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Abstract

Prostate cancer chemoprevention by sulforaphane (SFN), which is a metabolic by-product of 

glucoraphanin found in broccoli, in preclinical models is associated with induction of both 

apoptosis and autophagy. However, the molecular mechanism underlying SFN-mediated 

autophagy, which is protective against apoptotic cell death by this phytochemical, is still poorly 

understood. The present study demonstrates a role for lysosome-associated membrane protein 2 

(LAMP2) in SFN-mediated autophagy and apoptosis. Western blotting revealed dose-dependent 

induction of LAMP2 protein after treatment with SFN as well as its naturally-occurring analogs in 

PC-3 and 22Rv1 human prostate cancer cell lines that was confirmed by microscopy (SFN). The 

mRNA level of LAMP2 was also increased upon treatment with SFN in both cell lines. SFN-

mediated increase in the level of autophagy marker microtubule-associated protein light-chain 3B 

(LC3BII) was augmented by RNA interference of LAMP2 in PC-3 and 22Rv1 cells. Apoptosis 

induction by SFN treatment was also increased significantly by knockdown of the LAMP2 protein 

in PC-3 and 22Rv1 cells. Augmentation of SFN-mediated apoptosis by RNA interference of 

LAMP2 was accompanied by induction and activation of pro-apoptotic protein Bak. Oral 

administration of SFN to TRAMP mice also resulted in induction of LAMP2 protein expression. 

Targeted microarray in SFN-treated PC-3 cells revealed induction of many autophagy-related 

genes (e.g., HSP90AA1, NRF2, etc.) and their expression positively correlated with that of 

LAMP2 in prostate cancer TCGA. In conclusion, the present study reveals that induction of 

LAMP2 by SFN inhibits its ability to induce apoptotic cell death at least in human prostate cancer 

cells.
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Introduction

Prostate cancer is a leading cause of cancer-related fatality in American men (1). 

Chemoprevention is conceptually attractive for reducing the death and suffering from 

prostate cancer, but a clinically acceptable intervention for this purpose is still lacking. For 

example, the likelihood of prostate cancer chemoprevention was not illustrated by large 

clinical trials of 5α-reductase inhibitors (finasteride or dutasteride) or selenium plus vitamin 

E combination regimen (2–4). At the same time, naturally-occurring small molecules 

isolated from dietary sources (e.g., broccoli and other cruciferous vegetables) or medicinal 

plants continue to be investigated for chemoprevention of different cancers including 

malignancy of the prostate (5–7). Sulforaphane (SFN), a metabolic by-product of a 

glucosinolate (glucoraphanin) that is abundant in broccoli sprouts, has received wide 

attention for chemoprevention of prostate and other cancers (8). Preclinical research to 

determine the mechanisms of cancer chemoprevention by SFN was sparked by 

epidemiological studies that suggested a possible reduction in prostate cancer risk with 

increased dietary intake of broccoli and other cruciferous vegetables (9–11). In one such 

epidemiological study, intake of cruciferous vegetables as well as broccoli was associated 

with decreased prostate cancer risk (11).

Both human prostate cancer cell lines and rodent models (xenograft and transgenic mouse 

models) have been utilized to demonstrate inhibitory effect of SFN on prostate cancer 

growth in vitro and in vivo (8). Survival of LNCaP and PC-3 human prostate cancer cell 

lines was inhibited significantly by SFN treatment in vitro in association with apoptosis 

induction (12–14). Interestingly, a normal human prostate epithelial cell line PrEC was 

insensitive to apoptosis induction by SFN (14). Mouse models of prostate cancer have been 

used to evaluate the in vivo anticancer activity of SFN and broccoli sprout (13,15,16). Our 

own group showed that oral administration of SFN [5.6 μmol SFN in 0.1 mL of phosphate-

buffered saline (PBS), 3 times/week] inhibited the growth of PC-3 human prostate cancer 

cell line subcutaneously implanted in male athymic mice by >50% without any side effects 

(13). We showed further that oral administration of 6 μmol SFN 3 times/week significantly 

inhibited prostate carcinogenesis in TRAMP mice (15). The incidence and multiplicity of 

pulmonary metastasis in the TRAMP model was also decreased upon SFN administration 

when compared to control mice (15). Prevention of prostate cancer in TRAMP mice has also 

been demonstrated by dietary feeding of broccoli sprout (16).

