.; Luo, M.; Sundi, D.; Dang, Y.; Lee, C.; Li, J.; Liu, X. Conditional Reprogramming Modeling of Bladder
Cancer for Clinical Translation. Cells 2023, 12, 1714. [CrossRef]

78. Zhao, R.; Li, R.; An, T.; Liu, X. Conditional Cell Reprogramming in Modeling Digestive System Diseases. Front. Cell Dev. Biol.
2021, 9, 669756. [CrossRef]

79. Su, S.; Di Poto, C.; Roy, R.; Liu, X.; Cui, W.; Kroemer, A.; Ressom, H.W. Long-term culture and characterization of patient-derived
primary hepatocytes using conditional reprogramming. Exp. Biol. Med. 2019, 244, 857–864. [CrossRef]

80. Liu, X.; Krawczyk, E.A.; Suprynowicz, F.; Palechor-Ceron, N.; Yuan, H.; Dakic, A.; Simic, V.; Zheng, Y.-L.; Sripadhan, P.; Chen,
C.; et al. Conditional reprogramming and long-term expansion of normal and tumor cells from human biospecimens. Nat. Protoc.
2017, 12, 439–451. [CrossRef]

81. Saffari, P.S.; Vapniarsky, N.; Pollack, A.S.; Gong, X.; Vennam, S.; Pollack, A.J.; Verstraete, F.J.M.; West, R.B.; Arzi, B.; Pollack, J.R.
Most canine ameloblastomas harbor HRAS mutations, providing a novel large-animal model of RAS-driven cancer. Oncogenesis
2019, 8, 11. [CrossRef] [PubMed]

82. Liu, X.; Wu, Y.; Rong, L. Conditionally Reprogrammed Human Normal Airway Epithelial Cells at ALI: A Physiological Model for
Emerging Viruses. Virol. Sin. 2020, 35, 280–289. [CrossRef] [PubMed]

83. Bukowy-Bieryllo, Z. Long-term differentiating primary human airway epithelial cell cultures: How far are we? Cell. Commun.
Signal. 2021, 19, 63. [CrossRef] [PubMed]

84. Wu, M.; Zhang, X.; Kang, Y.; Zhu, Y.; Su, Z.; Liu, J.; Zhang, W.; Chen, H.; Li, H. The First Human Vulvar Intraepithelial Neoplasia
Cell Line with Naturally Infected Episomal HPV18 Genome. Viruses 2022, 14, 2054. [CrossRef] [PubMed]

85. Rani, A.Q.; Nurmemet, D.; Liffick, J.; Khan, A.; Mitchell, D.; Li, J.; Zhao, B.; Liu, X. Conditional Cell Reprogramming and
Air–Liquid Interface Modeling Life Cycle of Oncogenic Viruses (HPV and EBV) in Epithelial Cells and Virus-Associated Human
Carcinomas. Viruses 2023, 15, 1388. [CrossRef] [PubMed]

86. Hennighausen, L.; Robinson, G.W. Information networks in the mammary gland. Nat. Rev. Mol. Cell Biol. 2005, 6, 715–725.
[CrossRef] [PubMed]

87. Clarkson, R.W.; Wayland, M.T.; Lee, J.; Freeman, T.; Watson, C.J. Gene expression profiling of mammary gland development
reveals putative roles for death receptors and immune mediators in post-lactational regression. Breast Cancer Res. 2004, 6,
R92–R109. [CrossRef]

88. Brisken, C.; O’malley, B. Hormone Action in the Mammary Gland. Cold Spring Harb. Perspect. Biol. 2010, 2, a003178. [CrossRef]
89. Van Keymeulen, A.; Rocha, A.S.; Ousset, M.; Beck, B.; Bouvencourt, G.; Rock, J.; Sharma, N.; Dekoninck, S.; Blanpain, C. Distinct

stem cells contribute to mammary gland development and maintenance. Nature 2011, 479, 189–193. [CrossRef]
90. Cardiff, R.D.; Wellings, S.R. The Comparative Pathology of Human and Mouse Mammary Glands. J. Mammary Gland. Biol.

Neoplasia 1999, 4, 105–122. [CrossRef]
91. Parmar, H.; Cunha, G.R. Epithelial–stromal interactions in the mouse and human mammary gland in vivo. Endocrine-Related

Cancer 2004, 11, 437–458. [CrossRef] [PubMed]
92. Mroue, R.; Bissell, M.J. Three-Dimensional Cultures of Mouse Mammary Epithelial Cells. Epithel. Cell Cult. Protoc. Second. Ed.

2012, 945, 221–250. [CrossRef]
93. Qu, Y.; Han, B.; Yu, Y.; Yao, W.; Bose, S.; Karlan, B.Y.; Giuliano, A.E.; Cui, X. Evaluation of MCF10A as a Reliable Model for

Normal Human Mammary Epithelial Cells. PLoS ONE 2015, 10, e0131285. [CrossRef] [PubMed]
94. Keller, P.J.; Lin, A.F.; Arendt, L.M.; Klebba, I.; Jones, A.D.A.; Rudnick, J.A.; DiMeo, T.; Gilmore, H.; Jefferson, D.M.A.; Graham,

R.; et al. Mapping the cellular and molecular heterogeneity of normal and malignant breast tissues and cultured cell lines. Breast
Cancer Res. 2010, 12, R87. [CrossRef]

95. Kuilman, T.; Michaloglou, C.; Mooi, W.J.; Peeper, D.S. The essence of senescence: Figure 1. Genes Dev. 2010, 24, 2463–2479.
[CrossRef]

