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Signet ring cell carcinomas are highly malignant dedifferentiated adenocarcinomas. There are no cell–cell
interactions between these round-shaped cells. They contain huge numbers of vacuoles, filled with muc-
ins, which are secreted from the cells. The mechanism behind this phenotype has recently begun to be
elucidated. In highly differentiated adenocarcinomas the ErbB2/ErbB3 complex is activated, which is fol-
lowed by phosphatidylinositol 3-kinase (PI3K) activation. p38 MAP kinase is activated downstream of
PI3K and adherens junctions are disrupted via Rac1 activation. Loss of adherens junctions leads to the dis-
appearance of tight junctions, which results in a loss of cell–cell interactions. Secretion of mucin is
enhanced by activation of PI3K. One of the mucins – Muc4 – can activate ErbB2. Under normal conditions
Muc4 and ErbB2 are separated by adherens and tight junctions, however in signet ring cells they are able
to interact, since these junctions have been lost. Therefore, an activation loop is formed, consisting of
ERbB2/ErbB3–Muc4–ErbB2/ErbB3. As a result, the ErbB2/ErbB3 signaling pathway becomes constitu-
tively activated, cell–cell interactions are lost, and signet ring carcinomas are formed. As a result of
constitutive activation of the ErbB2/ErbB3 complex, cell growth is continuously enhanced. Some signet
ring cell carcinomas have been found to have mutations in the E-cadherin gene, which fits the above
hypothesis.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction ated tumors [8]. When constitutively active PI3K was expressed in
Dedifferentiated carcinoma often brings the worst prognosis for
patients due to its aggressive and infiltrative nature, with desmo-
plastic reactions making surgical removal difficult [1]. These carci-
noma cells lack the ability to maintain cell–cell contact, and
therefore diffusely infiltrate the stroma, resulting in increased inva-
sion and metastasis. Signet ring cells exhibit round shapes with
eccentric nuclei and have abundant muscus granules in the cyto-
plasm, which secrete mucins. Signet ring cell carcinomas are one
of the most malignant cancers. Signet-ring cells are most frequently
associated with stomach cancer [2], but are observed in many tis-
sues including the prostate [3], bladder, gallbladder [4], breast,
and colon [5], as well as in stromal tumors of the ovary and testis [6].

The mechanism behind the formation of signet ring carcinomas
has recently begun to be elucidated. This review discusses this
mechanism in detail.

2. Finding HCC2998 cells opened the door

HCC2998 is a highly differentiated colon adenocarcinoma cell
line [7]. When injected into nude mice, these cells form differenti-
these cells, they were converted to a signet ring carcinoma-like cell
line with no cell–cell interactions, round cell shape, and abundant
secretion of mucins (Fig. 1A) [8]. These cells formed highly invasive
dedifferentiated tumors in nude mice [8]. The phenotypes of these
cell lines were very similar to those of signet ring carcinomas.
Therefore, the status of PI3K was tested in signet ring cell lines
established from native signet ring cell carcinomas. In 4 out of 6
cell lines, PI3K was bound to a 200 kb protein, which was phos-
phorylated at tyrosine residues and possibly activated. This
200 kb protein was identified as ErbB3 [9]. It is well known that
ErbB3 can activate PI3K. ErbB2 was also phosphorylated at tyrosine
residues in these cells [9]. It has been shown that ErbB3 must be
complexed with another EGF family tyrosine kinase to be acti-
vated. These results suggest that the ErbB2/ErbB3 complex is con-
stitutively activated in many signet ring cell carcinomas.

Important downstream factors were determined using various
inhibitors in the HCC2998 system. Among these, p38 MAP kinase
inhibitors blocked the transition of highly differentiated adenocar-
cinoma cells to poorly differentiated signet ring cell carcinomas
[10]. Dominant active MKK6 (which lies upstream of p38 MAP
kinase) was expressed. Cells lost cell–cell interactions and became
signet ring cell-like, however, enhancement of mucin secretion
was not observed. This suggests that cell–cell interactions and
secretion of mucin are regulated by different signaling pathways
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Fig. 1. (A) Highly differentiated adenocarcinoma HCC2998 cells can be converted to signet ring-like cells after expression of constitutively active PI3K. NUGC4 and KATOIII
cells are established from signet ring cell carcinomas [22,23]. These cells are quite similar to the cells yielded by expression of constitutively activated PI3K in HCC2998 cells.
Arrows indicate signet ring cells. (B) A model for signaling in signet ring cell carcinomas. The ErbB2/ErbB3 pathway is important for signaling of signet ring cell carcinomas.
Both the MEK1 and p38 MAP kinase pathways contribute to dissociation of the cells. Secretion of Muc4, which activates ErbB2, is enhanced due to the activation of PI3K. This
creates an activation loop of ErbB2/ErbB3–Muc4–ErbB2/ErbB3. Overall, if there is a trigger for activation of these pathways, and if cells are basically transformed, signet ring
cell carcinomas will be formed. (C) Signaling pathways for dissociation of the cells. Activation of the MEK1 pathway is required for dissociation of F-actin from the adherens
and tight junction complexes. After this, p38 MAP kinase will activate Rac1 to dissociate adherens junctions and cells will be completely dispersed.
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[10]. Indeed p38 MAP kinase was constitutively activated in signet
ring cell lines [10].