Our laboratory was the first to demonstrate autophagy induction by SFN in PC-3 and 

LNCaP human prostate cancer cell lines in vitro (17). We also found that SFN-mediated 

autophagy represented a defense mechanism against apoptotic cell death by this 

phytochemical (17). Because apoptotic cell death constitutes an important mechanism in 

anticancer effect of SFN (8,12–14), we hypothesized that in vivo prostate cancer 

chemoprevention by SFN may be amenable to augmentation by autophagy inhibition. 

Indeed, the incidence of poorly differentiated prostate cancer was decreased significantly 

upon treatment of TRAMP mice with SFN plus an autophagy inhibitor (chloroquine) when 

compared to control mice (18).
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In this study, we examined potential contribution of lysosome-associated membrane protein 

2 (LAMP2) in autophagy and apoptosis induction by SFN. The rationale for investigating 

potential impact of LAMP2 on anticancer activity of SFN stemmed from the following 

observations: (a) the expression of LAMP2 was suggested to be a prognostic factor in 

prostate cancer (19), and (b) because of its localization to the lysosomal membrane, which is 

a critical cellular component in the autophagic machinery (20), the LAMP2 has been 

implicated in regulation of autophagy in the context of prostate and other cancers (21,22). 

For example, up-regulated expression of LAMP2 and autophagy induction was linked to 

neuroendocrine differentiation in a human prostate cancer cell line (21). LAMP2A 

overexpression in breast cancer cells was suggested to promote their survival (23). 

Moreover, LAMP2A deficiency in breast cancer cells enhanced their sensitivity to a 

clinically used drug doxorubicin (23). Another study demonstrated that LAMP2A was 

required for hepatocellular carcinoma xenograft growth by overcoming apoptosis (24). A 

microRNA (miR-487b-5p) was shown to regulate temozolomide resistance in lung cancer 

cells involving LAMP2-mediated autophagy (25). Interestingly, LAMP2A knockdown by 

small-hairpin RNA (shRNA) transfection prevented activation of tumor-associated 

macrophages as well as tumor growth (26). Collectively, these studies implicate LAMP2 in 

prostate and other cancer types (21–26).

Materials and Methods

Ethics statement

Mouse study to determine the chemopreventive efficacy of oral SFN administration in 

TRAMP mice (18) was approved by the Institutional Animal Care and Use Committee. 

Prostate adenocarcinoma sections from control and SFN-treated mice from this study were 

used for immunohistochemical analysis of LAMP2 expression.

Reagents

SFN and its naturally-occurring analogs, including thio-derivatives (iberverin, erucin, and 

berteroin), sulfinyl-derivatives (iberin and alyssin), and sulfonyl-derivatives (cheirolin, 

erysolin, and alyssin sulfone) were purchased from LKT Laboratories (St. Paul, MN), 

whereas 4′,6-diamidino-2-phenylindole (DAPI) was purchased from Sigma-Aldrich (St. 

Louis, MO). Stock solutions of SFN and its analogs were prepared in dimethyl sulfoxide 

(DMSO) and diluted with complete media immediately before use. An equal volume of 

DMSO (final concentration, 0.03%) was added to controls. Enzalutamide (ENZ) was 

purchased from Selleckchem (Houston, TX). LysoTracker Green, Mitotracker Red, Alexa 

Fluor 568 goat anti-mouse antibody, Alexa Fluor 488 goat anti-rabbit antibody, and Alexa 

Fluor 568 goat anti-rabbit antibody were purchased from Invitrogen-Life Technologies 

(Carlsbad, CA). Annexin V-FITC/propidium iodide (PI) Apoptosis Detection kit was 

purchased from BD Biosciences (San Diego, CA). Anti-β-Actin antibody was from Sigma-

