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Abstract: Gankyrin has a household function in essentially all cells by acting as a chaperone in the
assembly of the 26S proteasome, but also functions as a tumor-promoting protein by antagonizing the
tumor suppressors retinoblastoma protein, p16, and p53. While gankyrin is overexpressed in many
neoplasms outside the skin, its expression in normal skin and cutaneous neoplasms has not been
reported previously. We studied the expression of gankyrin in archival human formalin-fixed tissues
of cutaneous neoplasms by immunohistochemistry with a monoclonal antibody, and found gankyrin
to be overexpressed in 3 of 20 squamous cell carcinomas, none of 10 basal cell carcinomas, 13 of
18 melanocytic nevi, and 7 of 10 melanomas, in many cases with a predominantly nuclear location.
Normal epidermal melanocytes expressed gankyrin to a lesser extent than neoplastic melanocytes.
The overexpression in the in situ stage of squamous cell carcinoma and in melanocytic nevi suggests
that gankyrin acts as a tumor-promoting protein in the early stages of the transition from normal to
neoplastic cells. The frequent overexpression of gankyrin in melanocytic neoplasms is significant
because it antagonizes the tumor suppressor, p16, which is strongly expressed in melanocytic nevi
and some melanomas.
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1. Introduction

The ankyrin-repeat protein gankyrin was originally identified as a subunit of the
regulatory complex of the 26S proteasome [1], but later investigations suggested that it
acts as a chaperone for proteasome assembly and it only transiently associates with the
proteasome [2,3]. In addition, gankyrin has independently been identified as a tumor-
promoting protein and is overexpressed in hepatocellular carcinoma [4] and many other
malignancies, including carcinomas of the breasts, lungs, the alimentary tract and repro-
ductive organs, liposarcoma, glioma, and testicular germ cell tumors, amongst others [5,6].
It functions as a tumor-promoting protein by antagonizing the expression or function of
the tumor suppressors retinoblastoma protein (pRB), p53, and p16 [4-10]. On a molecular
level, probably the best-studied oncogenic function of gankyrin is its antagonism of p16.
The pRB-phosphorylating enzymatic activity of CDK4 and CDKG6 (collectively referred
to as CDK4/6) is inhibited by p16, resulting in a halt of the cell cycle. Gankyrin binds
to CDK4 at the same site as p16 [11], but in contrast to p16, it does not inhibit its enzy-
matic activity [12,13]. Thus, gankyrin is a competitive inhibitor of p16 and abrogates its
inhibitory effect on the cell cycle, resulting in an oncogenic function. Small molecule in-
hibitors of gankyrin are in development [14-16] but have not yet led to clinically employed
anti-cancer medications.

Germline mutations of p16 and CDK4 cause familial melanoma [17], and these proteins
are generally assumed to play an important role in the initiation of familial and likely also
sporadic melanomas. In melanocytic nevi, p16 is strongly expressed as a consequence of

J. Mol. Pathol. 2022, 3, 319-328. https:/ /doi.org/10.3390/jmp3040027

https:/ /www.mdpi.com/journal /jmp


https://doi.org/10.3390/jmp3040027
https://doi.org/10.3390/jmp3040027
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmp
https://www.mdpi.com
https://doi.org/10.3390/jmp3040027
https://www.mdpi.com/journal/jmp
https://www.mdpi.com/article/10.3390/jmp3040027?type=check_update&version=2

J. Mol. Pathol. 2022, 3

320

oncogene-induced senescence [18], and this is generally considered a high barrier that needs
to be overcome for melanoma to develop from a nevus [19]. It has not been definitively
determined how this barrier is cleared, because in sporadic melanomas, the loss of the p16
protein usually does not happen in early stages but is observed mostly in late stages of
melanoma progression [20]. We reasoned that if gankyrin were expressed in melanocytic
neoplasms, its antagonism of p16 would be expected to lower this barrier and promote
malignant transformation. As we are unaware of reports on the expression of gankyrin in
cutaneous neoplasms, we investigated its expression in melanocytic nevi and melanomas
in comparison to squamous cell and basal cell carcinomas.

2. Materials and Methods
2.1. Case Material

Archival human formalin-fixed, paraffin-embedded tissue of cases of squamous cell
carcinomas, basal cell carcinomas, and melanocytic neoplasms were retrieved from the
files of our dermatopathology service. Of the six invasive melanomas, four were of the
superficial spreading type and two of the nodular type. The thickness ranged from 1.0
to 5.2 mm.

