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Cell-in-cell: a potential
biomarker of prognosis
and a novel mechanism
of drug resistance in cancer

Xiaona Liu and Jun Yang*

Department of Pathology, The Second Affiliated Hospital, Xi’an Jiao Tong University, Xi’an,
Shaanxi, China
The cell-in-cell (CIC) phenomenon has received increasing attention over recent

years because of its wide existence in multiple cancer tissues. The mechanism of

CIC formation is considerably complex as it involves interactions between two

cells. Although the molecular mechanisms of CIC formation have been

extensively investigated, the process of CIC formation remains ambiguous.

Currently, CIC is classified into four subtypes based on different cell types and

inducing factors, and the underlying mechanisms for each subtype are distinct.

Here, we investigated the subtypes of CIC and their major mechanisms involved

in cancer development. To determine the clinical significance of CIC, we

reviewed several clinical studies on CIC and found that CIC could serve as a

diagnostic and prognostic biomarker. The implications of CIC on the clinical

management of cancers also remain largely unknown. To clarify this aspect, in

the present review, we highlight the findings of recent investigations on the

causal link between CIC and cancer treatment. We also indicate the existing

issues that need to be resolved urgently to provide a potential direction for future

research on CIC.

KEYWORDS
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1 Introduction

Cell-in-cell (CIC) is a structure form wherein one viable cell is internalized into another

cell, i.e., the internal cell (referred to as the target cell) is enclosed within a large vesicle in

the external cell (referred to as the host cell) (1–3). The presence of lymphocytes within

intestinal epithelial cells was first reported in 1864 (4), which led to the discovery of cell-in-
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cell structures (CICs). Despite being identified over a century ago,

CIC has been traditionally viewed as a pathological feature that is

primarily investigated by researchers in the field of pathology. With

the advancements in microscopy techniques and cellular

microscopic examination methods, an increasing number of CICs

have been observed in both pathological and physiological

conditions, with their most frequent occurrence being in cancer

tissues (5). Thus far, numerous studies have explored the

significance and mechanisms of CIC in diverse biological

processes. CIC plays a crucial role in embryonic development,

viral infection, immune homeostasis in the liver, and tumor

development. Given the escalating rate of cancer-related mortality

in recent years, coupled with the intricate underlying mechanisms

of tumorigenesis, our focus is on the classification and significance

of CICs in cancer. Although the formation of cell–cell interactions

results in CIC structures with similar appearances, the classification

of CICs into homotypic and heterotypic CICs is determined by the

target cell types involved (Figure 1). Homotypic CICs are formed

through internalization among tumor cells, where one tumor cell is

internalized by another, whereas heterotypic CICs are formed by

the internalization of immune cells into tumor cells whereby an

immune cell resides within a tumor cell. There are distinct

molecular mechanisms involved in the initiation of target-cell

internalization into host cells among different subtypes of CIC.

Most target cells within CICs are degraded to facilitate tumor

progression through, for example, energy reprogramming (6) and

immune escape (7). Therefore, it can be inferred that CICs are

closely related to tumor diagnosis and prognosis.

Chemoradiotherapy, immunotherapy, and molecular-

targeted drugs have emerged as promising therapeutic

modalities for preventing tumor recurrence. However, despite

these advancements in tumor treatment, a significant number of

patients still exhibit non-response and drug resistance to these

therapies (5, 8, 9). The mechanisms of non-response to tumor

therapy and drug resistance, including the effects of CIC on

anticancer agents, have been extensively studied. To date,

however, no review has been conducted on the implications of

CIC in cancer treatment. In the present article, we review the

impact of CICs on anticancer therapy and aim to provide
Frontiers in Oncology 02
evidence for future research and the clinical treatment of CIC

in tumors.
2 CIC structure: past and present
understanding

CICs were first observed in tumors by Steinhaus in 1891 (10). In

the following year, the phenomenon of tumor cells engulfing other

tumor cells was also reported by H. Stroebe (11). Because this

phenomenon was identical to phagocytosis, it was referred to as

“cell phagocytosis” (12). Subsequently, Leyden described the CIC

phenomenon in the tumor as a “bird’s eye cell” and termed it “cell

cannibalism,” wherein a tumor cell with a large crescent-shaped

nucleus contains a small tumor cell in its cytoplasm (13). In 1925,

Lewis first experimentally demonstrated the viability of internalized

cells in CIC; this enabled the differentiation of CIC from

phagocytosis, in which the phagocytes internalize only dead cells

or dying cells (3). Later, Ugini et al. found that metastatic melanoma

cells could engulf lymphocytes. This phenomenon was described as

“heterotypic cell cannibalism,” whereas the cell cannibalism process

occurring between two tumor cells was termed “homotypic cell

cannibalism” (14). In 1956, Humbel observed that lymphocytes

could invade tumor cells and yet remain intact; the author termed

this phenomenon “emperipolesis”, which is a Greek word meaning

“inside round about wandering” (15). Presently, emperipolesis is

often used as a general term to describe the movement of a living

cell into another cell; this is because a variety of specific names have

been used according to the different mechanisms involved in CIC

formation (5). In 2007, a non-apoptotic mechanism of programmed

cell death was discovered; this process was termed “entosis,” a

Greek word meaning “inside” or “into”. In this process, once the

cells detach from the matrix, they actively invade the neighboring

host cells, thereby inducing the host cells to undergo degradation or

release from the matrix (16). In 2013, Wang et al. demonstrated that

live cytotoxic immune cells were engulfed by tumor cells, and the

phenomenon of internalized cell death occurred through apoptosis;

the authors termed this phenomenon “emperitosis,” which was

derived from “emperipolesis” and “apoptosis” (17).
FIGURE 1

Classification of cell-in-cell (CIC) subtypes and their roles in tumors. Based on the type of internalized cell, CIC is categorized as homotypic or
heterotypic. These categories are further divided into two subgroups depending on whether the target cells or the host cells initiated the process:
entosis and homotypic cannibalism for homotypic CIC, and emperitosis and heterotypic cannibalism for heterotypic CIC.
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3 Mechanisms and consequences

3.1 Heterotypic CIC

Heterotypic CIC in tumors refers to the engulfment of immune

cells by tumor cells and involves heterotypic cell cannibalism

and emperitosis.

The main molecular components of cell cannibalism include

caveolins, ezrin, and transmembrane 9 protein (TM9) (Figure 2).

