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The adipocyte-like morphology of clear cell renal cell carcinoma (ccRCC) cells results from a grade-
dependent neutral lipid accumulation; however, the molecular mechanism and role in renal cancer
progression have yet to be clarified. ccRCC shows a gene expression signature consistent with adipo-
genesis, and the phospholipid-binding protein annexin A3 (AnxA3), a negative regulator of adipocyte
differentiation, is down-regulated in RCC and shows a differential expression pattern for two isoforms of
36 and 33 kDa. Using primary cell cultures and cell lines, we investigated the involvement of AnxA3
isoforms in lipid storage modulation of ccRCC cells. We found that the increased accumulation of lipids
into ccRCC cells correlated with a decrease of the 36/33 isoform ratio. Treatment with adipogenic
medium induced a significant increment of lipid storage in ccRCC cells that had a low 36-kDa AnxA3
expression and 36/33 ratio. The 36-kDa AnxA3 silencing in ccRCC cells increased lipid storage induced
by adipogenic medium. These data suggest that 36-kDa AnxA3 negatively modulates the response to
adipogenic treatment and may act as negative regulator of lipid storage in ccRCC cells. The subcellular
distribution of AnxA3 in the cellular endocytic compartment suggests its involvement in modulation of
vesicular trafficking, and it might serve as a putative mechanism of lipid storage regulation in ccRCC
cells, opening novel translational outcomes. (Am J Pathol 2020, 190: 2317e2326; https://doi.org/
10.1016/j.ajpath.2020.08.008)
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The most striking phenotypic characteristic of clear cell
renal cell carcinoma (ccRCC) is the morphology of its clear
cells, which resemble adipocytes as a result of neutral lipid
accumulation1 that has been observed to be a grade-
dependent phenomenon.2 The molecular mechanism
behind this clear cell morphology has yet to be clarified to
shed light on renal cancer progression. Among the different
putative mechanisms involved in the storage of neutral
lipids inside the ccRCC cells, the increased uptake of
exogenous lipids mediated by a hypoxia-inducible factor
(HIF) 1edependent up-regulation of the very-low-density
lipoprotein receptor may also be important.3,4 The
increased uptake of exogenous lipids is involved in the
formation of lipid droplets even in adipocytes.5 In addition,
stigative Pathology. Published by Elsevier Inc
ccRCC tissue samples show a gene expression signature
consistent with adipogenesis, and ccRCC cells can undergo
adipogenic transdifferentiation after specific treatment.6

More recently, the annexin A3 (AnxA3) protein has been
described to play an important role as a negative regulator of
. All rights reserved.
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adipocyte differentiation in adipose tissue.7 AnxA3 was
highly expressed in pre-adipocytes and down-regulated at
an early phase of adipocyte differentiation. Notably, a
decrease of AnxA3 was required to prime the adipocyte
differentiation. AnxA3 belongs to the annexin family of
Ca2þ-dependent phospholipid-binding proteins8 and shows
the ability to enhance angiogenesis,9 plays pivotal roles in
promoting growth and stem cellelike features in hepato-
cellular carcinoma cells,10 and is overexpressed in ovarian
cancer, in which it may serve as biomarker for platinum
resistance.11,12 Conversely, a down-regulation of AnxA3 is
described in prostate cancer13 and in renal cell carcinoma,14

where two AnxA3 isoforms of 36 and 33 kDa, which
originate as a result of an alternative splicing event, have
been previously highlighted. These two isoforms showed a
differential expression pattern in RCC and normal renal
tubular cells; in particular, the 36-kDa isoform is more
abundant in normal cells, whereas the 33-kDa isoform is up-
regulated in RCC cells.

On the basis of these findings, in this study, we have
investigated the involvement of AnxA3 isoforms in the lipid
storage process, which characterizes the clear cell
adipocyte-like morphology of ccRCC cells. Normal tubular
and ccRCC primary cell cultures and cell lines were
instrumental for this purpose.

Materials and Methods

Primary Cell Cultures

Primary cell cultures were obtained from normal cortex
(n Z 28) and tumor (n Z 44) tissue specimens of 44
ccRCC patients (30 men and 14 women; median age, 69
years) following nephrectomy. The collected tissues were
those exceeding the diagnostic needs. The normal cortex
was taken from a healthy region of the kidney without any
indication of cancer. All procedures were performed after
written consent and were approved by the Local Ethical
Committee. Tumors were classified as 22 pT1, 7 pT2, and
10 pT3 and as 3 grade 1, 26 grade 2, 14 grade 3, and 1 grade
4, according to World Health Organization/International
Society of Urologic Pathologists grading system.