Aldrich; antibodies against LAMP2 for immunoblotting and immunocytochemistry were 

from Abcam (Cambridge, MA); an antibody against LAMP2 for immunohistochemistry was 

from LSBio (Seattle, WA); anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

antibody was from GeneTex (Irvine, CA); antibodies against LC3B, UV radiation resistance 

associated (UVRAG), nuclear factor erythroid 2-related factor 2 (NRF2), and Bcl-2 were 
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from Cell Signaling Technology (Danvers, MA); anti-LC3 antibody for 

immunocytochemistry was from MBL International (Woburn, MA); antibodies against Bcl-

xL, Bak, heat shock protein (HSP) 90AA1, HSPA8, nuclear factor κB (NFκB) p50 subunit, 

and Bax were from Santa Cruz Biotechnology (Dallas, TX); anti-active Bax (clone 6A7) 

antibody for immunocytochemistry was from BD Pharmingen (San Diego, CA); anti-Bak 

(Ab-1) antibody for immunocytochemistry was from Millipore (Burlington, MA). The 

LAMP2-targeted shRNA was obtained from Santa Cruz Biotechnology, whereas a non-

specific control shRNA was from Qiagen (Valencia, CA).

Cell lines

The PC-3 and 22Rν1 cells were obtained from the American Type Culture Collection 

(Manassas, VA). PC-3 cells were cultured in F-12K nutrient mixture (Kaighn’s 

modification) supplemented with 10% fetal bovine serum and antibiotic mixture. Growth 

medium for 22Rv1 cells was RPMI 1640 supplemented with 10% fetal bovine serum, 10 

mmol/L HEPES, 1 mmol/L sodium pyruvate, 2.5 g/L glucose, and antibiotic mixture. These 

cell lines were last authenticated by us in March of 2017. PC-3 and 22Rv1 cells stably 

transfected with control shRNA or LAMP2-targeted shRNA were cultured in growth media 

in the presence of 1 μg/mL of puromycin.

Determination of cell viability

PC-3 (5×104 cells) and 22Rv1 cells (1.5×105 cells) were plated in 12-well plates in triplicate 

and then treated with DMSO or SFN or enzalutamide (ENZ) for specified time points. 

Harvested cells were mixed with trypan blue solution and viable cells were counted under an 

inverted microscope.

Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA from control and SFN-treated cells was isolated using RNeasy kit from Qiagen. 

The cDNA was synthesized and reverse transcribed using oligo(dT)20 primer and 

SuperScript III Reverse Transcriptase. The PCR was performed using SYBR™ Green PCR 

Master Mix (Thermo Fisher Scientific). PCR primers and the amplification conditions were 

as follows: LAMP2 forward: 5’-TGGTGTTGCAGCTGTTGTTG-3’; LAMP2 reverse: 5’-

CGTAAGCAATCACTATAACGATAATCAA-3’; GAPDH forward: 5’-

GGACCTGACCTGCCGTCTAGAA-3’; GAPDH reverse: 5’-

GGTGTCGCTGTTGAAGTCAGAG-3’; 95ºC for 5 minutes followed by 40 cycles of 95ºC 

for 30 seconds, 60ºC for 1 minute, and 72ºC for 30 seconds.

Western blotting

Cells (7~7.5×105 cells/10-cm dish for PC-3 and 2×106 cells/10-cm dish for 22Rv1) were 

treated with DMSO (control) or the indicated doses of SFN or its analogs for specified time 

periods, and both floating and attached cells were collected. Cells were lysed as described 

by us previously (27). Other details of immunoblotting have been described by us previously 

(27). Immunoreactive bands were visualized by Chemiluminescence method. The blots were 

stripped and re-probed with anti-β-Actin or anti-GAPDH antibody to correct for differences 
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in protein loading. Change in protein level was determined by densitometric scanning of the 

immunoreactive band and corrected for the loading control.

Immunocytochemical analysis

Cells (5×104 cells for PC-3 and 1×105 cells for 22Rv1) were plated on coverslips in 12-well 

plates, allowed to attach for overnight, and then exposed to DMSO (control) or SFN for 

specified time points. Cells were incubated with MitoTracker or Lysotracker (Lyso) to stain 

mitochondria or lysosomes for 15 or 30 minutes, respectively. Cells were then fixed, 

permeabilized, blocked with 0.5% bovine serum albumin and 0.15% glycine in PBS for 1 

hour, and incubated with appropriate primary antibody (LAMP2, LC3, Bax, and Bak) 

overnight at 4°C. Cells were further incubated with Alexa Fluor 568-conjugated secondary 

antibody or Alexa Fluor 488-conjugated secondary antibody for 1 hour at room temperature. 

