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Abstract 
Shape and size of the nucleus, coupled with changes in chromatin amount and distribution, still remain the basic microscopic criteria for 
cytological diagnoses. Diagnostic recognition of the nuclear shape in pathological histology and cytology has been always based on the 
assumption that it is the content in nucleic acids, which determines the nuclear shape. The present review challenges this opinion, focuses 
on the structure, and functions of the nuclear envelope and on how these features can be exploited in diagnostic pathology. In particular, 
we will present the contribution of thee-dimensional modeling to the understanding of nuclear irregularities in breast cancer and papillary 
thyroid carcinomas. Specifically, it will be shown how tagging the nuclear membrane with anti-Emerin antibodies can represent an 
additional and valuable tool in the differential diagnosis of thyroid lesions. Finally, the prognostic importance of detecting irregularities of 
the nuclear shape in breast carcinomas by immunofluorescence staining for nuclear proteins will be discussed. 
Keywords: pleomorphism, nuclear envelope, immunofluorescence, breast cancer, thyroid carcinoma, 3D. 

 Introduction 

The nuclear shape is appreciated in histological and 
cytological preparations by the staining of nucleic acids 
with basic dyes. This procedure, which allows detection 
of the nuclear form and its variability in different cell 
types, has historically to be referred to the introduction 
of tissue staining with synthetic dyes during the latter 
half of the nineteenth century by Ehrlich and other 
histologists [1], combined with definite improvements 
in microscope optics achieved at that time. 

Since the early observations, description of the 
nuclear shape in normal and pathological histology and 
cytology was constantly based on the assumption that it 
is the content in nucleic acids, which determines the 
nuclear shape. The present review challenges this 
opinion and focuses the attention more on the container 
(the nuclear envelope) than on the contents. 

 Nuclear pleomorphism 

Irregularities in both nuclear shape and size 
(“pleomorphism”), coupled with changes in chromatin 
amount and distribution in the nucleus, remain the basic 
microscopic criteria for a cytologic diagnosis of cancer. 
Indeed, indentations, undulations and folds of the nuclear 
membrane, as originally reported by ultra-structural 
observations [2], occur early in neoplastic processes, 
being detectable even in the pre-cancerous stage [3], 
and mark a difference from the smooth, roundish 
nuclear shape pertaining to the normal cells of 
corresponding tissues and organs [4]. The deep biological 
significance of nuclear pleomorphism is confirmed by 
in vitro models, following the demonstration that induced 

gene mutations are associated with tumor-specific 
nuclear changes. It has been shown that, in thyroid 

cancer, genes appear to mediate the structural features 
involving the nuclear envelope (NE) and the chromatin 
distribution, typical of papillary carcinoma [5, 6]. 
In fact, micro-injection into thyroid cells of RET/PTC 
oncogene, leading to activation of a tyrosin-kinase, is 
able to induce NE irregularity within hours, without 
requirement for a post-mitotic NE reassembly [5, 6]. 

Moreover, in several cancer types, e.g. in breast 
cancer, nuclear pleomorphism is graded and correlates 
with clinical aggressiveness and patient outcome [7, 8]. 
Still, despite the widespread use of such morphological 
criteria for the daily cytological diagnoses on smears 
and fine-needle aspiration biopsies (FNA), it should be 
acknowledged that the light microscopical appreciation 
of nuclear pleomorphism is currently indirect, being 
based on staining of nucleic acids with basic dyes such 
as Hematoxylin. Since heterochromatin is strictly bound 
to the nuclear membrane, by using routine stains we 
derive an indirect information on the nuclear shape.  

 The nuclear envelope 

The nuclear envelope (NE) is the structural barrier, 
which separates the nuclear content and the cytoplasm 
and regulates the cross-transfer of material. While it is 
generally held that the NE is an inactive structure whose 
arrangement is passively dictated by content and 
distribution of chromatin, recent evidence indicates  
that genetically-determined alterations of specific 
components of the NE (s.c. Laminopathies, [9]) can 
produce modifications of the nuclear shape. It derives 
that its ways of detection and interpretation, as well as 
significance in Pathology, should instead properly be 
referred to the different components of the NE.  

Progresses in the analysis of the NE revealed the 
presence of several components: nuclear lamina, inner 
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nuclear membrane, outer nuclear membrane, nuclear 
pore complexes and statin, a non-proliferation specific 
protein [11–15]. The outer membrane is continuous with 
the endoplasmic reticulum while the inner membrane is 
attached to the lamina. The two membranes are 
separated by a space (i.e. the peri-nuclear space), 
crossed by the nuclear pores regulating exchanges of 
molecules between the nucleus and the cytoplasm [10]. 
The main component of the pores (i.e. Nucleoporin) is 
arranged in a cylindrical framework and around an 
hourglass shaped pore [11]. The nuclear lamina, which 
links heterochromatin to the inner nuclear membrane, is 
composed of two main proteins: Lamin A, primarily 
expressed in differentiated cells, and the more 
ubiquitous Lamin B (for a more detailed description of 
the structural arrangements of lamins see [18–20]). 