The culture conditions and immunophenotypic charac-
terization were performed as described.14 The primary cell
cultures were used at the first confluence.

TCGA ccRCC Tissue Data Set Analysis

Expression of 36-kDa AnxA3 isoform and perilipin-2
(PLIN2) was validated at transcript level in The Cancer
Genome Atlas (TCGA, http://portal.gdc.cancer.gov, last
accessed September 08, 2020) Kidney Renal Clear Cell
Carcinoma (KIRC) data set, using the RNA-sequencing
profiling data available in Gene Expression Profiling Inter-
active Analysis webtool15 for 523 ccRCC tissue cases and
100 normal cortex tissue cases (72 from TCGA KIRC data
2318
set and 28 from Genotype Tissue Expression portal).
Normalized read counts are expressed as transcripts per
million.

Cell Lines and Adipogenic Medium

Human proximal tubular (HK2) and ccRCC (A498 and
Caki1) cell lines were obtained from ATCC (Manassas,
VA). HK2 cells were cultured in Dulbecco’s modified Ea-
gle’s mediumeF12 (Lonza, Basel, Switzerland) containing
5% fetal bovine serum, 5 mg/mL insulin, 5 mg/mL trans-
ferrin, 5 ng/mL sodium selenite, 36 ng/mL hydrocortisone,
40 pg/mL triiodothyronine, 5 pg/mL prostaglandin E
(Sigma, St. Louis, MO), and 10 ng/mL epidermal growth
factor (Cell Signaling Technology, Danvers, MA). A498
(VHL�/�; HIF1a-negative and HIF2a-positive) and Caki1
(VHL wild type; HIF1a- and HIF2a-positive) cells16 were
cultured in Dulbecco’s modified Eagle’s medium (Euro-
clone, Milan, Italy) with 10% fetal calf serum. Both media
were supplemented with 1% penicillin/streptomycin and 1%
amphotericin B (Euroclone).
To induce lipid storage, the different cell lines were

grown for 8 days in an adipogenic medium composed of
complete culture media supplemented with 0.1 mmol/L
dexamethasone, 10 mg/mL insulin, 100 mmol/L indometh-
acin, and 500 mmol/L isobutylmethylxanthine (Sigma).

Hematoxylin-Eosin and Oil Red O Staining

Hematoxylin-eosin staining was performed on formalin-
fixed, paraffin-embedded tissue sections following standard
protocols17 and corresponding images were kindly provided
by Francesca Sanguedolce (University of Foggia, Foggia,
Italy). Oil Red O staining was performed on formalin-fixed
cells, as described.18 The stained samples were analyzed by
Nikon Eclipse E800 microscope with 20� objectives
(Nikon Instruments, Firenze, Italy), and the corresponding
images were captured and analyzed by a LuciaG Image
analysis system (Nikon Instruments).

Cell Fractionation, Protein Extraction, and Western
Blot Analysis

First-confluent primary cell cultures and cell lines were
lysed to obtain total homogenate and nuclear and nuclear-
free fractions, as previously described.19 A membrane
fraction was also obtained from primary cell cultures, as
described.20 Protein lysates (30 mg), quantified using a
bicinchoninic acid microassay (Sigma-Aldrich, St. Louis,
MO) and separated on NuPage 4% to 12% Bis-Tris precast
gels (Thermo Fisher, Waltham, MA),21 were submitted to
Western blotting22 with mouse monoclonal antibodies
against PLIN2 (dilution 1:500; AP125; Progen, Heidelberg,
Germany) and HIF1a (dilution 1:500; 54; BD Biosciences,
San Josè, CA) and with rabbit polyclonal antibodies against
AnxA3 (1.25 mg/mL; ab33068; Abcam, Cambridge, MA),
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Figure 1 Lipid storage and annexin A3 (AnxA3) iso-
form pattern in normal cortex and clear cell renal cell
carcinoma (ccRCC) primary cell cultures. A: Representative
images of normal cortex and ccRCC primary cell cultures
captured after Oil Red O (ORO) staining. B: Representative
Western blot analysis of perilipin-2 (PLIN2) and AnxA3
isoforms performed in total homogenates of matched
cortex (C) and ccRCC (T) primary cultures established from
three different patients. b-Actin bands assessed loading.
C: Densitometric analysis of PLIN2 protein bands detected
in total homogenates of 10 cortex and 21 ccRCC (13 low-
grade and 8 high-grade) primary cultures and normalized
for b-actin bands. D: Densitometric analysis of the 36- and
33-kDa AnxA3 bands detected in total homogenates of 18
cortex and 36 ccRCC (22 low-grade and 14 high-grade)
primary cultures and normalized for b-actin bands. E:
Linear regression analysis between PLIN2 expression and
the quantitative ratio between 36- and 33-kDa AnxA3
isoforms (36/33 ratio) evaluated by Western blot analysis
in 21 ccRCC primary culture total homogenates. Solid
black line represents the line of regression. Data are
expressed as means � SEM (C and D). *P < 0.05 (one-way
analysis of variance analysis with post-hoc Tukey cor-
rected t-test). Scale bars Z 100 mm (A). Original
magnification, �200 (A). pt., patient.