Subsequently, the cells were incubated with DAPI to stain nucleus, and then mounted. 

Images were captured using a fluorescence or confocal microscope.

Determination of apoptosis

Apoptosis induction was assessed by quantitation of histone-associated DNA fragment 

release into the cytosol using an ELISA kit from Roche Applied Sciences (Indianapolis, IN) 

or by flow cytometry using Annexin V/propidium iodide (PI) Apoptosis Detection kit. 

Quantitation of histone-associated DNA fragment release into the cytosol was performed 

according to the manufacturer’s instructions. For quantitation of apoptosis by flow 

cytometry, cells were treated with DMSO or SFN for 24 hours. Cells were harvested and 

washed with PBS. Cells were suspended in binding buffer and stained with Annexin V and 

PI for 15 minutes at room temperature in the dark. Samples were then diluted with binding 

buffer. Stained cells were analyzed using Coulter Epics XL or Accuri C6 Flow Cytometer.

Immunohistochemistry

Archived prostate adenocarcinoma sections from our previous study (18) were de-

paraffinized, hydrated, and immersed in boiling citrate retrieval buffer solution (pH 6.0) for 

30 minutes followed by treatment with 0.3% hydrogen peroxide in 100% methanol for 20 

minutes at room temperature. Sections were exposed to PBS consisting of 5% normal goat 

serum and 0.1% Triton X-100 for 24 hours at 4°C followed by incubation with LAMP2 

antibody for 72 hours in humidified chambers at 4°C. Sections were washed with PBS, 

incubated with horseradish peroxidase-conjugated secondary antibody for 2 hours at room 

temperature, incubated with 3,3’-diaminobenzidine tetrahydrochloride for 10 minutes, and 

then counterstained with hematoxylin. Stained sections were examined under Leica 

microscope at ×200 magnification. At least 6 non-overlapping and non-necrotic regions 

were captured from each section and analyzed using Aperio ImageScope software (positive 

pixel count V9 algorithm) to quantitate H-score as described previously by us (28,29).

Human autophagy RT2 Profiler™ polymerase chain reaction (PCR) array

PC-3 cells treated with DMSO or SFN (40 μmol/L) for 6 or 9 hours were harvested by 

trypsinization and total RNA was extracted using the RNeasy® Mini kit (Qiagen) following 

the instructions provided by the manufacturer. Reverse transcription was performed using 
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2~3 μg of total RNA and RT2 First-Strand kit (SABiosciences-Qiagen) following the 

supplier’s protocol. The mixtures of cDNA and RT2 SYBR® Green ROX™ qPCR 

Mastermix were prepared immediately before the real-time PCR. Real-time PCR was 

performed in two-step cycling program using an ABI 7700. The amplification conditions 

were as follows: 10 minutes at 95°C followed by 40 cycles of 15 seconds at 95°C and 1 

minute at 60°C. The data were analyzed using the web-based software provided by the 

manufacturer. The threshold cycles were calculated and the genes with values above 35 were 

considered undetected. The cut-off was ± 1.5-fold change in gene expression and P < 0.05.

Analysis of The Human Genome Atlas (TCGA) data

The University of California Santa Cruz Xena Browser (http://xena.ucsc.edu/public-hubs/) 

was used to analyze prostate cancer TCGA RNA-Seq data to determine the correlation 

between expression of LAMP2 and that of genes associated with autophagy.

Statistical analysis

All data were analyzed using the Prism 8 (version 8.0.0.224) of the GraphPad Software (San 

Diego, CA). Statistical methods used in this study were analysis of variance (ANOVA) 

followed by Dunnett’s or Bonferroni’s multiple comparison test or unpaired t test. P < 0.05 

was considered statistically significant. For gene correlation evaluation, Pearson correlation 

analysis was used.