Caveolins, the main protein components of caveolae, are a family of

integral membrane proteins composed of three members: caveolin-

1 (CAV-1), CAV-2, and CAV-3. Caveolin-1 mediates selective

endocytosis by forming microcapsule-like structures during early

cell contact; this process is blocked by anti-caveolae antibodies that

inhibit the development of cell cannibalism (18). Ezrin is a member

of the ezrin–radixin–moesin family, and it mainly acts as a linker

between the cytoskeleton and the cell membrane in epithelial cells,

maintains cell morphology and movement, binds adhesion

molecules, and regulates signal transduction (19). Further studies

have shown that ezrin functions as a modifiable link between

caveolin-1 and actin (14, 20), wherein ezrin and caveolin-1

interact with each other and activate actin, which is associated

with cell motility and plays a key role in the formation of

cannibalistic vacuoles and progression of cell cannibalism. TM9

belongs to a highly conserved family of transmembrane proteins; it

was identified as a protein that regulates efficient cell-to-cell

adhesion and phagocytic process (21). In humans, the TM9

superfamily comprises four proteins (TM9SF1–4). TM9SF4 is

highly expressed in cannibalistic cells, whereas its knockdown

inhibits cell cannibalism (22). The colocalization of TM9SF4 and

V-ATPase increased intracellular and extracellular pH, whereas

TM9SF4 knockdown decreased intracellular pH and increased

extracellular pH (23). Thus, TM9SF4 might play a role in

maintaining an acidic tumor microenvironment in which

metastatic tumor cells can survive and contribute to tumor
Frontiers in Oncology 03
metastasis. TM9SF4 can also activate some lytic enzymes involved

in cannibalistic activity, such as cathepsins and other proteases, in

an acidic environment, which promotes the development of

cell cannibalism.

To the best of our knowledge, the primary molecules involved

in eperitosis include ezrin, E-cadherin, and ICAM (Figure 3) (24).

IL-6 increases cell adhesion by upregulating ICAM to activate the

STAT3/5, ERK, and Rho-ROCK signaling pathways; enhances cell

motility; and promotes the development of emperitosis (7).

The engulfed immune cells usually die. Cytotoxic immune cells

such as CD8+ T cells, natural killer (NK) cells, cytokine-induced

killer (CIK) cells, and lymphokine-activated killer (LAK) cells are

internalized by tumor cells; the released granzyme B cannot enter

the cytoplasm of the tumor cell through vesicles and is taken up

again by cytotoxic cells, which leads to their apoptosis, whereas

non-cytotoxic cells, such as B cells, undergo degradation through

the lysosomal-dependent pathway (17). Reciprocally, some NK cells

enter tumor cells and kill them while residing inside them, and this

mode of killing is even more efficient than their “kiss-killing”

method, carried out from outside of the tumor cells (25). The

conditions under which these two distinct outcomes of NK cells

occur, however, remain ambiguous.
3.2 Homotypic CIC

Homotypic CIC comprises homotypic cell cannibalism and

entosis; the mechanism of the former process has been

discussed above.

Entosis is mainly associated with cytoskeletal changes. The most

important factor in entosis is the Rho family (16), which belongs to

the small GTPase family and includes Rho (RhoA, RhoB, and

RhoC), Rac (Rac1, Rac2, and Rac3), and Cdc42. These three

proteins act as switches in the GTP-bound conformation and

coordinate cell adhesion and metastasis. RhoA activates the
FIGURE 2

Diagrammatic representation of cannibalism, in which tumor cells engulf their sibling or immune cells. The main molecules involved are caveolin,
ezrin, and TM9SF4. Caveolin interacts with actin through ezrin to invaginate the caveolae, which promotes the internalization of the target cell. The
co-localization of TM9SF4 and V-ATPase allows H+ to enter the cell. The acidic environment within the cell enhances cannibalistic activity. After
engulfment is completed, target cells are eventually degraded by lysosome-mediated cell death.
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downstream molecule ROCK in target cells, which phosphorylates

myosin light chain (MLC) and inhibits MLC phosphatase, thereby

promoting the contraction of actomyosin (26). Following the

recruitment of E-cadherin and/or P-cadherin complexed with

intracellular catenin for adherence to the host cell and the target

cell, Rho-GAP enzymes, such as p190A GAP, are recruited at the

contact interface between the two cells, thereby inactivating GDP

conformation and inhibiting RhoA activity. This allows the

formation of a gradient across the cell (27, 28), which results in

the accumulation of RhoA in the tail of the internalizing cell

contrary to the cell adhesion site, thus generating a forward
Frontiers in Oncology 04
driving force to promote the invasion of the target cell (16). Cell

adhesion and actomyosin contraction are spatially independent

processes that are coordinated by a complex multimolecular

mechanical ring (MR) (29). Following the contraction of cortical

actomyosin linked to the adhesion junction, this mechanical

complex recruits the activated vinculin, which senses the

mechanical force across the paired cells engaged in entosis

(Figure 4). Vinculin is a force-sensitive protein comprising three

regions: an acidic N-terminal domain (head), a proline-rich middle

segment (neck), and a basic C-terminal domain (tail). Vinculin

exists in the cell in two conformations: an open, active form and a
FIGURE 3

Diagrammatic representation of emperitosis, in which immune cells invade into tumor cells. The main molecules involved in this process are ICAM,
ezrin, and E-cadherin. The invading immune cells are categorized into cytotoxic cells and non-cytotoxic cells. The vesicles encapsulating the
internalized cytotoxic cell expand rapidly. Granzyme B is absorbed by cytotoxic cells and leads to apoptosis. Reciprocally, granzyme B is released
into the host cell cytoplasm and induces apoptosis. The non-cytotoxic cell dies following lysosome-mediated degradation.
FIGURE 4

Diagrammatic representation of entosis: target tumor cells invade host tumor cells. The host and target cells adhere to each other through E-
cadherin, which recruits p190A GAP. This inhibits RhoA at this interface. Conversely, the activation of the RHOA-ROCK-pMLC pathway promotes
actomyosin contraction at the rear of the invading tumor cell, leading to the generation of forward momentum. Cell adhesion and actomyosin
contraction coordinate through a cyclic mechanical complex mainly composed of vinculin, a-catenin, E-cadherin, and actin. The target cells are
mainly degraded by the lysosome-mediated cell death pathway; a minor portion of the target cells can survive and undergo mitosis within the host
cell or even escape from the host cell and remain intact.
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closed, auto-inhibited state in which the head domain forms

extensive interactions with the tail (30, 31). The open form of

vinculin can stabilize E-cadherin-mediated cell adhesion by

enhancing the interaction between a-catenin and F-actin. During

CIC formation, E-cadherin-mediated cell adhesion is linked to F-

actin in the cell cortex through a-catenin/b-catenin. Because F-

actin is a component of actomyosin and is linked to a-catenin, the
vinculin-binding domain (VBR) of a-catenin is exposed, which

enables the head of vinculin to attach the VBR, as the tail interacts

with F-actin. Vinculin is thus recruited at MR, which strengthens

the link between a-catenin and actin. Finally, it promotes the

formation of CIC. The development of entosis is affected by

many factors and stimulatory signals, such as AMPK activation in

response to glucose starvation (32). UV irradiation promotes the

formation of entosis by activating the JNK and p38 signaling

pathways (33). De-adhesion between the cells and the matrix

downregulates the FAK signaling pathway and induces TRAIL to

promote the development of entosis (34). Sterols inhibit entosis

development by inhibiting the phosphorylation of MLC (35). IL-8

promotes entosis by upregulating P-cadherin and g-catenin to

increase intercellular adhesion (36).