AnxA3 Modulates Lipid Storage in ccRCC
Naþ/Kþ ATPase a-1 (dilution 1:1000; Millipore, Burling-
ton, MA), a-tubulin (10 mg/mL; Molecular Probes Invi-
trogen, Carlsberg, CA), acetyl-histone H3 (10 mg/mL;
Upstate Biotechnology, Lake Placid, NY), and b-actin
(dilution 1:1000; Sigma-Aldrich). Densitometric analysis of
specific bands was performed by ImageJ software version
1.48v (NIH, Bethesda, MD; http://imagej.nih.gov/ij), and
specific band intensities were normalized for
corresponding b-actin band.

Cell Viability Assay

Cell viability was evaluated using the FITC Annexin V
Apoptosis detection kit and propidium iodide (Biolegend,
San Diego, CA), according to the manufacturer’s in-
structions, as previously described.2 Fluorescence-activated
cell sorting (FACS) analysis was performed on 10,000
events with a MoFlo Astrios Cell Sorter equipped with
Summit software version 6.1 (Beckman Coulter, Milano,
Italy). The offline analysis was performed using Kaluza
software version 1.2 (Beckman Coulter, Brae, CA). Viable
cells (annexin V and propidium iodide negative) were
expressed as a percentage with respect to the total events
analyzed.

Bodipy Staining and FACS Analysis

Live cells were washed twice in phosphate-buffered saline
and incubated with the fluorescent neutral lipid dye Bodipy
The American Journal of Pathology - ajp.amjpathol.org
493/503 (5 mg/mL; Thermo Fisher) for 15 minutes at room
temperature. After staining, cells were washed twice in
phosphate-buffered saline and fixed in 4% para-
formaldehyde for 10 minutes. Fixed cells were washed in
phosphate-buffered saline, and FACS analysis was per-
formed on 10,000 events with a MoFlo Astrios Cell Sorter,
using Summit 6.1 and Kaluza software version 1.2 (Beck-
man Coulter, Brae, CA). Mean Bodipy fluorescence in-
tensity of the cells grown in adipogenic medium was
expressed as a percentage with respect to the cells grown in
control medium (100%).
Immunocytofluorescence

Cells grown on glass coverslips were fixed in 4%
paraformaldehyde, incubated with mouse monoclonal anti-
PLIN2 (dilution 1:50; AP125; Progen), antieearly endo-
some antigen 1 (1:500; BD Biosciences), antie130 kDa
cis-Golgi matrix protein (1:700; BD Biosciences), or rabbit
polyclonal anti-AnxA3 (1:50; Abcam) primary antibodies
and Alexa Fluor 488 or 594 conjugated anti-mouse or anti-
rabbit secondary antibodies (dilution 1:100; Invitrogen), as
previously described.17 Those cells fixed and stained with
the fluorescent antibodies were finally treated with 5 mg/mL
Bodipy for 30 minutes at room temperature to indicate lipid
droplets. Those cells grown on coverslips were treated with
100 nmol/L Mitotracker Red CMXRos (Molecular Probes
Invitrogen) in culture medium for 30 minutes at 37�C and
2319
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Figure 2 Lipid storage and annexin A3 (AnxA3) isoform pattern in
normal cortex and clear cell renal cell carcinoma (ccRCC) cell lines. A:
Representative images of normal cortex (HK2) and ccRCC (A498 and Caki1)
cell lines captured after Oil Red O (ORO) staining. B: Representative
Western blot analysis of perilipin-2 (PLIN2) and AnxA3 isoforms performed
in total homogenates of HK2, A498, and Caki1 cell lines. b-Actin bands
assessed loading. C: Densitometric analysis of PLIN2 protein bands
detected in HK2, A498, and Caki1 cell line total homogenates and
normalized for b-actin bands. D: Densitometric analysis of the 36- and 33-
kDa AnxA3 bands detected in HK2, A498, and Caki1 cell line total ho-
mogenates and normalized for b-actin bands. E: Densitometric ratio be-
tween 36- and 33-kDa AnxA3 bands (36/33 ratio) in HK2, A498, and Caki1
total homogenates. Data are expressed as means � SEM of at least three
independent experiments (CeE). *P < 0.05 (one-way analysis of variance
analysis with post-hoc Tukey corrected t-test). Scale bars Z 100 mm (A).
Original magnification, �200 (A).
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fixed with 4% paraformaldehyde for 15 minutes at 37�C.
Nuclear counterstaining was obtained with DAPI (Sigma).
Coverslips were mounted onto glass slides with CC/mount
(Sigma). Immunofluorescence images were obtained with a
Zeiss LSM710 confocal microscope equipped with Zen2009
software 2009 (Zeiss, Oberkochen, Germany), using 40� or
63� objective (Zeiss).
2320
36-kDa AnxA3 Isoform and PLIN2 Knockdown