Results

SFN treatment increased mRNA and proteins levels of LAMP2 in prostate cancer cells

Initially, we determined the effect of SFN treatment (structure of SFN is shown in Fig. 1A) 

on viability of PC-3 and 22Rv1 cells by trypan blue dye exclusion assay (Fig. 1B). The 

viability of both cell lines was decreased dose-dependently by SFN treatment. As can be 

seen in Fig. 1C, exposure of PC-3 and 22Rv1 cells to SFN resulted in induction of LAMP2 
mRNA expression as revealed by qRT-PCR. We next tested whether SFN-mediated 

induction of LAMP2 mRNA was accompanied by an increase in its protein level. Western 

blotting revealed induction of LAMP2 protein expression upon SFN exposure in both PC-3 

and 22Rv1 cells that was evident as early as 3-hour post-treatment but most pronounced at 

10 and 20 μmol/L concentrations (Fig. 1D). Consistent with western blotting data, level of 

LAMP2 protein was very low in DMSO-treated control PC-3 and 22Rv1 cells (Fig. 1E) but 

its expression increased dose-dependently upon SFN treatment in both cell lines (Fig. 1E). 

Collectively, these results indicated induction of mRNA and protein levels of LAMP2 in 

SFN-treated PC-3 and 22Rv1 cells when compared to solvent-treated control cells.

Treatment with SFN analogs resulted in induction of LAMP2 protein

SFN belongs to the sulfur-containing family of isothiocyanates. We next raised the question 

of whether SFN-mediated induction of LAMP2 protein was unique to this agent. Structures 

of thio-derivatives (iberverin, erucin, and berteroin), sulfinyl-derivatives (iberin and alyssin), 

and sulfonyl-derivatives (cheirolin, erysolin, and alyssin sulfone) of SFN are shown in Fig. 

2A. Treatment of PC-3 and 22Rv1 cells with each tested analogue resulted in some level of 

induction of LAMP2 protein expression except for Alyssin in 22Rv1 cells (Fig. 2B). 
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Generally, the order of induction potency was sulfonyl-derivatives > sulfinyl-derivatives > 

thio-derivatives. These results indicated that the oxidation state of the sulfur affected 

LAMP2 induction potency of the SFN analogues. We focused on SFN itself for further 

investigation because this isothiocyanate is most well-characterized and has been tested 

clinically (8,30).

It is interesting to note that PC-3 and 22Rv1 cells exhibit differential response to LAMP2 

induction upon treatment with Alyssin, which is a methylsulfinyl-pentyl analog of SFN. 

Alyssin is a potent inducer of LAMP2 protein expression in PC-3 cells but no such induction 

was evident in 22Rv1 cells (Fig. 2B). Without detailed investigation, it is difficult to 

speculate on the molecular basis for this cell line-specific discrepancy, but it could be 

attributable to genetic differences between PC-3 and 22Rv1 cells. For example, PC-3 cells 

lack androgen receptor (AR) as well as phosphatase and tensin homolog (PTEN) whereas 

22Rv1 cells have wild-type PTEN but mutant AR. Additional work is necessary to 

determine whether LAMP2 induction potency of Alyssin is affected by AR and/or PTEN 

status or related to other unknown mechanism(s).

SFN increased anticancer activity of ENZ

We explored the possibility of whether anticancer effect of AR antagonist ENZ was affected 

by SFN. Because PC-3 cells lack AR expression, only 22Rv1 cells were used for this 

experiment. Viability of 22Rv1 cells was decreased significantly upon treatment with SFN 

as well as ENZ when used singly (Fig. 2C). Moreover, the anticancer activity of ENZ was 

increased significantly by co-treatment with SFN when compared to SFN alone (Fig. 2C).

SFN-mediated increase in LC3BII protein level was augmented by LAMP2 knockdown

The level of LAMP2 protein was decreased by 60% upon stable transfection of PC-3 and 

22Rv1 cells with a LAMP2-targeted shRNA (Fig. 3A). Consistent with the results of our 

prior publication (17), SFN treatment increased the protein level of autophagy biomarker 

LC3BII in both cell lines (Fig. 3A). Interestingly, the increase in LC3BII protein level 

resulting from SFN treatment was augmented by knockdown of the LAMP2 protein (Fig. 

3A). We confirmed these results by confocal microscopy. Representative images for LAMP2 

(red fluorescence) and LC3 (green fluorescence) in DMSO-treated control and SFN-treated 

PC-3 and 22Rv1 cells are shown in Fig. 3B and Fig. 3C, respectively. Merging of the red 

and green fluorescence leading to yellow-orange color indicated possible co-localization of 

these proteins in DMSO-treated control cells. The intensity of co-staining was increased 

further after treatment with SFN (Fig. 3B, C). Consistent with the results of western blotting 

(Fig. 3A), the increase in LC3BII protein level resulting from exposure of cells to SFN was 

boosted even further after LAMP2 protein knockdown (Fig. 3B, C). These results indicated 

an increase in the level of autophagy marker LC3BII by SFN treatment and LAMP2 

knockdown.