Internalized cells undergo one of the following three fates: (1)

most cells die by degradation through the lysosomal-dependent

pathway; (2) approximately 12%–18% of cells escape from the

external cells, and the released cells function normally and

undergo mitosis; and (3) approximately 0.8%–9% of the inner

cells can divide in the cytoplasm of the outer cells (16). However,

only disparate outcomes have been observed, and the mechanisms

that determine the three distinct internalized cell fates

remain unknown.
4 The role and function of CIC
in cancer

CIC exists in various cancers, thus indicating its relevance in

cancer development. Under nutrient-replete conditions, such as

glucose starvation and amino acid starvation, the rapid proliferation

and metastasis of tumor cells require more energy support;

consequently, the tumor cells degrade and digest their sibling or

heterotypic cells by engulfing these cells and reusing their

metabolites as their own nutrients to promote their survival and

proliferation (14, 32, 37). This feature may be related to the

reprogramming of tumor metabolism—a hallmark of cancer.

Meanwhile, CIC enhances glucose metabolism through the

transfer of mitochondria (6), which may contribute to the

reprogramming of tumor metabolism—which is also a hallmark

of cancer—and promote tumor malignancy. In heterotypic CIC,

immune cells are engulfed and eliminated by tumor cells, thereby

resulting in the immune escape and survival of tumor cells (38).

During CIC formation, the target cells enter the host cells through

myosin contraction and are killed. The stiffness of a cell is

determined by the structure of its cytoskeleton, with cells that are

softer exhibiting greater deformability, a property that determines
Frontiers in Oncology 05
whether they can traverse through the interstitial space between the

fibrous stroma and the narrow endothelium of blood vessels.

Therefore, RhoA and actomyosin can determine the deformability

of the cell. The host cells have a stronger deformability, whereas the

target cells are more rigid. This promotes competition between

tumor cells, and the survival of highly deformable cells is associated

with a higher metastatic capacity (39). This finding indicates that

tumor cells with stronger deformability are more likely to survive

and that CIC can facilitate clonal selection during tumor

development. The internalized cells can persist in the outer cells

and even undergo mitosis; this persistence can interrupt the mitosis

of the outer cells, leading to the destruction of the contraction ring

and the production of binuclear tumor cells (16). Ultimately, these

cell behaviors result in genomic instability and the accumulation of

mutations in tumor cells. Genomic instability is a hallmark of tumor

development and promotes tumor progression and invasion.

Entosis can also eliminate tumor cells detached from the stroma

and inhibit their metastasis, which affects tumor suppression. A

recent study suggested that genetic transfer, such as cell fusion and

phagocytosis of apoptotic bodies, render the acquisition of

phenotypes such as tumor aggressiveness and drug resistance.

CIC formation between tumor cells results in cell clones

associated with the genetic transfer and gain of malignancy by

allowing the assimilation of aggressive phenotypes from distinct

coexisting subpopulations; this indicates a new mechanism that

allows rapid tumor development (40). As mentioned earlier, the

promotive or suppressive effects of CIC may be related to the

diagnosis and prognosis of tumors.
4.1 Diagnostic value

A cytological examination is critical for the differentiation of

benign and malignant diseases and provides a reliable basis for

diagnosing tumors. Malignant cells in effusion fluids show various

characteristics such as ball-like three-dimensional clusters,

pleomorphism, nuclear hypochromasia, nuclear membrane

irregularities, and prominent nucleoli (41). The characteristics

are, however, sometimes difficult to differentiate from reactive

hyperplasia; hence, more reliable diagnostic features are needed to

differentiate between benign and malignant cells in effusion fluids.

Kojima et al. suggested that cell cannibalism detected in the urine

cytological examination could be an indicator of bladder cancer

(42). A further study involving 10 malignant effusion samples, 10

benign effusion samples, 10 malignant urine samples, and 10 benign

urine samples showed that the level of cell cannibalism was

significantly higher in malignant samples than in benign samples

(41), and this finding was consistent with the results of our previous

study (43). We collected 98 malignant cell samples (including

pleural effusion, ascites, and pericardial effusion) and 30 benign

cell samples. The results showed that the detection rate of CIC was

26.5% (26 out of 98). Among these 26 samples, the proportion of

CIC cells was 1%–10% in 73.1% (19 out of 26) of samples, 11%–20%

in 19.2% (5 out of 26) of samples, and more than 20% in 7.7% (2 out
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of 26) of samples. The CIC phenomenon was not detected in 30

non-malignant tumor samples. Furthermore, no significant

difference was observed in the proportion of CIC cells between

the different types of malignant tumors; however, a significant

difference was noted between malignant tumors and non-

malignant tumors. This finding indicates that although the

detection rate and CIC proportion are not very high, the

specificity is high, irrespective of tumor type. Cell cannibalism

can also function as a cytological indicator to diagnose squamous

cell carcinoma (SCC) of the breast (44). In conclusion, CIC can be

used as a reliable cytomorphological indicator for the diagnosis of

malignant tumors (Figure 5).
4.2 Prognostic significance

Prognostic markers are crucial to accurately developing

individualized therapies for cancer patients, thereby reducing

long-term costs and patient distress. The prognosis of tumors

plays an important role in guiding clinical treatment, and the

application of prognostic factors of tumors for tumor treatment

can improve patient prognosis. The occurrence and development of

tumors involve a series of complex processes. Because several

factors affect the prognosis of tumors, the development of novel

biomarkers is required to accurately predict the prognosis. In recent

years, CIC has emerged as a complex behavior of cancer cells;

therefore, an increasing number of investigations is being

conducted to study its effect on clinical prognosis. The results of

clinical investigations into the role of CIC in cancer patient

prognosis are summarized in Table 1. Heterotypic CIC was

identified as an unfavorable prognostic factor for pancreatic
Frontiers in Oncology 06
cancer (58), breast cancer (46), non-small cell lung cancer (56),