It has been suggested that Muc4 binds and activates ErbB2 [11].
This binding interaction was observed in a signet ring carcinoma
cell line [12]. Inhibiting the secretion of Muc4 blocked activation
of ErbB2 [12]. Therefore, Muc4 was shown to play an important
role in maintenance of the malignant phenotype. However, in nor-
mal cells, Muc4 resides on the apical membrane, while ErbB2 is
found on the basolateral membrane, such that the two never meet.
Because signet ring cell carcinomas have lost the barriers of adher-
ens and tight junctions, these two proteins are then able to interact
(Fig. 1B).

3. MCF7-Heregulinb-1(HRG) system reveals loss of cell–cell
interactions

It has been shown that MCF7 cells undergo scattering after
stimulation with HRG [13,14]. Scattering has been well studied
using EGF and other growth factors [15,16]. It has been shown that
scattering is mediated by the p38 MAP kinase -Rac1 pathway
[17,18], which disrupts adherens junctions. Indeed expression of
dominant active MKK6 results in activation of Rac1 and disruption
of adherens junctions [18]. However, these cells do not disperse
completely, but instead attach to each other within a small region.
This is due to F-actin, which does not detach from adherens junc-
tion complexes, leading to incomplete disruption of these junc-
tions [18]. The major pathways that the ErbB2/ErbB3 complex
activates are the PI3K and the ERK1, 2 pathways. Careful examina-
tion of scattering caused by HRG revealed that F-actin disappears
from adherens junctions first (Fig. 1C). Inhibition of the MEK1
pathway blocks scattering as well [19]. In this case, F-actin does
not disappear from adherens junctions. These results suggest that
activation of the MEK1 pathway is required to dissociate F-actin
from adherens junctions. Indeed expression of both dominant
active MKK6 and dominant active MEK1 results in complete disso-
ciation of the cells to yield single cells (Fig. 1C) [18]. Therefore,
these two pathways are sufficient to disperse the cells. This is true
in the case of MCF7 cells. The mechanism by which HCC2998 cells
become signet ring cells is currently unknown. Because these cells
do not move and pile up, an analysis is relatively difficult [20].
Additional studies will be required to further clarify this data. In
signet ring cells, the ErbB2/ErbB3 pathway may be activated.
Therefore, the MEK pathway may be activated to complete the
cell–cell dissociation (Fig. 1B).

Scattering is a phenomenon seen in some of the cells. There are
some cells that respond to HRG by scattering. Scattering can be
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separated into two parts; the enhancement of cell movement and
the dissociation of cells [14]. There are some cells that do not scat-
ter after HRG stimulation, despite expressing ErbB2 and ErbB3.
HCC2998 cells dissociate from other cells to yield single cells, but
cell movement is not enhanced. However, it is quite likely that for-
mation of signet ring cell carcinomas is the result of a scattering
response of highly differentiated adenocarcinomas, since
HCC2998 cells can be converted to signet ring carcinoma cells
through continuous activation of ErbB2/ErbB3 signaling.

HRG-induced scattering of MCF7 cells is highly reversible. As
soon as the signaling for scattering stops, cells immediately re-
aggregate [19]. Therefore, continuous activation of the signal is
necessary to maintain the dispersed phenotype of signet ring cells.
In cancer cells, the signals for maintaining the transformed pheno-
type are usually on continuously, supporting the above hypothesis.
This is demonstrated by the activation loop of ErbB2/ErbB3–Muc4–
ErbB2/ErbB3 shown above (Fig. 1B). We propose here that the
dispersed phenotype of signet ring cells is similar to the scattering
of MCF7 cells.

4. Point mutations found in E-cadherin in signet ring
carcinomas support this hypothesis

Recently, a mutation in the E-cadherin gene was found in a sig-
net ring carcinoma [21]. The mutation disrupts the adherens junc-
tion, making it possible for ErbB2 and Muc4 to interact. This results
in creation of the ErbB2/ErbB3–Muc4–ErbB2/ErbB3 activation loop
(Fig. 1B), leading to the formation of signet ring carcinomas. In
other signet ring carcinomas, similar mechanisms may be found.

5. Conclusion

Formation of signet ring carcinomas must be supported by a
basic transformation of the cells. For instance, HCC2998 cells are
already transformed. The mechanism mentioned above adds a
malignant phenotype. Constitutive activation of the ErbB2/ErbB3
pathway alone may not be sufficient to form signet ring carcino-
mas. It has been shown that EGF or other growth factors can induce
scattering in some cell lines [15,16]. However, the EGF receptor
pathway may not cause signet ring cell carcinomas since EGF
receptors are often activated in non-signet ring cell carcinomas
[8]. It is currently unknown why the ErbB2/ErbB3 pathway is
important for signet ring cell carcinomas. It may be because ErbB3
strongly activates PI3K. Further study may be required to elucidate
the precise mechanism behind this phenotype.

In conclusion, signet ring cell carcinomas contain basic transfor-
mation mutations in addition to ErbB2/ErbB3 pathway activation,
adding to the malignant phenotype.
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