A total of 1.5 � 105 A498 and Caki1 cells, grown for 12
hours in complete culture medium, were respectively
transfected, as previously described,19 with siRNA
50-CAGAAAGCAAUCAGAGGAA-30 targeting the exon
III of the human AnxA3 (ANXA3) gene14 for specific
silencing of the 36-kDa isoform, and with ON-
TARGETplus human PLIN2 SMART pool siRNA
(Thermo Scientific Dharmacon, Lafayette, CO). Both cell
lines were transfected also with ON-TARGETplus Control
pool siRNA (Thermo Scientific Dharmacon) and cultured
for 96 hours in control or adipogenic medium.

Statistical Analysis

Data, expressed as means � SEM, were analyzed using
paired t-test (for single comparison of treated samples
versus controls) or one-way analysis of variance analysis
with the post-hoc Tukey corrected t-test (for multiple group
comparisons) performed with Origin software version 93E
(Originlab, Northampton, MA). Correlation analyses were
performed by computing the Pearson or Spearman correla-
tion coefficient (r) and linear regression analysis23 with
Origin software. P < 0.05 was considered as statistically
significant.

Results

Lipid Storage and AnxA3 Isoform Expression Pattern in
ccRCC Cells

The normal cortex and ccRCC primary cell cultures were
characterized for intracellular lipid storage by Oil Red O
staining (Figure 1A) and Western blot analysis of PLIN2
(Figure 1B), the lipid droplet coat protein described as a
marker of intracellular neutral lipid storage in nonadipose
tissues.24 In accordance with previous data,2 PLIN2 protein
was significantly more abundant in ccRCC than in normal
cortex cultures (Figure 1C). Moreover, its expression was
higher in low-grade (grade 1 to grade 2) with respect to high
grade (grade 3 to grade 4) ccRCC samples (Figure 1C), and
this difference was significant (PZ 0.030) if evaluated by t-
test. The difference in lipid droplet content between low-
and high-grade samples was morphologically evident also in
corresponding hematoxylin-eosin stained ccRCC tissues
(Supplemental Figure S1A). The protein expression of
AnxA3 isoforms (36 and 33 kDa) was also evaluated in the
primary cultures by Western blot analysis (Figure 1B),
confirming data previously obtained in a different popula-
tion of RCC patients.14 In particular, the 36-kDa isoform
was significantly down-regulated in ccRCC cultures with
respect to cortex cultures. The 36-kDa isoform was also
down-regulated with respect to the 33-kDa isoform in
ccRCC cultures, but significantly up-regulated in cortex
cultures. Instead, the 33-kDa isoform was significantly
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Viability of normal cortex and clear cell renal cell carcinoma
(ccRCC) cell lines after adipogenic treatment. A: Representative images of
fluorescence-activated cell sorting (FACS) analysis performed with annexin V
(ANXAV)/propidium iodide (PI) in HK2, A498, and Caki1 cell lines cultured for
8 days in normal culture medium (control) or in adipogenic medium (adipo).
B: Quantification of viable cells after 8 days of culture in control or adipogenic
medium, expressed as percentage of annexin V and PI negative cells (bottom
left quadrant of each plot shown in A) with respect to total events analyzed
(100%). Data are given as means � SEM of three independent experiments
(B). *P < 0.05 (paired t-test). FITC, fluorescein isothiocyanate.