96. Palechor-Ceron, N.; Suprynowicz, F.A.; Upadhyay, G.; Dakic, A.; Minas, T.; Simic, V.; Johnson, M.; Albanese, C.; Schlegel, R.;
Liu, X. Radiation Induces Diffusible Feeder Cell Factor(s) That Cooperate with ROCK Inhibitor to Conditionally Reprogram and
Immortalize Epithelial Cells. Am. J. Pathol. 2013, 183, 1862–1870. [CrossRef]

https://doi.org/10.1158/1078-0432.CCR-16-0149
https://www.ncbi.nlm.nih.gov/pubmed/27384421
https://doi.org/10.1038/srep17792
https://doi.org/10.1007/s10549-015-3551-8
https://www.ncbi.nlm.nih.gov/pubmed/26283301
https://doi.org/10.1371/journal.pone.0186190
https://www.ncbi.nlm.nih.gov/pubmed/29049316
https://doi.org/10.18632/oncotarget.14366
https://doi.org/10.3390/cells12131714
https://doi.org/10.3389/fcell.2021.669756
https://doi.org/10.1177/1535370219855398
https://doi.org/10.1038/nprot.2016.174
https://doi.org/10.1038/s41389-019-0119-1
https://www.ncbi.nlm.nih.gov/pubmed/30741938
https://doi.org/10.1007/s12250-020-00244-z
https://www.ncbi.nlm.nih.gov/pubmed/32557270
https://doi.org/10.1186/s12964-021-00740-z
https://www.ncbi.nlm.nih.gov/pubmed/34044844
https://doi.org/10.3390/v14092054
https://www.ncbi.nlm.nih.gov/pubmed/36146860
https://doi.org/10.3390/v15061388
https://www.ncbi.nlm.nih.gov/pubmed/37376685
https://doi.org/10.1038/nrm1714
https://www.ncbi.nlm.nih.gov/pubmed/16231422
https://doi.org/10.1186/bcr754
https://doi.org/10.1101/cshperspect.a003178
https://doi.org/10.1038/nature10573
https://doi.org/10.1023/A:1018712905244
https://doi.org/10.1677/erc.1.00659
https://www.ncbi.nlm.nih.gov/pubmed/15369447
https://doi.org/10.1007/978-1-62703-125-7_14
https://doi.org/10.1371/journal.pone.0131285
https://www.ncbi.nlm.nih.gov/pubmed/26147507
https://doi.org/10.1186/bcr2755
https://doi.org/10.1101/gad.1971610
https://doi.org/10.1016/j.ajpath.2013.08.009


Cells 2023, 12, 2388 24 of 25

97. Jin, L.; Qu, Y.; Gomez, L.J.; Chung, S.; Han, B.; Gao, B.; Yue, Y.; Gong, Y.; Liu, X.; Amersi, F.; et al. Characterization of
primary human mammary epithelial cells isolated and propagated by conditional reprogrammed cell culture. Oncotarget 2017, 9,
11503–11514. [CrossRef]

98. Saenz, F.R.; Ory, V.; AlOtaiby, M.; Rosenfield, S.; Furlong, M.; Cavalli, L.R.; Johnson, M.D.; Liu, X.; Schlegel, R.; Wellstein, A.; et al.
Conditionally Reprogrammed Normal and Transformed Mouse Mammary Epithelial Cells Display a Progenitor-Cell–Like
Phenotype. PLoS ONE 2014, 9, e97666. [CrossRef]

99. Barnabas, N.; Cohen, D. Phenotypic and Molecular Characterization of MCF10DCIS and SUM Breast Cancer Cell Lines. Int. J.
Breast Cancer 2013, 2013, 1–16. [CrossRef]

100. Kalaany, N.Y.; Sabatini, D.M. Tumours with PI3K activation are resistant to dietary restriction. Nature 2009, 458, 725–731.
[CrossRef]

101. Miller, F.R.; Santner, S.J.; Tait, L.; Dawson, P.J. MCF10DCIS.com xenograft model of human comedo ductal carcinoma in situ.
Perspect. Surg. 2000, 92, 1185–1186. [CrossRef] [PubMed]

102. Forozan, F.; Veldman, R.A.; Ammerman, C.; Parsa, N.Z.; Kallioniemi, A.; Kallioniemi, O.-P.; Ethier, S.P. Molecular cytogenetic
analysis of 11 new breast cancer cell lines. Br. J. Cancer 1999, 81, 1328–1334. [CrossRef] [PubMed]

103. Yong, J.W.; Choong, M.L.; Wang, S.; Wang, Y.; Lim, S.Q.; Lee, M.A. Characterization of ductal carcinoma in situ cell lines
established from breast tumor of a Singapore Chinese patient. Cancer Cell Int. 2014, 14, 94. [CrossRef] [PubMed]

104. Alamri, A.M.; Groeneveld, S.; Kang, K.; Dabydeen, S.; Wang, W.; Hennighausen, L.; Kallakury, B.; Liu, X.; Furth, P.A. Abstract
3918: Characterizing growth features, allograft generation and transcriptomes of cultured conditionally reprogrammed cells
(CRC) prepared from primary triple negative cancer from Brca1-mutant mice. Cancer Res 2014, 74, 3918. [CrossRef]

105. Yang, Z.L.; Xu, Y.L.; Bian, X.C.; Feng, H.L.; Liu, Y.Q.; Sun, Q. Faciliated primary culture and amplification of breast cancer cells
and their biological properties. Basic Clin. Med. 2017, 37, 224.

106. Mimoto, R.; Yogosawa, S.; Saijo, H.; Fushimi, A.; Nogi, H.; Asakura, T.; Yoshida, K.; Takeyama, H. Clinical implications of
drug-screening assay for recurrent metastatic hormone receptor-positive, human epidermal receptor 2-negative breast cancer
using conditionally reprogrammed cells. Sci. Rep. 2019, 9, 1–8. [CrossRef]
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