and buccal mucosa SCC (50). Interestingly, a highly heterotypic

CIC phenomenon was found to be positively correlated with longer

survival in patients with hepatocellular cancer (54). This association

can be attributed to the effective tumor cell-killing ability of NK cells

residing within the heterotypic CIC structure. Homotypic CIC was

found to be significantly associated with the poor prognosis of

breast cancer (47, 48), lung adenocarcinoma (55), pancreatic cancer

(59), hepatocellular cancer (53), rectal cancer (45), bladder cancer

(43), head and neck SCCs (45, 52), and early-stage oral tongue

cancer (57). However, in patients with esophageal SCC (51), anal

cancer (45), and early breast cancer (46, 49), homotypic CIC

showed a better prognosis. This discrepancy could be resolved by

focusing on the mechanisms underlying CIC formation or the

differences in host and target cells, which could create a

heterologous population of CICs. Homotypic CIC is also

positively correlated with KI-67, a prognostic factor in breast

cancer, which shows a high level at higher tumor, node, and

metastasis (TNM) stages (47). Therefore, it can be speculated that

homotypic CIC could indicate a more unfavorable prognosis for

patients with breast cancer at more advanced stages. However, in

patients with early-stage breast cancer, homotypic CIC is

prognostically favorable for patient survival (46, 49); this finding

is consistent with the tumor-suppressing role of entosis. On the

basis of these studies, we suggest that homotypic CIC may inhibit

tumorigenesis in the early stages of tumor development; however, in

the late stages of tumor development, it may promote tumor

progression. In summary, the role of CIC as an independent

prognostic factor in cancer indicates that CIC could serve as a

novel functional marker and, along with classical pathological

factors, improve prognostic prediction for cancer patients.
FIGURE 5

A cell-in-cell (CIC) structure (arrow) in pleural effusion cytology (hematoxylin and eosin staining, × 400). The internal cell is fully enclosed within a
vesicle located in the external cell, which features a crescent-shaped nucleus.
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5 CIC as an emerging concept in
anticancer therapy
Immunotherapy, chemoradiotherapy, and targeted therapy

have been widely used in tumor management strategies, including

both systemic and local treatment methods. Cancer recurrence and

the resistance of cancer cells to anticancer drugs are important

causes of treatment failure and remain major challenges for

anticancer treatment (9). Overcoming these challenges is essential

to achieve long-lasting and effective cancer treatment and to prevent

cancer recurrence. The mechanisms of anticancer-drug resistance

and cancer recurrence have been investigated but have not yet been

fully characterized.

The internalized cells in homotypic CIC can escape in an intact

state after entering the cells; this feature may afford protection to the

internalized cells in an unfavorable therapeutic microenvironment,

such as exposure to a chemotoxic drug and immune surveillance.

Because immune checkpoint inhibitors have shown limited effects
Frontiers in Oncology 07
in most mouse models, Kellie Smith et al. (60) conducted in-vivo

experiments where human breast, colon, and melanoma tumor cells

were incubated with pre-activated allogeneic T cells. The results

demonstrated that the majority of individual cells underwent cell

death whereas surviving tumor cells formed organized CIC

structures. In-vitro studies on melanoma tumors treated with

autologous reactive T-infiltrating lymphocytes revealed a high

frequency of CIC formation in relapse tumors. This is due to the

induction of phosphorylation in tumor cells by cytotoxic T-cell

immunotherapy, which specifically targets the transcription factors

signal transducer and activator of transcription 3 (STAT3) and early

growth response-1 (EGR-1) and subsequently promotes the

formation of CIC. Therefore, to mitigate tumor resistance toward

subsequent drugs, it is recommended that these factors are inhibited

prior to immunotherapy. Similarly, in the targeted treatment of

prostate cancer with nintedanib (61), prostate cancer cells acquired

resistance to nintedanib and survived by activating entosis formed

by the upregulation of E-cadherin and ROCK1/2 through the PI3K/

CDC42 signaling pathway. Thus, during treatment with anticancer
TABLE 1 Implication of cell-in-cell (CIC) for clinical prognosis in different studies.

Tumor
type

CIC cate-
gory

Prognostic significance Reference

Anal cancer Homotypic Entosis is associated with a better prognosis in anal carcinomas (45)

Bladder cancer Homotypic Homotypic cannibalism was an independent factor in the prediction of the progression (42)

Breast cancer Heterotypic MiT was identified as a potent adverse prognostic marker (46)

Homotypic Higher TiT predicted longer patient survival (46)

Homotypic Entosis did not depend on the hormonal status of the cancer but correlated with two prognostic factors: Ki67 and
HER2

(47)

Homotypic A high frequency of CIC predicted poor survival (48)

Homotypic CICs were prognostically favorable for local recurrence-free survival and disease-free survival (49)

Buccal mucosa
squamous cell
carcinoma

Heterotypic The frequency of NiT as a novel predictor was significantly negatively associated with both recurrence-free survival
and disease-specific survival

(50)

Esophageal
squamous cell
carcinoma

Homotypic TiT tended to demonstrate better prognostic performance in patients at later TNM stages or T stage (51)

Head and neck
squamous cell
carcinoma

Homotypic Adverse prognosis of patients with homotypic CIC occurrences (52)

Homotypic Large numbers of CIC events showed adverse effects on patients’ survival (45)

Hepatocellular
cancer

Homotypic Homotypic CIC predicted poor survival of patients (53)

Heterotypic High CIC formation was positively correlated with longer survival (54)

Non-small cell
lung cancer

Homotypic Entosis was an independent predictor of poor outcome and disease recurrence (55)

Heterotypic Heterotypic CICs were associated with adverse prognoses for patients (56)

Oral tongue
cancer

Homotypic Homotypic CICs were significantly associated with a higher rate of cancer-related mortality (57)

Pancreatic
cancer

Heterotypic LiT and MiT were identified as potent adverse prognostic markers impacting young female patients with early-stage
pancreatic cancer

(58)

Homotypic Entotic CIC was independently associated with a poor prognosis (59)

Rectal cancer Homotypic Large numbers of CIC events showed adverse effects on patients’ survival (45)
f

CIC, cell-in-cell.; CICs, cell-in-cell structures; LiT, lymphocyte in tumor cell; MiT, macrophage into tumor cell; NiT, neutrophil-in-tumor structure; TiT, tumor cell into cell; TNM, tumor, node,
metastasis. Bold font indicates the favorable effect of CIC on prognosis.
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drugs, cancer cells hide inside each other to avoid destruction.

Radiotherapy and chemotherapy can destroy tumors by inducing

apoptosis and necrosis in tumor cells. Radiotherapy and

chemotherapy can also induce tumor cells to enter a senescence

state, that is, move from cell cycle arrest into cellular quiescence

(62). Doxorubicin induces senescence in p53 wild-type breast

cancer cells, leading to the acquisition of a senescent phenotype.

These senescent cells exhibit a significant enrichment for genes

related to macrophage and phagocytosis, and efficiently engulf

neighboring senescent or non-senescent tumor cells at a high

frequency, forming numerous CICs. The target cells that undergo

processing in the lysosome and subsequent breakdown confer an

advantage to senescent host cells, which promotes the viability of

senescent cancer cells. This ultimately leads to tumor persistence

and poor patient survival (63). With this perspective in mind,

Gottwald et al. (64) discovered a significant increase in CICs in

rectal cancer tissues after neoadjuvant radiochemotherapy (RCT)

compared with pre-RCT conditions. In addition, a notably high

presence of senescent cells and CICs is associated with unfavorable

clinical outcomes following RCT. It is speculated that CICs formed

by senescent cells enhance cell viability and re-enter the cell cycle

during antitumor treatment, thus providing additional energy and

material for tumor recurrence and growth. This may be the cause of

tumor recurrence and drug resistance during radiotherapy

and chemotherapy.