The confocal microscopy data (Fig. 3B, C) suggests colocalization of LC3 and LAMP2 

proteins that was diminished by knockdown of LAMP2 protein. Expression of LC3 and 

LAMP2A proteins has also been examined in normal human prostate and prostate 

adenocarcinoma (31). These authors showed intense staining for LAMP2A but less intense 
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staining for LC3 with poor co-localization in normal prostate gland (31). The expression of 

these proteins was variable in prostate adenocarcinoma ranging from intense expression of 

LC3 and LAMP2A and intense co-localization to intense expression of LAMP2A but poor 

LC3 expression or intense expression of LC3 but poor expression of LAMP2A (31).

LAMP2 knockdown augmented SFN-induced apoptosis

SFN treatment resulted in dose-dependent apoptosis in control shRNA transfected PC-3 and 

22Rv1 cells when compared to respective DMSO-treated control cells as revealed by DNA 

fragmentation assay (Fig. 4A). The DNA fragmentation resulting from SFN treatment was 

further boosted by depletion of the LAMP2 protein by shRNA transfection (Fig. 4A). We 

confirmed these results by flow cytometric quantitation of apoptotic cells (Fig. 4B). The 

fraction of apoptotic cells was highest in the SFN-treated LAMP2 shRNA transfected cells 

(Fig. 4C). Moreover, the apoptotic population following SFN treatment in cells transfected 

with LAMP2-targeted shRNA was significantly higher than those in control shRNA 

transfected cells (Fig. 4C). These results indicated that induction of LAMP2 protein 

expression by treatment with SFN attenuated its pro-apoptotic activity.

Bak activation by SFN was augmented by LAMP2 knockdown

We have shown previously that Bax and Bak proteins are essential for SFN-mediated 

apoptosis (14). We raised the question of whether augmentation of SFN-induced apoptosis 

by LAMP2 deficiency was related to Bax and/or Bak proteins. Fig. 5A shows 

immunocytochemical staining for active Bax and active Bak in PC-3 cells. SFN treatment 

increased the immunostaining for active Bak, but not active Bax, in control shRNA 

transfected cells (Fig. 5A). The SFN-mediated increase in the staining for active Bak was 

increased even further after LAMP2 knockdown (Fig. 5A). The effect of SFN treatment 

and/or LAMP2 knockdown was also determined on levels of other apoptosis regulation 

proteins. Consistent with the results of our prior work (13), SFN treatment caused a decrease 

(about 80% decrease) in protein level of anti-apoptotic Bcl-2 protein in control shRNA 

transfected cells that was slightly reversed by LAMP2 knockdown (Fig. 5B). Interestingly, 

LAMP2 knockdown alone caused induction of Bcl-2, Bcl-xL, and Bak proteins, but 

suppression of Bax protein expression (Fig. 5B). Strikingly, maximum level of Bak protein 

was observed in the SFN plus LAMP2 knockdown group (Fig. 5B) that likely explains the 

maximum apoptosis seen in this group (Fig. 4).

SFN administration to TRAMP mice resulted in induction of LAMP2 protein expression in 
prostate adenocarcinoma

Fig. 5C shows immunohistochemical staining for LAMP2 protein in representative prostate 

adenocarcinoma sections of control and SFN-treated TRAMP mice. Consistent with the 

results in human prostate cancer cell lines (Fig. 1D, E), the staining for LAMP2 protein was 

very weak in the prostate adenocarcinoma sections of control TRAMP mice. On the other 

hand, SFN administration resulted in a significant increase in protein level of LAMP2 as 

evidenced by the quantitation of immunohistochemical staining (Fig. 5D). These results 

provided in vivo evidence for induction of LAMP2 protein expression in prostate cancer 

cells by SFN treatment.
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Analysis of LAMP2 expression in prostate cancer TCGA dataset

Previous studies have suggested a prognostic value of LAMP2 expression in prostate cancer 

(19). Therefore, it was of interest to further examine the association of LAMP2 expression in 

prostate cancer using RNA-Seq data from TCGA. The expression of LAMP2 was not 

significantly different between normal human prostate and prostate adenocarcinoma 

(Supplementary Fig. S1A). Likewise, there was no correlation between Gleason score and 

expression of LAMP2 (Supplementary Fig. S1B). These results indicated that the expression 

of LAMP2 itself was not altered in human prostate adenocarcinoma at least based on 

prostate cancer TCGA RNA-Seq data.