The inner nuclear membrane contains a number of 
proteins which regulate the interaction of lamins with 
the membrane and whose function is only partly known. 
These include the Lamin B receptor, the lamina-
associated proteins, Emerin, Nurim, MAN1 and the 
Ring finger binding protein. 

A number of experiments have provided evidence 
that the heterochromatin located at the periphery of the 
nucleus, close to the nuclear membrane, is inactive and 
that this location is regulated by the binding of 
chromatin to the lamins, which in turn bind to the 
membrane through specific binding proteins [21–23]. 

 Detection of the nuclear envelope 

The data presented above justify a specific interest 
in the detection of the NE and its components and 
reconstruction of the nuclear shape on the base of the 
distribution of the NE proteins. Indeed, proteins 
associated with the inner nuclear membrane, such as 
Emerin and Nurim, lamins and nucleoporins would 
constitute appropriate markers of the NE. Furthermore, 
tracing of NE-associated proteins might yield a more 
objective and direct appreciation of nuclear shape. 

In our experience immunofluorescent demonstration 
of the NE with anti-Lamin B antibodies followed by 
three-dimensional (3D) reconstruction of confocal 
microscopical images revealed profound alterations of 
the nuclear shape in papillary thyroid carcinomas 

(PTCs) [12]. We have then expanded this approach and, 
in addition to Lamin B, we have tested Emerin, a NE 
marker that can be traced by immunofluorescence and 
immunoperoxidase. These two proteins label different 
structural components, since Lamin B is located in the 
proteinaceous layer at the interface between the 
chromatin and the inner nuclear membrane, while 
Emerin is a protein proper of the inner membrane 
[25, 26]. Fisher AH et al. [6] have already demonstrated 
by immunofluorescence and immunoblotting procedures 
the uniform distribution of these two proteins along the 
NE of PTC and follicular-type epithelium.  

 3D reconstruction 

At light transmission microscopy, cytological and 
histological preparations where nuclei are stained by 
basic dyes provide only a rough appreciation of the 
nuclear shape, since foldings and projections of the NE 
can only be properly detected on thin serial sections. 
Historically, early electron microscopical preparations 
marking the bilipid layer of the nuclear membrane first 
provided evidence of the irregularities of the NE, 
especially in cancer cells [2]. However, it was only with 
novel technologies allowing fluorescent tagging of the 
NE and recording of thin sections by confocal 
microscopy that a proper 3D reconstruction of the 
nuclear shape could be afforded. Tagging of the NE 
components such as Lamin B or Emerin is a prerequisite 
for reaching a 3D reconstruction. Confocal microscopy 
analysis allows the creation of a stack of perfectly 
aligned images, which can be uploaded into dedicated 
softwares for advanced 3D visualization and volume 
modeling (e.g. Amira 4.0, a TGS Template Graphics 
Software, http://www.tgs.com). In our experience 
[24, 27], using sequential images of nuclear sections, 
segmentation of the region of interest was obtained 
outlining the nuclear profile. Each segment of the  
curve, matching the steps between sections, was 
proportional to the size of the nuclei and to the gaps 
between sections, as measured in confocal microscopy. 
The segmented areas were then exploited to generate 
three-dimensional polygonal surface models in an 
automatic way using the softwares mentioned above 
(Figure 1). 

 

Figure 1 – Schematic representation of the multi-step 
process of 3D reconstruction exploiting confocal 

microscopy and/or deconvolution technology. First, 
histological sections are stained with antibodies  
(Abs) directed against proteins pertaining to the 
nuclear membrane; sections are then analyzed  

using a confocal microscope and a virtual  
sectioning is performed. Serial sections are  

then uploaded on specialized graphic software; 
sections are segmented exploiting specific tools  
and 3D models created, as exemplified in the  

bottom image on the right (BT-474 breast  
cancer cell line nucleus) 
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An alternative, user-friendly procedure with definite 
advantages over confocal microscopy is provided by the 
deconvolution technology (Figure 1). Briefly, immuno-
fluorescent preparations are examined with a 
fluorescence microscope, equipped with a camera and  
a dedicated software (Image-Pro Plus version 6.2, 
MediaCybernetics, http://www.mediacy.com), allowing 
2D and 3D image processing, enhancement and 
analysis. In light microscopy, deconvolution is used for 
3D wide field fluorescence imaging, which uses an 
ordinary microscope and optical sectioning techniques 
[13, 14]. Deconvolution improves the clarity of  
images by improving resolving power, removing  
out-of-focus haze and eliminating noise such as that 
caused by low light levels and electronic thermal noise 
from video cameras. 