AnxA3 Modulates Lipid Storage in ccRCC
incremented in ccRCC cultures with respect to cortex cul-
tures (Figure 1D). Therefore, in ccRCC, the quantitative
ratio between the 36- and 33-kDa isoforms was lower than 1
(0.88 � 0.14) and inverted with respect to cortex cultures
The American Journal of Pathology - ajp.amjpathol.org
(15.99 � 6.56). Notably, this 36/33 ratio was lower in low-
grade ccRCC cultures, which showed more abundant lipid
storage, than in high-grade cultures (0.82 � 0.14 versus
0.98 � 0.28), although this difference was not statistically
significant (P Z 0.57) (Figure 1, C and D). Moreover,
PLIN2 protein expression was significantly higher
(Supplemental Figure S1B) and 36/33 ratio lower
(Supplemental Figure S1C) in HIF1a-positive than in
HIF1a-negative ccRCC primary cultures.

In agreement with these results, a significant reduced
expression of the transcript coding for 36-kDa AnxA3 iso-
form and increased expression of PLIN2 transcript were
found in TCGA KIRC tissue cases compared with normal
cortex tissue cases (Supplemental Figure S1D).

Because variability in lipid storage was evident among
the different ccRCC samples, it was investigated whether
PLIN2 expression (used as lipid storage marker) correlated
with the AnxA3 isoform pattern, expressed as a 36/33 ratio,
and a significant negative correlation (Pearson coefficient
r Z �0.64; P Z 0.002) was found, as shown by linear
regression analysis (Figure 1E). A significant negative cor-
relation (Pearson coefficient r Z �0.47; P Z 0.031) was
found even between PLIN2 and 36-kDa AnxA3 isoform
protein expression (Supplemental Figure S1E). Notably,
Spearman correlation test performed on the TCGA KIRC
tissue data set showed an inverse correlation between PLIN2
and 36-kDa ANXA3 mRNA expression as well (r Z �0.10;
P Z 0.018) (Supplemental Figure S1F).

The relation between lipid storage and the AnxA3 iso-
form pattern was investigated even in normal tubular (HK2)
and ccRCC (A498 and Caki1) cell lines. As shown by Oil
Red O staining (Figure 2A) and confirmed by analysis of
PLIN2 protein expression (Figure 2, B and C), lipid storage
was significantly more abundant into Caki1 cells, which
showed a significant down-regulation of the 36-kDa AnxA3
isoform with respect to A498 and HK2 cells (Figure 2, B
and D). Because of the low expression of 36-kDa AnxA3,
the 36/33 ratio in Caki1 cells (0.22 � 0.03) was inverted
with respect to HK2 and A498 cells, in which it was >1
(Figure 2E). The increased lipid storage matched with the
decrease of 36/33 ratio even in cell lines (Figure 2, C and E),
confirming the relation between lipid storage and the
AnxA3 isoform pattern observed in ccRCC primary
cultures.

Lipid Storage and AnxA3 Isoform Expression Pattern in
ccRCC Cell Lines after Adipogenic Treatment

To further characterize the relation between lipid storage
and the AnxA3 isoform expression pattern, the ccRCC
(A498 and Caki1) and normal tubular (HK2) cells were
grown for 8 days in adipogenic medium to induce lipid
storage. As shown by FACS analysis (Figure 3A), the adi-
pogenic treatment significantly affected the viability
(annexin V/propidium iodideenegative cells in bottom left
quadrant of each plot) of HK2 cells only (Figure 3B). For
2321
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Figure 4 Effect of 8 days of adipogenic treatment
(adipo) on lipid storage and annexin A3 (AnxA3) isoform
pattern of clear cell renal cell carcinoma (ccRCC) cell lines.
A: Representative fluorescence-activated cell sorting
(FACS) analysis of Bodipy fluorescence performed in A498
and Caki1 treated cells. B: Quantification by FACS of
Bodipy mean fluorescence intensity in A498 and Caki1
treated cells. Data expressed as percentage with respect to
cells cultured in control medium (100%). At least three
independent experiments were performed. C: Representa-
tive immunofluorescence images of A498 and Caki1
treated cells stained with Bodipy (green) and anti-
perilipin-2 (PLIN2) antibodies (red). Colocalization sig-
nals (yellow) are shown in merge panels. DAPI was used to
counterstain the nuclei in blue. D: Representative Western
blot analysis of PLIN2 and AnxA3 isoform proteins per-
formed in total homogenates of A498 and Caki1 treated
cells. b-Actin bands assessed loading. E: Densitometric
analysis of PLIN2 protein bands detected in total ho-
mogenates of A498 and Caki1 treated cells and normalized
for b actin band. Four independent experiments were
performed. F: Densitometric analysis of 36- and 33-kDa
AnxA3 bands detected in total homogenates of A498
and Caki1 treated cells and normalized for b actin bands.
Four independent experiments were performed. Data are
expressed as means � SEM (B, E, and F). *P < 0.05
(paired t-test); yP < 0.05 (one-way analysis of
variance analysis with post-hoc Tukey corrected t-test).
Scale bar Z 10 mm (C). PLIN2, perilipin 2.
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this reason, this cell line was not studied further.
Conversely, after 8 days of treatment, A498 and Caki1 cells
were stained with the lipid dye Bodipy 493/503 and
analyzed by FACS (Figure 4A), which revealed a significant
increase of lipid storage in treated Caki1 but not in A498
cells with respect to corresponding cells grown in control
medium (Figure 4B). These data were confirmed even by
PLIN2 immunofluorescence analysis performed in Bodipy-
stained A498 and Caki1 cells grown in control and adipo-
genic media (Figure 4C), and by PLIN2 Western blot per-
formed in the corresponding total homogenates (Figure 4D).
Notably, in Caki1 cells, the significant increase of lipid
storage observed after 8 days of adipogenic treatment
(Figure 4E) matched with a further, although not significant,
decrease of 36-kDa AnxA3 (Figure 4, D and F) and of 36/33
ratio from 0.22 to 0.14. Conversely, in A498 cells, 8 days of
adipogenic treatment neither significantly increased the lipid
2322
storage nor changed 36- and 33-kDa AnxA3 isoform
expression (Figure 4, DeF). These data suggest that the
overexpression of the 36-kDa AnxA3 isoform prevented a
significant increment of lipid storage in A498 cells after 8
days of adipogenic treatment.