Heterotypic CIC is formed by tumor cells and immune cells. In

the tumor microenvironment, although NK cells and CD8+ T cells

can kill tumor cells, they can also become engulfed by tumor cells,

leading to their degradation and immune escape. Yun-Jeong et al.

(25) have demonstrated a positive correlation between anticancer

drug resistance and heterotypic cancer-initiating cell structures in

EGFR-overexpressing lung cancer cells. The heterotypic CICs

formed by non-small-cell lung cancer (NSCLC) cells and NK cells

exhibited a higher proliferative capacity and more malignant

phenotype than the non-CIC NSCLC cells . Following

immunotherapy with NK-cell therapy and chemotherapy with

cisplatin, doxorubicin, gemcitabine, etoposide, and docetaxel

treatment, heterotypic CICs displayed lower sensitivity to NK

cytotoxicity and greater resistance to anticancer drugs than non-

CIC cancer cells.

Taken as a whole, the CIC phenomenon can be considered a

mechanism of drug resistance and used to predict whether a patient

would respond to anticancer therapies or show resistance to

anticancer drugs.
6 Conclusion and perspectives

Various studies have reported and highlighted the

phenomenon and effect of CIC in tumors. Here, we discussed the

mechanism of occurrence of two subtypes of CIC and the role of

CIC in tumors. CIC has been frequently observed in various human

tumor tissues (40). Thus, it can be considered a common feature in

the tumor development process. We propose that CIC could be a

new tumor marker that affects the prognosis and anticancer therapy

of tumors. CIC formation can provide nutritional support to
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tumors, induce genomic instability to further promote a

malignant phenotype, select populations with more survival

advantages, suppress the immune microenvironment, evade

immune cell attack, and promote tumor development and

metastasis. Entosis can also act as a mechanism to eliminate

abnormal cells, such as those with abnormal mitosis and loss of

adhesion; thus, it could play a role in tumor suppression. We

predict that entosis, similar to autophagy, has a dichotomous role; it

plays contrasting roles at different times and in different contexts of

tumors (65). Entosis can perform an inhibitory function by

eliminating abnormal cells in tumorigenesis and the early stage of

tumor development. As the tumor progresses, tumor cells use

entosis to adapt to different environments, such as nutrient-

replete conditions or the tumor immune microenvironment, thus

promoting further tumor development.

Although we have a preliminary understanding of the

mechanism of CIC formation, several questions that have not yet

been answered remain. Deciphering these questions will enable us

to further understand the role of CIC in clinical treatment. First,

before the initiation of homotypic CIC formation, the mechanism

for determining the identity of host and target cells remains unclear.

It is currently believed that the degree of stiffness determines the

tumor cells that will engulf or become engulfed (66). KRAS (39), c-

Myc (67), mutant P53 overexpression (68), loss of CDKN2 (69),

and CD44 downregulation (54) confer a “host” status to the tumor

cells by making them softer. However, current knowledge of

mechanisms of engulfment appears to be insufficient. Studies on

CIC formation indicate that the stiffness of cells might not be the

only factor leading to the invasion of soft cells and that other

sophisticated mechanisms manipulating this process are present in

tumor cells. For heterotypic CIC, the mechanisms responsible for

the inversion of the host–target relationship between tumor cells

and immune cells remain unknown. Second, based on the

formation process, CIC can be classified into two types: (1) target

cell-initiated and (2) host cell-initiated. The former entails the

active invasion of host cells by target cells, and the latter entails

the active engulfment of target cells by host cells. We predict that

the formation of CIC requires the combined efforts of both the host

and target cells, that is, the active engulfment of host cells and the

cell entry momentum provided by target cells. Moreover, under

normal conditions, only specialized phagocytes have the ability to

phagocytose. The mechanism of acquisition of phagocytic capability

by tumor cells remains undefined. Cell fusion can lead to gene

transfer, and tumor cells may acquire the ability to phagocytose

through fusion with macrophages. The most critical limitation is

the lack of specific markers for differentiating homotypic cell

cannibalism and entosis from heterotypic cell cannibalism and

emperitosis in tumor tissues; this limitation should be promptly

addressed for a greater understanding of the CIC phenomenon.

Finally, due to the lack of a unified and specific counting method,

CIC counting currently relies on manual counting, which may cause

bias in the results. Tang et al. (70) proposed an automated

identification method for specific CICs. Uniform high-throughput

counting methods such as this are needed to improve the reliability

of research results and provide more precise data support for

clinical treatment.
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Based on current studies, CIC can be considered a potential

biomarker for tumor prognosis and resistance to anticancer agents.

The anticancer treatment process can induce CIC formation and

cause treatment recurrence and resistance. Thus, targeting CIC

could open new avenues for cancer therapy. In the future, more

large-scale studies on a variety of cancers are required to provide a

more reliable basis for CIC formation and its role in

tumor development.
Author contributions

Conceptualization: XL and JY; writing and original draft

preparation: XL; writing, review, and editing: JY. All authors

contributed to the article and approved the submitted version.
Funding

This research was funded by the National Natural Science

Foundation of China (82102726).
Frontiers in Oncology 09
Acknowledgments

We would like to thank TopEdit (www.topeditsci.com) for its

linguistic assistance during the preparation of this manuscript.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Fujinami N, Zucker-Franklin D, Valentine F. Interaction of mononuclear
leukocytes with Malignant melanoma. Lab Invest (1981) 45:28–37.

2. Ioachim HL. Emperipolesis of lymphoid cells in mixed cultures. Lab Invest (1965)
14:1784–94.

3. Lewis WH. The engulfment of living blood cells by others of the same type.
Anatomical Rec (1925) 31:43–9. doi: 10.1002/ar.1090310106

4. Eberth J. Über die feineren bau der darmschleithaut. Wurzb Nat Zeitschr (1864)
5:11.

5. Overholtzer M, Brugge JS. The cell biology of cell-in-cell structures. Nat Rev Mol
Cell Biol (2008) 9:796–809. doi: 10.1038/nrm2504

6. Wang S, Liu B, Huang J, He H, Li L, Tao A. Cell-in-cell promotes lung cancer
Malignancy by enhancing glucose metabolism through mitochondria transfer. Exp Cell
Res (2023) 429:113665. doi: 10.1016/j.yexcr.2023.113665

7. Wang S, Li L, Zhou Y, He Y, Wei Y, Tao A. Heterotypic cell-in-cell structures in
colon cancer can be regulated by IL-6 and lead to tumor immune escape. Exp Cell Res
(2019) 382:111447. doi: 10.1016/j.yexcr.2019.05.028

8. Narayanan S, Cai C-Y, Assaraf YG, Guo H-Q, Cui Q, Wei L, et al. Targeting the
ubiquitin-proteasome pathway to overcome anti-cancer drug resistance. Drug Resist
Update (2020) 48:100663. doi: 10.1016/j.drup.2019.100663

9. Zhang H, Wang Y, Liu X, Li Y. Progress of long noncoding RNAs in anti-tumor
resistance. Pathol Res Pract (2020) 216:153215. doi: 10.1016/j.prp.2020.153215

10. Steinhaus J. Ueber carcinom-einschlüsse. Arch Für Pathol Anat Und Physiol
Und Für Klin Med (1891) 126:533–41.

11. Stroebe H. Zur Kenntniss verschiedener cellularer Vorgange und Erscheinungen
in Geschwulsten. Beitrage Pathol (1892) 11:1.