 Significance in pathology 

We focused our attention on alterations 
(dysmorphism) and variations of the nuclear shape 
(pleomorphism) occurring in cancers and specifically 
characterizing PTC and breast cancer, a topic of high 
biological significance and of great diagnostic and 
prognostic impact.  

In breast cancer, irregularities in the nuclear shape  

as appreciated by Hematoxylin staining have great 
importance in the diagnosis of both in situ and  
invasive lesions. In fact, carcinomas in situ are graded, 
according to the degree of nuclear pleomorphism, as 
low, intermediate and high-grade lesions. Furthermore, 
nuclear pleomorphism, together with number of  
mitoses and structural differentiation, represents one  
of the three components to be evaluated in the grading 
system of invasive breast carcinomas [7], whose 
prognostic value is well known.  

Systematic differences between pathologists in 
scoring nuclear pleomorphism in breast cancer 
potentially contribute to differences in allocating  
cases to the correct grade and observed discrepancies 
confirm the need for improved nuclear grading  
criteria [15, 16]. In addition, nuclear atypia, as 
traditionally evaluated by pathologists, has only  
limited value in breast cancer prognosis [17].  
Fine detection of the nuclear shape, as defined by 
staining of the NE proteins Emerin and Lamin B, 
reveals that breast cancer cells, both in in vitro cultures 
and on tissue sections show irregular foldings of the 
membrane and deep invaginations leading to the 
formation of an intra-nuclear scaffold of NE-bound 
tubules (Figures 1 and 2). 

 
Figure 2 – Representative micrographs of ductal carcinomas in situ (DCIS) of the breast of low (A and B) and  

high nuclear grade (C and D). The roundish shape of the nuclei in low grade DCIS and the fine  
irregularities in high grade DCIS are detected by immunofluorescence using antibodies  

against Lamin B (A and C), while hardly appreciable in H&E (B and D) 
 

The significance of this scaffold is presently 
unknown, but it can be suggested that irregularities and 

intra-nuclear tubules might be involved in or be reactive 
to defects in the nuclear–cytoplasmic transport, 
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reportedly a feature typical of cancer cells [18]. From a 
practical standpoint, the detection of irregularities of the 
nuclear shape allows to recognize among histologically 
low-grade breast cancers (G1) and in tumors with low 
proliferative activity, those more prone to metastasize 
[19]. Decoration of the NE may thus be regarded as a 
novel diagnostic and prognostic parameter, which 
parallels and enhances that provided by routine 
histological procedures. 

Another field where proper detection of the nuclear 
shape is bound to provide a positive fall-out in  
cancer diagnosis is represented by thyroid pathology.  
In fact, foldings of the NE variously manifested by 
indentations, grooves and pseudo-inclusion characterize 
papillary carcinomas in a differential diagnosis  
with follicular adenomas and carcinomas [20–24].  
By exploiting the three-dimensional modeling, we were 
able to appreciate the presence of indentations, craters 
creating cup-like structures or profound holes in the 
nucleus and finally tunnel-like structures, which were 

likely to correspond to the intranuclear vacuoles or 
inclusions visible in light microscopy in PTCs. 
Subsequently, by tagging the nuclear membrane  
with anti-Emerin antibodies on different thyroid  
lesions, we confirmed the marked irregularities  
of the NE, which characterize PTCs, both in the  
classical form and the follicular variant [23, 24].  
In addition to the typical intranuclear vacuoles,  
we observed a hitherto unreported alteration, namely  
a curling of the membrane producing a “garland-like” 
effect and different stages of transition from a simple 
groove up to the formation of complex pockets [25] 
(Figure 3). 

Besides its theoretical and technological interest, the 
present approach can be useful for the correct 
identification of PTC nuclei and also helpful in the 
differential diagnosis between so-called nuclear pseudo-
inclusions and “bubbles”. In addition, when applied to 
cytological preparations, it may provide new criteria for 
a pre-operative diagnosis of PTC. 

 
Figure 3 – Representative micrographs of a Papillary Thyroid Carcinoma, classic and follicular variant, showing profound 

irregularities of the nuclei featuring inclusions (black arrows in B and C), “curling” (white arrow in D) and a  
“garland-like” profile of the nuclear membrane (white arrows in C and D), as best highlighted by  

immunoperoxidase staining for Emerin (see reference [25]) 
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