36-kDa AnxA3 Knockdown in A498 Cells Enhances the
Lipid Storage Induced by Adipogenic Treatment

To prove that the 36-kDa AnxA3 acts as a negative regu-
lator of lipid storage in ccRCC cells, its expression was
specifically downregulated by siRNA in A498 cells in the
presence of control or adipogenic medium. The 36-kDa
AnxA3 protein level in A498 cells was 30% with respect to
control cells after 96 hours of specific silencing in adipo-
genic medium (Figure 5, A and B). The silencing of 36-kDa
AnxA3 isoform did not significantly affect the 33-kDa
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Effect of 36-kDa annexin A3 (AnxA3) silencing (siRNA AnxA3,
alias siRNA ANXA3) on lipid storage of A498 cells cultured for 96 hours in
adipogenic medium (adipo). A: Representative Western blot analysis of per-
ilipin-2 (PLIN2) and AnxA3 isoforms performed in total homogenates of A498
treated cells. b-Actin bands assessed loading. B: Densitometric analysis of 36-
and 33-kDa AnxA3 protein bands detected in total homogenates of A498
treated cells and normalized for b-actin bands. C: Densitometric analysis of
PLIN2 protein bands detected in total homogenates of A498 treated cells and
normalized for b-actin bands. Data expressed as means � SEM of three in-
dependent experiments (B and C). *P < 0.05 (paired t-test). Ctrl, control.

AnxA3 Modulates Lipid Storage in ccRCC
isoform expression (Figure 5, A and B) with consequent
decrease of 36/33 ratio. After 96 hours of adipogenic
treatment, 36-kDa AnxA3 knocked-down A498 cells
showed a significant increment of PLIN2 protein expression
The American Journal of Pathology - ajp.amjpathol.org
with respect to control siRNA-treated cells (Figure 5, A and
C). PLIN2 silencing in Caki1 cells cultured for 96 hours in
control or adipogenic medium did not affect AnxA3 isoform
expression (Supplemental Figure S1G), suggesting that the
modulation of AnxA3 isoform expression is PLIN2 inde-
pendent. These data suggest that the down-regulation of
36-kDa AnxA3 and of 36/33 ratio enhances the lipid storage
of ccRCC cells in response to adipogenic treatment.
Subcellular Distribution of AnxA3 Isoforms

To shed light on the mechanism by which AnxA3 modu-
lates lipid storage in ccRCC cells, its subcellular distribution
in normal cortex and ccRCC primary cultures was analyzed.
As shown by Western blot analysis, the characteristic dif-
ferential pattern of the two AnxA3 isoforms observed in
total homogenates of cortex and ccRCC cells (Figure 1B)
was maintained in corresponding purified nuclear-free
fractions (Figure 6A). The 36-kDa isoform was detectable
even in the purified nuclear fraction of normal cortex cells,
and the well-known phospholipid-binding property of
AnxA3 accounted for the bands of 36 and 33 kDa that were
observed in the purified membrane fraction of both cortex
and ccRCC cells (Figure 6A).