12. Craig ID, Desrosiers P, Lefcoe MS. Giant-cell carcinoma of the lung. A cytologic
study. Acta Cytol (1983) 27:293–8.

13. MA B. The bird’s eye cell: cannibalism or abnormal division of tumor cells. Acta
Cytol (1981) 25:92.

14. Lugini L, Matarrese P, Tinari A, Lozupone F, Federici C, Iessi E, et al.
Cannibalism of live lymphocytes by human metastatic but not primary melanoma
cells. Cancer Res (2006) 66:3629–38. doi: 10.1158/0008-5472.CAN-05-3204

15. Humble JG, Jayne WH, Pulvertaft RJ. Biological interaction between
lymphocytes and other cells. Br J Haematol (1956) 2:283–94. doi: 10.1111/j.1365-
2141.1956.tb06700.x

16. Overholtzer M, Mailleux AA, Mouneimne G, Normand G, Schnitt SJ, King RW,
et al. A nonapoptotic cell death process, entosis, that occurs by cell-in-cell invasion. Cell
(2007) 131:966–79. doi: 10.1016/j.cell.2007.10.040
17. Wang S, He Mf, Chen Yh, Wang My, Yu XM, Bai J, et al. Rapid reuptake of
granzyme B leads to emperitosis: an apoptotic cell-in-cell death of immune killer cells
inside tumor cells. Cell Death Dis (2013) 4:e856. doi: 10.1038/cddis.2013.352

18. Orlandi PA, Fishman PH. Filipin-dependent inhibition of cholera toxin:
evidence for toxin internalization and activation through caveolae-like domains. J
Cell Biol (1998) 141:905–15. doi: 10.1083/jcb.141.4.905

19. Fais S. A role for ezrin in a neglected metastatic tumor function. Trends Mol Med
(2004) 10:249–50. doi: 10.1016/j.molmed.2004.04.005

20. Lugini L, Lozupone F, Matarrese P, Funaro C, Luciani F, Malorni W, et al.
Potent phagocytic activity discriminates metastatic and primary human Malignant
melanomas: a key role of ezrin. Lab Invest (2003) 83:1555–67. doi: 10.1097/
01.LAB.0000098425.03006.42

21. Fais S, Fauvarque M-O. TM9 and cannibalism: how to learn more about cancer
by studying amoebae and invertebrates. Trends Mol Med (2012) 18:4–5. doi: 10.1016/
j.molmed.2011.09.001

22. Lozupone F, Perdicchio M, Brambilla D, Borghi M, Meschini S, Barca S, et al.
The human homologue of Dictyostelium discoideum phg1A is expressed by human
metastatic melanoma cells. EMBO Rep (2009) 10:1348–54. doi: 10.1038/
embor.2009.236

23. Lozupone F, Borghi M, Marzoli F, Azzarito T, Matarrese P, Iessi E, et al.
TM9SF4 is a novel V-ATPase-interacting protein that modulates tumor pH alterations
associated with drug resistance and invasiveness of colon cancer cells. Oncogene (2015)
34:5163–74. doi: 10.1038/onc.2014.437

24. Borensztejn K, Tyrna P, Gaweł AM, Dziuba I, Wojcik C, Bialy LP, et al.
Classification of cell-in-cell structures: different phenomena with similar appearance.
Cells (2021) 10:2569. doi: 10.3390/cells10102569

25. Choe Y-J, Min JY, Lee H, Lee S-Y, Kwon J, Kim H-J, et al. Heterotypic cell-in-
cell structures between cancer and NK cells are associated with enhanced anticancer
drug resistance. iScience (2022) 25:105017. doi: 10.1016/j.isci.2022.105017

26. Purvanov V, Holst M, Khan J, Baarlink C, Grosse R. G-protein-coupled receptor
signaling and polarized actin dynamics drive cell-in-cell invasion. Elife (2014) 3:e02786.
doi: 10.7554/eLife.02786

27. Sun Q, Cibas ES, Huang H, Hodgson L, Overholtzer M. Induction of entosis by
epithelial cadherin expression. Cell Res (2014) 24:1288–98. doi: 10.1038/cr.2014.137

28. Huang H, Chen Z, Sun Q. MamMalian cell competitions, cell-in-cell
phenomena and their biomedical implications. Curr Mol Med (2015) 15:852–60. doi:
10.2174/1566524015666151026101101

29. Wang M, Niu Z, Qin H, Ruan B, Zheng Y, Ning X, et al. Mechanical ring
interfaces between adherens junction and contractile actomyosin to coordinate entotic
cell-in-cell formation. Cell Rep (2020) 32:108071. doi: 10.1016/j.celrep.2020.108071
frontiersin.org

http://www.topeditsci.com
https://doi.org/10.1002/ar.1090310106
https://doi.org/10.1038/nrm2504
https://doi.org/10.1016/j.yexcr.2023.113665
https://doi.org/10.1016/j.yexcr.2019.05.028
https://doi.org/10.1016/j.drup.2019.100663
https://doi.org/10.1016/j.prp.2020.153215
https://doi.org/10.1158/0008-5472.CAN-05-3204
https://doi.org/10.1111/j.1365-2141.1956.tb06700.x
https://doi.org/10.1111/j.1365-2141.1956.tb06700.x
https://doi.org/10.1016/j.cell.2007.10.040
https://doi.org/10.1038/cddis.2013.352
https://doi.org/10.1083/jcb.141.4.905
https://doi.org/10.1016/j.molmed.2004.04.005
https://doi.org/10.1097/01.LAB.0000098425.03006.42
https://doi.org/10.1097/01.LAB.0000098425.03006.42
https://doi.org/10.1016/j.molmed.2011.09.001
https://doi.org/10.1016/j.molmed.2011.09.001
https://doi.org/10.1038/embor.2009.236
https://doi.org/10.1038/embor.2009.236
https://doi.org/10.1038/onc.2014.437
https://doi.org/10.3390/cells10102569
https://doi.org/10.1016/j.isci.2022.105017
https://doi.org/10.7554/eLife.02786
https://doi.org/10.1038/cr.2014.137
https://doi.org/10.2174/1566524015666151026101101
https://doi.org/10.1016/j.celrep.2020.108071
https://doi.org/10.3389/fonc.2023.1242725
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Liu and Yang 10.3389/fonc.2023.1242725
30. Carisey A, Ballestrem C. Vinculin, an adapter protein in control of cell adhesion
signalling. Eur J Cell Biol (2011) 90:157–63. doi: 10.1016/j.ejcb.2010.06.007