2.2. Immunohistochemical Stains

Sections were deparaffinized in xylene and descending concentrations of ethanol. Anti-
gen retrieval was performed in Tris buffer pH 9 (Vector Laboratories, Burlingame, CA, USA,
catalog number H-3301) at 95 °C for 30 min for all antibodies. The immunohistochemical
staining was performed using a commercial kit based on the avidin-biotin complex method
(Vector Laboratories, catalog number PK-7200). AEC (3-amino-9-ethylcarbazole, Vector
Laboratories, catalog number SK-4200) was used as a peroxidase substrate in most of the
experiments. DAB (diaminobenzidine, Vector Laboratories, catalog number SK-4100) and
AMEC Red (Vector Laboratories, catalog number SK-4285) were used as a substrate in initial
optimization experiments. After immunohistochemical staining, the slides were counter-
stained with hematoxylin (Vector Laboratories, catalog number H-3404) and mounted in an
aqueous medium (Vector Laboratories, catalog number H-5501). The monoclonal antibody
for gankyrin (clone OTI3F6, catalog number NBP2-02199) was purchased from Novus
Biologicals, Centennial, CO, USA, and the monoclonal antibody for SOX-10 (clone SP275,
catalog number ab227684) was purchased from Abcam, Cambridge, UK. Both antibodies
were used at 1:200 dilution.

Sequential dual immunohistochemical staining with two antibodies was performed
as follows. Staining with the first antibody (gankyrin) was performed as described above,
after which the slides were mounted with distilled water, and photomicrographs of areas
of interest were taken. The AEC reaction product was then removed by incubation in 100%
ethanol for 15 min, after which a second antigen retrieval step, staining with the second
antibody (SOX-10), and aqueous mounting were performed under the conditions described
above. Photomicrographs were then taken of the same areas of interest.

2.3. Statistics

Statistical analyses were done by Fisher’s exact test using SPSS v. 26 (IBM, Armonk,
NY, USA).

3. Results
3.1. Optimization of Immunohistochemical Gankyrin Staining in Normal Skin

Initial studies with normal skin showed that gankyrin is expressed at a relatively low
level in virtually all cells, including epithelial cells of epidermis and adnexae, as well as
mesenchymal cells. This ubiquitous staining is expected because gankyrin is an assembly
chaperone of the 265 proteasome and is present in all cells. The only cutaneous structures
that we found stained considerably stronger than the ubiquitous background were the
epithelial cells of apocrine glands, which showed strong diffuse cytoplasmic and nuclear
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labeling in all of 10 axillary skin samples (Figure 1). Thus, we used apocrine glands in
axillary skin as positive controls. Based on these results, staining intensities were defined
as follows: 1+ for intensity similar to the background intensity, 3+ for intensity similar to
apocrine glands, and 2+ for an intermediate intensity. In the evaluation of the neoplasms,
only staining intensities clearly above background (i.e., with intensity of 2+ or 3+) were
scored as positive. Due to the ubiquitous background staining, an intensity of zero was
essentially not encountered.
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Figure 1. Expression of gankyrin in axillary skin. Apocrine glands (on the left) exhibit strong expression
whereas eccrine glands (on the right) show background intensity. Original magnification 100 x.

During these optimization studies, it turned out that the choice of the peroxidase
substrate was an important factor. Comparing DAB (diaminobenzidine), AMEC Red,
and AEC (3-amino-9-ethylcarbazole) as substrates, we found best results with AEC, for
which an antibody dilution of 1:200 yielded strong staining of apocrine glands and mild
background staining. DAB and AMEC Red were much more effective substrates, meaning
that much higher antibody dilutions (in the range of 1:2000 to 1:4000) were necessary to
keep the background staining low. At these high dilutions, the reactions tended to suffer
from artefactual regional variation of staining intensity, which we attributed to effects of
local antibody depletion. Therefore, AEC was used as the routine peroxidase substrate in
this study.