The distribution of AnxA3 in different membranous
subcellular structures of primary normal cortex and ccRCC
cells was also evaluated by immunofluorescence. The
AnxA3 signal, detected with an antibody that recognized
both isoforms, colocalized neither with mitochondrial
structures, stained with Mitotracker, nor with the cis-Golgi
marker 130 kDa cis-Golgi matrix protein (Figure 6B).
Moreover, the AnxA3 signal did not colocalize with the
lipid droplets visualized by Bodipy staining in ccRCC cells
(Figure 6B). Instead, a yellow colocalization signal between
AnxA3 and the early endosome marker early endosome
antigen 1 was detected in both cortex and ccRCC cells
(Figure 6B). The subcellular distribution of AnxA3 in the
endocytic compartment of the cells suggests that the AnxA3
interaction with the vesicular trafficking involved in lipid
droplet accumulation3,5,25,26 may represent a putative
mechanism of lipid storage modulation in ccRCC cells.
Discussion

This study used primary cell cultures, established from
ccRCC and normal cortex tissue samples, and human cell
lines to investigate the involvement of AnxA3 isoforms in
the lipid-laden clear cell morphology of ccRCC cells. Pre-
vious findings described AnxA3 to be a negative regulator
of adipocyte differentiation in adipose tissue,7 suggesting
the idea that AnxA3 may even modulate the storage of lipid
droplets responsible for the adipocyte-like phenotype of
ccRCC cells. Moreover, the gene expression profiling of
ccRCC tissue revealed an adipogenic signature in this
tumor.6
2323
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Figure 6 Subcellular distribution of annexin
A3 (AnxA3) isoforms in normal cortex and clear
cell renal cell carcinoma (ccRCC) primary cultures.
A: Representative Western blot analysis of AnxA3
isoforms performed in nuclear, nuclear-free, and
membrane fractions purified from matched cortex
(C) and ccRCC (T) primary cultures. a-Tubulin,
acetyl-histone H3, and Naþ/Kþ ATPase bands
assessed the quality of subcellular fractionation.
B: Immunofluorescence analysis of the AnxA3
protein distribution (in green or in red) in mito-
chondria (stained in red with Mitotracker), Golgi
apparatus (stained in green with antie130 kDa
cis-Golgi matrix protein antibody), lipid droplets
(stained in green with Bodipy), and early endo-
somes [stained in green with antieearly endosome
antigen 1 (EEA1) antibody] of normal cortex and
ccRCC cells. Boxed areas are shown at higher
magnification below. Colocalization signal (in
yellow) between AnxA3 and EEA1 is clear in the
corresponding enlarged insets. Scale bars Z 10
mm (B). EEA1, early endosome antigen 1; GM130,
golgin A2.

Bombelli et al
The ccRCC primary cultures in this study showed a
grade-dependent expression of the lipid droplet marker
PLIN2 and a prevalence of the 33-kDa versus the 36-kDa
AnxA3 isoform, as previously described for the cultures
obtained from different populations of patients.2,14 The
quantitative ratio between the 36- and 33-kDa AnxA3 iso-
forms (36/33 ratio) was lower in lipid-laden low-grade
ccRCC cultures with respect to high-grade cultures that
showed a less abundant lipid droplet content, as also pre-
viously shown.2 Moreover, the expression of PLIN2 in these
ccRCC cultures negatively correlated with the 36/33 ratio,
suggesting a molecular and functional link between the
AnxA3 isoform pattern and lipid storage in ccRCC cells. In
silico analysis of RNA-sequencing expression of a larger
collection of ccRCC tissue samples from TCGA KIRC tis-
sue data set confirmed these findings at transcript level and
proved the reliability of our primary cell culture model. The
36/33 ratio inversely matched with PLIN2-positive lipid
storage, even in ccRCC cell lines. The prevalence of the 36-
versus the 33-kDa AnxA3 isoform characterized HK2
normal tubular and A498 ccRCC cell lines, both HIF1a-
negative, whereas HIF1a-positive Caki1 ccRCC cells
showed a prevalence of the 33- versus the 36-kDa isoform.
2324
Notably, the up-regulation of the 36-kDa AnxA3 isoform
has been previously described not only in normal cortex
primary cultures but even in HIF1a-negative RCC,14 and
herein it was shown that PLIN2 expression was significantly
higher and 36/33 ratio lower in HIF1a-positive than in
HIF1a-negative ccRCC primary cultures. Therefore, the
differential HIF1a status described in Caki1 and A498
cells16 and in our ccRCC samples might justify their
different AnxA3 isoform pattern and consequently their
different lipid storage.
To better characterize the link between lipid storage and