31. Thompson PM, Tolbert CE, Campbell SL. Vinculin and metavinculin:
oligomerization and interactions with F-actin. FEBS Lett (2013) 587:1220–9.
doi: 10.1016/j.febslet.2013.02.042

32. Hamann JC, Surcel A, Chen R, Teragawa C, Albeck JG, Robinson DN, et al.
Entosis is induced by glucose starvation. Cell Rep (2017) 20:201–10. doi: 10.1016/
j.celrep.2017.06.037

33. Chen R, Ram A, Albeck JG, Overholtzer M. Entosis is induced by ultraviolet
radiation. iScience (2021) 24:102902. doi: 10.1016/j.isci.2021.102902

34. Ishikawa F, Ushida K, Mori K, Shibanuma M. Loss of anchorage primarily
induces non-apoptotic cell death in a human mammary epithelial cell line under
atypical focal adhesion kinase signaling. Cell Death Dis (2015) 6:e1619. doi: 10.1038/
cddis.2014.583

35. Ruan B, Zhang B, Chen A, Yuan L, Liang J, Wang M, et al. Cholesterol inhibits
entotic cell-in-cell formation and actomyosin contraction. Biochem Biophys Res
Commun (2018) 495:1440–6. doi: 10.1016/j.bbrc.2017.11.197

36. Ruan B, Wang C, Chen A, Liang J, Niu Z, Zheng Y, et al. Expression profiling
identified IL-8 as a regulator of homotypic cell-in-cell formation. BMB Rep (2018)
51:412–7. doi: 10.5483/BMBRep.2018.51.8.089

37. Krajcovic M, Krishna S, Akkari L, Joyce JA, Overholtzer M. mTOR regulates
phagosome and entotic vacuole fission. Mol Biol Cell (2013) 24:3736–45. doi: 10.1091/
mbc.E13-07-0408

38. Mackay HL, Muller PAJ. Biological relevance of cell-in-cell in cancers. Biochem
Soc Trans (2019) 47:725–32. doi: 10.1042/BST20180618

39. Sun Q, Luo T, Ren Y, Florey O, Shirasawa S, Sasazuki T, et al. Competition
between human cells by entosis. Cell Res (2014) 24:1299–310. doi: 10.1038/cr.2014.138

40. Wang R, Zhong H,Wang C, Huang X, Huang A, Du N, et al. TumorMalignancy
by genetic transfer between cells forming cell-in-cell structures. Cell Death Dis (2023)
14:195. doi: 10.1038/s41419-023-05707-1

41. Gupta K, Dey P. Cell cannibalism: diagnostic marker of Malignancy. Diagn
Cytopathol (2003) 28:86–7. doi: 10.1002/dc.10234

42. Kojima S, Sekine H, Fukui I, Ohshima H. Clinical significance of "cannibalism"
in urinary cytology of bladder cancer. Acta Cytol (1998) 42:1365–9. doi: 10.1159/
000332169

43. Huang H, Sun R, Yang J. The Value of cellular devouring In Cytopathological
Diagnosis. Clin Exp Pathol (2021) 37:1100–3.

44. Kinoshita M, Matsuda Y, Arai T, Soejima Y, Sawabe M, Honma N. Cytological
diagnostic clues in poorly differentiated squamous cell carcinomas of the breast:
Streaming arrangement, necrotic background, nucleolar enlargement and
cannibalism of cancer cells. Cytopathology (2018) 29:22–7. doi: 10.1111/cyt.12461

45. Schwegler M, Wirsing AM, Schenker HM, Ott L, Ries JM, Büttner-Herold M,
et al. Prognostic value of homotypic cell internalization by nonprofessional phagocytic
cancer cells. BioMed Res Int (2015) 2015:359392. doi: 10.1155/2015/359392

46. Zhang X, Niu Z, Qin H, Fan J, Wang M, Zhang B, et al. Subtype-based
prognostic analysis of cell-in-cell structures in early breast cancer. Front Oncol
(2019) 9:895. doi: 10.3389/fonc.2019.00895

47. Dziuba I, Gawel AM, Tyrna P, Machtyl J, Olszanecka M, Pawlik A, et al.
Homotypic entosis as a potential novel diagnostic marker in breast cancer. Int J Mol Sci
(2023) 24:6819. doi: 10.3390/ijms24076819

48. Ruan B, Niu Z, Jiang X, Li Z, Tai Y, Huang H, et al. High frequency of cell-in-cell
formation in heterogeneous human breast cancer tissue in a patient with poor
prognosis: A case report and literature review. Front Oncol (2019) 9:1444.
doi: 10.3389/fonc.2019.01444

49. Bauer MF, Hildebrand LS, Rosahl M-C, Erber R, Schnellhardt S, Büttner-Herold
M, et al. Cell-in-cell structures in early breast cancer are prognostically valuable. Cells
(2022) 12:81. doi: 10.3390/cells12010081

50. Fan J, Fang Q, Yang Y, Cui M, Zhao M, Qi J, et al. Role of heterotypic
neutrophil-in-tumor structure in the prognosis of patients with buccal mucosa
squamous cell carcinoma. Front Oncol (2020) 10:541878. doi: 10.3389/
fonc.2020.541878
Frontiers in Oncology 10
51. Wang Y, Niu Z, Zhou L, Zhou Y, Ma Q, Zhu Y, et al. Subtype-based analysis of
cell-in-cell structures in esophageal squamous cell carcinoma. Front Oncol (2021)
11:670051. doi: 10.3389/fonc.2021.670051

52. Schenker H, Büttner-Herold M, Fietkau R, Distel LV. Cell-in-cell structures are
more potent predictors of outcome than senescence or apoptosis in head and neck
squamous cell carcinomas. Radiat Oncol (2017) 12:21. doi: 10.1186/s13014-016-0746-z

53. Wang R, Zhu Y, Zhong H, Gao X, Sun Q, He M. Homotypic cell-in-cell
structures as an adverse prognostic predictor of hepatocellular carcinoma. Front Oncol
(2022) 12:1007305. doi: 10.3389/fonc.2022.1007305

54. Su Y, Huang H, Luo T, Zheng Y, Fan J, Ren H, et al. Cell-in-cell structure
mediates in-cell killing suppressed by CD44. Cell Discovery (2022) 8:35. doi: 10.1038/
s41421-022-00387-1

55. Mackay HL, Moore D, Hall C, Birkbak NJ, Jamal-Hanjani M, Karim SA, et al.
Genomic instability in mutant p53 cancer cells upon entotic engulfment. Nat Commun
(2018) 9:3070. doi: 10.1038/s41467-018-05368-1

56. Wei Y, Niu Z, Hou X, Liu M, Wang Y, Zhou Y, et al. Subtype-based analysis of
cell-in-cell structures in non-small cell lung cancer. Am J Cancer Res (2023) 13:1091–
102.