With AEC as the peroxidase substrate, we were initially surprised that it did not result
in the usual brick red reaction product but in a reddish brown product. This appears to
be a peculiarity of the avidin-biotin complex (ABC) method that was employed in this
study. Consultation of the product sheet and communication with the vendor (Craig Pow,
Vector Laboratories, personal communication) confirmed that a reddish brown product is
the expected result. A possible explanation is a metachromasia effect that was described
by Koretz et al. and that is brought about by a second oxidation step of AEC under high
antibody/peroxidase concentrations to yield a metachromatic reaction product [21].

3.2. Gankyrin Staining in Squamous Cell Carcinomas and Basal Cell Carcinomas

In total, 3 of the 20 squamous cell carcinomas showed staining that was considerably
stronger than background intensity (Figure 2, Table 1). All of these three cases were in situ
carcinomas. The staining was predominantly nuclear in all 3 cases. None of the 13 invasive
squamous cell carcinomas and none of 10 basal cell carcinomas demonstrated gankyrin
overexpression. When inflammatory cells were present, they stained with a moderate
intensity (Figure 2a).
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Figure 2. Expression of gankyrin in a positive squamous cell carcinoma in situ (a) compared to
normal epidermis (b). The gankyrin expression in the carcinoma is predominantly nuclear. The
normal epidermis demonstrates weak background reactivity for gankyrin. Some of the inflammatory
cells in the dermis stain with moderate intensity (a). Original magnifications 200 x.

Table 1. Gankyrin immunoreactivity in cutaneous neoplasms.

Number Negative Positive

of Cases 1+ 2+ 3+ Total (%)

Melanocytic nevus 18 5 10 3 132b (72)
Banal compound nevus 7 0 4 3 7
Spitz nevus 4 2 2 0 2
Congenital nevus 2 1 0 1
Dysplastic nevus 1 3 0 3

Melanoma 10 3 5 2 7 cd (70)
In situ 4 2 1 1 2
Invasive 6 1 4 1 5

Basal cell carcinoma 10 10 0 0 02d 0)

Squamous cell carcinoma 20 17 3 0 3be (15)
In situ 7 4 3 0 3
Invasive 13 13 0 0 0

An intensity of 1+ corresponds to the ubiquitous background reaction present in every cell and was therefore
considered as negative. Data of negative and positive pairs designated by superscripts a, b, ¢, and d are
significantly different from each other (p < 0.01).
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3.3. Gankyrin Staining in Melanocytic Neoplasms

Thirteen of 18 melanocytic nevi and 7 of 10 melanomas showed expression of gankyrin
that was clearly stronger than the background staining of the surrounding epidermal ker-
atinocytes (Figure 3, Table 1). In most nevi and melanomas, the staining intensity showed
regional variation, and strongly positive areas alternating with weakly stained or negative
areas could often be seen. The distribution of reactivity between nuclei and cytoplasm was
variable. Predominantly nuclear staining was seen in 6 nevi and 5 melanomas, predomi-
nantly cytoplasmic staining in 4 nevi and 1 melanoma, and equal nuclear and cytoplasmic
staining in 3 nevi and 1 melanoma. Both epidermal and dermal components were stained
in nevi and melanomas, with a tendency for the epidermal component to show stronger
reactivity than the dermal component. Normal melanocytes in epidermis uninvolved
by nevus or melanoma expressed gankyrin to a much lesser degree than the neoplastic
melanocytes. We confirmed the presence of normal melanocytes in uninvolved epidermis
by an immunohistochemical stain for melanocytic marker SOX-10, and in parallel slides
stained for gankyrin, we found only mildly stained melanocytes. To further demonstrate
this point more directly, in two cases of melanocytic nevi, we performed sequential immuno-
histochemical stains in which the same slide was stained first for gankyrin, subsequently
destained and then stained for SOX-10, permitting direct evaluation of gankyrin expression
in melanocytes identified by SOX-10 labeling. The result of such a sequential staining for a
melanocytic nevus and adjacent uninvolved skin is shown in Figure 4. It demonstrates that
the SOX-10-positive neoplastic melanocytes in the nevus (4b) stain strongly for gankyrin
(4a), whereas melanocytes in the adjacent epidermis identified by a SOX-10 stain (4d) show
much weaker staining for gankyrin (4c).
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Figure 3. H&E (a,c) and gankyrin expression (b,d) in a melanocytic nevus (a,b) and in a nodular
melanoma (c¢,d). The localization of gankyrin is predominantly nuclear in the nevus, and both nuclear
as well as cytoplasmic in the melanoma. Original magnifications 200x (a,b), 400 x (c,d).
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Figure 4. Expression of gankyrin in normal melanocytes versus neoplastic melanocytes. Sequential
dual immunohistochemical staining was performed on the same slide for gankyrin (a,c) and SOX-10
(b,d) in a nevus (a,b) and in the adjacent uninvolved skin (c,d). Melanocytes identified by SOX-10
expression on average stain more strongly for gankyrin in the nevus than in normal skin. (a,b) 200 x;
(c,d) 400x.