AnxA3 isoform expression in ccRCC cells, the effect was
analyzed in our cell lines of the adipogenic medium
described by Tun et al,6 used in this study as inducer of lipid
storage. Herein, it was shown showed that 8 days of treat-
ment with adipogenic medium affected the viability of HK2
proximal tubular cell line, suggesting a toxic effect of this
medium in this cell type. Moreover, after 8 days of adipo-
genic treatment, a significant increment of lipid storage was
observed only in Caki1 ccRCC cells. In these cells, the
adipogenic treatment further reduced the already low
expression of 36-kDa AnxA3. Watanabe et al7 used a me-
dium with similar composition to induce the differentiation
ajp.amjpathol.org - The American Journal of Pathology
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of pre-adipocytes to adipocytes, observing a down-
regulation of AnxA3 expression as well. Otherwise, 8
days of adipogenic treatment did not induce a significant
increase of lipid storage and/or a down-regulation of 36-kDa
AnxA3 in A498 ccRCC cells, which highly expressed this
AnxA3 isoform. These data suggest that 36-kDa AnxA3
restricts the lipid storage induced by adipogenic treatment in
ccRCC cells. To validate this hypothesis, the 36-kDa
AnxA3 expression was specifically knocked down in
A498 cells in the presence of adipogenic medium with a
consequent decrease of the 36/33 ratio. A significant
increment of PLIN2 expression was observed in A498
silenced cells with respect to control cells after 96 hours of
adipogenic treatment. These data confirm that the 36-kDa
AnxA3 and a high 36/33 ratio in ccRCC cells negatively
modulate the response to adipogenic treatment and restrict
lipid storage.

To investigate the mechanism responsible for the 36-kDa
AnxA3-dependent modulation of lipid storage in ccRCC
cells, the subcellular distribution of the AnxA3 isoforms
was analyzed in normal cortex and ccRCC cells. The well-
known phospholipid-binding ability of annexin family
proteins27 explains the presence of AnxA3 isoform protein
bands not only in nuclear-free but also in purified membrane
fractions of normal and ccRCC cells. The protein band of
36-kDa AnxA3, highly abundant in normal cortex cells, was
detectable even in the nuclear fraction, where it may also be
bound to the nuclear membrane. The lack in the N-terminal
domain of the 33-kDa isoform of the tryptophan 5 residue
that is involved in membrane binding14,28 may justify, in
ccRCC cells, the absence of the 33-kDa band in the nuclear
fraction and the prevalence of the 36- versus 33-kDa band in
the purified membrane fraction. An AnxA3 signal was
detected in cytoplasmic and membrane fractions even in
hepatocellular carcinoma cells cultured in medium supple-
mented with recombinant AnxA3 protein. In these cells, the
recombinant exogenous protein was internalized through a
caveolin1-dependent endocytic pathway.10 The colocaliza-
tion of AnxA3 and early endosome antigen 1 signals in our
normal cortex and ccRCC primary culture cells proves that
even endogenous AnxA3, in particular the 36-kDa isoform,
which is well represented in membrane fractions, localized
to the endocytic compartment. Otherwise, the endocytic
uptake of exogenous lipids, through the caveolin1-
dependent endocytosis, is involved in lipid storage during
adipocyte differentiation,5 in which the caveolin1 expres-
sion is strongly up-regulated,29 as well as in ccRCC cells.30

In addition, an involvement of the endocytic uptake of
neutral lipid-rich lipoproteins, mediated by the HIF1-
dependent up-regulation of very-low-density lipoprotein
receptor, has been also described in ccRCC cells.3,4,31

Therefore, the subcellular distribution of 36-kDa AnxA3
in the endocytic compartment suggests that it may nega-
tively modulate lipid storage in ccRCC cells by interfering
with the vesicular trafficking involved in lipid uptake and
accumulation. In ccRCC cells that show low 36-kDa AnxA3
The American Journal of Pathology - ajp.amjpathol.org
expression and 36/33 ratio, the reduced interference of
AnxA3 with the endocytic-dependent uptake and storage of
exogenous lipids might explain the abundant lipid
accumulation.

The demonstration that 36-kDa AnxA3 negatively regu-
lates lipid storage in ccRCC might have translational out-
comes as well. In fact, lipid storage has been described to
promote endoplasmic reticulum homeostasis and tumor cell
survival in ccRCC.32 The delivery of exogenous 36-kDa
AnxA3 protein and its internalization by caveolin1-
dependent endocytosis into ccRCC cells might affect their
survival by interfering with lipid uptake and storage.
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