57. Almangush A, Mäkitie AA, Hagström J, Haglund C, Kowalski LP, Nieminen P,
et al. Cell-in-cell phenomenon associates with aggressive characteristics and cancer-
related mortality in early oral tongue cancer. BMC Cancer (2020) 20:843. doi: 10.1186/
s12885-020-07342-x

58. Huang H, He M, Zhang Y, Zhang B, Niu Z, Zheng Y, et al. Identification and
validation of heterotypic cell-in-cell structure as an adverse prognostic predictor for
young patients of resectable pancreatic ductal adenocarcinoma. Signal Transduct
Target Ther (2020) 5:246. doi: 10.1038/s41392-020-00346-w

59. Hayashi A, Yavas A, McIntyre CA, Ho Y-J, Erakky A, Wong W, et al. Genetic
and clinical correlates of entosis in pancreatic ductal adenocarcinoma. Mod Pathol
(2020) 33:1822–31. doi: 10.1038/s41379-020-0549-5

60. Gutwillig A, Santana-Magal N, Farhat-Younis L, Rasoulouniriana D, Madi A,
Luxenburg C, et al. Transient cell-in-cell formation underlies tumor relapse and
resistance to immunotherapy. Elife (2022) 11:e80315. doi: 10.7554/eLife.80315

61. Liu J, Wang L, Zhang Y, Li S, Sun F, Wang G, et al. Induction of entosis in
prostate cancer cells by nintedanib and its therapeutic implications. Oncol Lett (2019)
17:3151–62. doi: 10.3892/ol.2019.9951

62. He S, Sharpless NE. Senescence in health and disease. Cell (2017) 169:1000–11.
doi: 10.1016/j.cell.2017.05.015

63. Tonnessen-Murray CA, Frey WD, Rao SG, Shahbandi A, Ungerleider NA,
Olayiwola JO, et al. Chemotherapy-induced senescent cancer cells engulf other cells
to enhance their survival. J Cell Biol (2019) 218:3827–44. doi: 10.1083/
jcb.201904051

64. Gottwald D, Putz F, Hohmann N, Büttner-Herold M, Hecht M, Fietkau R, et al.
Role of tumor cell senescence in non-professional phagocytosis and cell-in-cell
structure formation. BMC Mol Cell Biol (2020) 21:79. doi: 10.1186/s12860-020-
00326-6

65. Li X, He S, Ma B. Autophagy and autophagy-related proteins in cancer. Mol
Cancer (2020) 19:12. doi: 10.1186/s12943-020-1138-4

66. Niu Z, He M, Sun Q. Molecular mechanisms underlying cell-in-cell formation:
core machineries and beyond. J Mol Cell Biol (2021) 13:329–34. doi: 10.1093/jmcb/
mjab015

67. Patel MS, Shah HS, Shrivastava N. c-myc-dependent cell competition in human
cancer cells. J Cell Biochem (2017) 118:1782–91. doi: 10.1002/jcb.25846

68. Balvan J, Gumulec J, Raudenska M, Krizova A, Stepka P, Babula P, et al.
Oxidative stress resistance in metastatic prostate cancer: renewal by self-eating. PloS
One (2015) 10:e0145016. doi: 10.1371/journal.pone.0145016

69. Liang J, Fan J, Wang M, Niu Z, Zhang Z, Yuan L, et al. CDKN2A inhibits
formation of homotypic cell-in-cell structures. Oncogenesis (2018) 7:50. doi: 10.1038/
s41389-018-0056-4

70. Tang M, Su Y, Zhao W, Niu Z, Ruan B, Li Q, et al. AIM-CICs: an automatic
identification method for cell-in-cell structures based on convolutional neural network.
J Mol Cell Biol (2022) 14:mjac044. doi: 10.1093/jmcb/mjac044
frontiersin.org

https://doi.org/10.1016/j.ejcb.2010.06.007
https://doi.org/10.1016/j.febslet.2013.02.042
https://doi.org/10.1016/j.celrep.2017.06.037
https://doi.org/10.1016/j.celrep.2017.06.037
https://doi.org/10.1016/j.isci.2021.102902
https://doi.org/10.1038/cddis.2014.583
https://doi.org/10.1038/cddis.2014.583
https://doi.org/10.1016/j.bbrc.2017.11.197
https://doi.org/10.5483/BMBRep.2018.51.8.089
https://doi.org/10.1091/mbc.E13-07-0408
https://doi.org/10.1091/mbc.E13-07-0408
https://doi.org/10.1042/BST20180618
https://doi.org/10.1038/cr.2014.138
https://doi.org/10.1038/s41419-023-05707-1
https://doi.org/10.1002/dc.10234
https://doi.org/10.1159/000332169
https://doi.org/10.1159/000332169
https://doi.org/10.1111/cyt.12461
https://doi.org/10.1155/2015/359392
https://doi.org/10.3389/fonc.2019.00895
https://doi.org/10.3390/ijms24076819
https://doi.org/10.3389/fonc.2019.01444
https://doi.org/10.3390/cells12010081
https://doi.org/10.3389/fonc.2020.541878
https://doi.org/10.3389/fonc.2020.541878
https://doi.org/10.3389/fonc.2021.670051
https://doi.org/10.1186/s13014-016-0746-z
https://doi.org/10.3389/fonc.2022.1007305
https://doi.org/10.1038/s41421-022-00387-1
https://doi.org/10.1038/s41421-022-00387-1
https://doi.org/10.1038/s41467-018-05368-1
https://doi.org/10.1186/s12885-020-07342-x
https://doi.org/10.1186/s12885-020-07342-x
https://doi.org/10.1038/s41392-020-00346-w
https://doi.org/10.1038/s41379-020-0549-5
https://doi.org/10.7554/eLife.80315
https://doi.org/10.3892/ol.2019.9951
https://doi.org/10.1016/j.cell.2017.05.015
https://doi.org/10.1083/jcb.201904051
https://doi.org/10.1083/jcb.201904051
https://doi.org/10.1186/s12860-020-00326-6
https://doi.org/10.1186/s12860-020-00326-6
https://doi.org/10.1186/s12943-020-1138-4
https://doi.org/10.1093/jmcb/mjab015
https://doi.org/10.1093/jmcb/mjab015
https://doi.org/10.1002/jcb.25846
https://doi.org/10.1371/journal.pone.0145016
https://doi.org/10.1038/s41389-018-0056-4
https://doi.org/10.1038/s41389-018-0056-4
https://doi.org/10.1093/jmcb/mjac044
https://doi.org/10.3389/fonc.2023.1242725
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Cell-in-cell: a potential biomarker of prognosis and a novel mechanism of drug resistance in cancer
	1 Introduction
	2 CIC structure: past and present understanding
	3 Mechanisms and consequences
	3.1 Heterotypic CIC
	3.2 Homotypic CIC

	4 The role and function of CIC in cancer
	4.1 Diagnostic value
	4.2 Prognostic significance

	5 CIC as an emerging concept in anticancer therapy
	6 Conclusion and perspectives
	Author contributions
	Funding
	Acknowledgments
	References