4. Discussion

An innate complication of studying the expression of gankyrin is that it is expected to
be present in all cells, corresponding to its household function as an assembly chaperone
for the 26S proteasome, which is a ubiquitous cell component. Accordingly, we found
that in normal skin, most cells, epithelial and mesenchymal, show a low level of gankyrin
expression that causes an undesirable background staining, precluding the detection of low
levels of overexpression. In this study, we only regarded staining as overexpression if it
was clearly stronger than background, and we disregarded staining with an intensity equal
to or slightly above background. Although, with this policy we may have missed subtle
expression in some neoplasms, we nevertheless adhered to it to avoid over-interpretation
of our results.

In normal skin, we found that apocrine glands were the only structures that showed
strong expression of gankyrin significantly exceeding background intensity (Figure 1),
and, therefore, apocrine glands were used as a convenient positive control. To the best
of our knowledge, this finding has not been reported before and appears unique as
we are not aware of any other organ or organelle where similarly strong expression of
gankyrin has been reported in the literature. Expression of gankyrin has been found in
spermatocytes of human testes [22], but in our experience, this testicular expression is
not as strong as the expression in apocrine glands (results not shown). The physiologi-
cal significance of the prominent gankyrin expression in apocrine glands is unknown.
Since gankyrin is a chaperone for assembly of the proteasome, we were interested in
whether the expression of gankyrin would be paralleled by strong proteasome expres-
sion. Using an antibody against the proteasome subunit rpnl, we did not find significant
overexpression (own unpublished results).



J. Mol. Pathol. 2022, 3

326

The main objective of this study was to determine the expression of gankyrin in
cutaneous melanocytic neoplasms. We found that gankyrin was frequently overexpressed
in melanocytic neoplasms, but only rarely in squamous cell carcinoma (3 out of 20 cases)
and in none of the 10 basal cell carcinomas (Table 1).

Of the squamous cell carcinomas, the 3 positive cases were all in situ carcino-
mas, which raises the possibility that in some cases gankyrin may function as a tumor-
promoting protein in the early stages of squamous malignancies. As p53 has a prominent
role in the initiation of cutaneous squamous cell carcinomas [23], our results are consistent
with the assumption that gankyrin promotes squamous neoplasms by its capacity to
antagonize p53.

We found gankyrin to be frequently expressed in melanocytic neoplasms (Table 1).
Our initial hypothesis had been that gankyrin would be upregulated in melanomas relative
to nevi, which would have supported a direct role in malignant transformation. Rather,
we found overexpression of gankyrin not only in melanomas but also in nevi (Figure 3,
Table 1), whereas the expression in normal melanocytes was much weaker than in neoplastic
melanocytes (Figure 4). This supports a role of gankyrin in formation of nevi, similar to
what has been proposed for the oncogene B-RAF, which is mutated both in nevi and
melanomas [24]. This does not mean that gankyrin is not involved in the formation of
melanomas, but its effect in this respect would likely be an indirect one by facilitating the
action of other effector molecules. An obvious candidate for such an effector molecule is
CDK4/6, which is expressed more strongly in melanomas than in nevi according to some
authors [25,26] but not others [27]. The high expression of p16 in most nevi poses a high
barrier towards transformation into melanoma, and to overcome this barrier would require
a considerable overexpression of CDK4/6. However, in the presence of gankyrin, this
barrier would be expected to be much lower, and to overcome it would require a relatively
small increase in nuclear CDK4/6 (e.g., by overexpression or by cytoplasmic-to-nuclear
import) to initiate the cell cycle and to facilitate the transformation into early melanoma.

We found a frequent nuclear location of gankyrin in squamous cell carcinoma in situ,
nevi and melanomas (Figures 2a and 3b). This location is consistent with its proposed
role as a tumor-promoting protein. As the anti-proliferative effect of pRB, p53, and p16 is
primarily dependent on their function in the nucleus [28,29], nuclear gankyrin would be in a
suitable location to antagonize these tumor suppressors. In addition to its nuclear location,
we also found gankyrin in a cytoplasmic location (Figure 3d). Although cytoplasmic
gankyrin could represent a sequestered inactive pool, it may have additional functions by
antagonizing cytoplasmic p53 and CDK4. The p53 protein, when located in the cytoplasm,
can directly participate in apoptosis, autophagy, membrane trafficking, and cell metabolism
(reviewed in [28]), and it is possible that cytoplasmic gankyrin antagonizes these functions.
Cytoplasmic CDK4 participates in assembly of the CDK4-cyclin D-p21/p27 complex, which
is assembled in the cytoplasm and then transported to the nucleus guided by the nuclear
localization sequence that is present in p21 and p27 (but not in CDK4 or cyclin D) [29].
While cytoplasmic p16 disrupts this complex and thus blocks the translocation to the
nucleus [29], gankyrin can form a complex with Cyclin D2 and CDK4 [12] (but not with
cyclin D1 or cyclin D3 [30]). This complex would likely also contain p21 or p27 and thus
be transported to the nucleus. If this is true, one would expect that overexpression of
cytoplasmic gankyrin would result in nuclear accumulation of cyclin D2. To the best of our
knowledge, this has not been tested experimentally.

The expression of gankyrin in melanocytic neoplasms raises the possibility but does
not prove that it promotes the neoplastic transformation of melanocytes. To date, gankyrin’s
tumor-promoting activity has only been demonstrated in non-melanocytic cultured cell
lines, where its forced overexpression promotes cell proliferation and results in increased
degradation of p53 and hyperphosphorylation of pRB, with reduction in expression of p53
transactivation targets p21 and mdm? [4,9]. It would be important to determine whether
gankyrin has the same effects in cultured melanocytes, and this could also be addressed by
studies on archival pathologic material of melanocytic neoplasms by determining whether
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expression of gankyrin correlates with expression of p53, p21, and mdm?2, and with the
phosphorylation status of pRB. Furthermore, competition of gankyrin with p16 for binding
to CDK4 has been demonstrated in vitro [11-13], but whether this mechanism is operative
in vivo in the formation of melanocytic neoplasms is unclear. In this respect, it would be
important to study co-expression of gankyrin and p16 because co-expression in the same
cell would be a prerequisite for competition. In melanocytic nevi, p16 typically assumes a
mosaic expression pattern [18], and in some cases we observed a similar mosaic pattern for
gankyrin expression (Figure 3d). It would therefore be of interest to investigate whether
or not these patterns coincide. Furthermore, expression of p16 is frequently lost with
progression of melanoma [20], and if competition with p16 were an important mechanism
for the tumor-promoting activity of gankyrin, loss of p16 expression would—assuming a
Darwinian tumor evolution model—result in loss of selection pressure to keep gankyrin
expressed. Therefore, if loss of pl6 expression were paralleled by a loss of gankyrin
expression, this would strengthen the interpretation that gankyrin has a tumor-promoting
role. Finally, it would also be of interest to study the co-expression of gankyrin and MAGE-
A4, because the latter has been shown to interact with gankyrin, and this is correlated with
the suppression of anchorage-independent growth [31].

Competition with gankyrin for CDK4 has been only reported for p16 [12,13] but
not for the other members of a wider group of similar CDK-inhibitors that also includes
p15, p18, and p19 (INK4 proteins). As all four INK4 proteins have a similar gankyrin
repeat structure [32], it is likely that they will bind to the same site on CDK4 as p16 and
gankyrin, implying that gankyrin can be expected to antagonize the function of all four
INK4 proteins. In this context it is interesting to note that p15 is expressed in melanocytic
nevi and in melanomas (less frequently in the latter) [33,34], raising the possibility that
gankyrin competes with p15 for binding to CDK4, similar to the proposed competition with
pl6. However, because p15 is infrequently mutated in sporadic and familial melanomas, it
is more difficult to implicate p15 in the process of melanoma formation.

In summary, our study raises the possibility that gankyrin may be involved in
the formation of melanocytic nevi and may modulate the molecular landscape of
melanoma formation. However, additional studies need to be done before such a role
can be firmly accepted.
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