Targeted microarray for determination of the effect of SFN on expression of genes related 
to autophagy in PC-3 cells

Next, we performed targeted microarray for autophagy regulation genes using PC-3 cells 

treated with SFN for 6 or 9 hours and DMSO-treated control cells. The Venn diagram in Fig. 

6A shows unique and overlapping gene expression changes following SFN treatment 

compared to DMSO-treated control cells. The up-regulated and down-regulated genes upon 

SFN treatment are specified in Fig. 6B. The SFN-mediated gene expression changes that 

were consistent at both 6 and 9 hour-time points (a total of 13 genes) are specified in bold in 

Fig. 6B. The common up-regulated genes after 6 and 9-hour treatment with SFN included 

HSP90AA1, MAP1LC3B, MAP1LC3A, EIF2AK3, HSPA8, and UVRAG. The common 

down-regulated genes in SFN-treated PC-3 cells at both time points were ATG4C, FAS, 

PTEN, ATG10, PRKAA1, TP53, and NFKB1. Interestingly, analysis of the prostate cancer 

TCGA revealed a significant positive correlation between expression of LAMP2 with that of 

HSP90AA1, MAP1LC3B, and HSPA8 (Supplementary Fig. S2). Transcription factor NRF2, 

which is a well-known target of SFN-mediated chemoprevention (32), has been shown to 

regulate chaperone-mediated autophagy involving LAMP2A (33). The expression of NRF2 
was also positively associated with that of LAMP2 in prostate cancer TCGA 

(Supplementary Fig. S2). Finally, we have shown previously that Bax and Bak proteins play 

critical role in apoptosis induction by SFN (14). In this study, we show activation and 

induction of Bak by SFN treatment that was increased even further by LAMP2 knockdown 

(Fig. 5A, B). Analysis of the prostate cancer RNA-Seq data revealed a significant inverse 

association between expression of LAMP2 with that of Bak and Bax as shown in 

Supplementary Fig. S2.

Immunoblotting for multiple proteins was performed to determine whether SFN-mediated 

gene expression changes resulted in alteration of respective protein levels. The level of 

HSP90AA1 protein, which plays an important role in autophagy and it is a therapeutic target 

in cancer (34), was increased after SFN treatment for 6 hours in control shRNA transfected 

cells but this response was abolished in LAMP2 shRNA cells (Fig. 6C). The level of HSPA8 

protein was not affected by SFN treatment or LAMP2 knockdown. Consistent with gene 

expression data, SFN treatment resulted in induction of UVRAG protein, which is another 

key regulator of autophagy (35), in control shRNA cells that was increased even further after 

LAMP2 knockdown (Fig. 6C). Consistent with published literature (36), SFN treatment 

downregulated NFκB p50 subunit level in control shRNA cells that was either partly 

reversed at 6-hour time point (Fig. 6C). Finally, SFN-mediated induction of NRF2 protein 
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was partially attenuated after LAMP2 knockdown especially at the 6-hour time point 

(Supplementary Fig. S3). However, further work is necessary to determine the contribution 

of these proteins in autophagy and apoptosis regulation by SFN.

Because GAPDH was used as a loading control in some immunoblotting experiments (Fig. 

2B, 5B), we tested the possibility of whether SFN treatment affected its expression. As 

shown in Fig. 6C, expression of GAPDH was not affected by SFN treatment in control 

shRNA or LAMP2 shRNA cells.

Discussion

SFN belongs to the isothiocyanate family of naturally-occurring phytochemicals that are 

abundant as their respective glucosinolate precursors in various cruciferous vegetables like 

cabbage, watercress, broccoli, mustard, and so forth. Even though prostate cancer 

chemoprevention has also been demonstrated by an aromatic class of isothiocyanate 

[phenethyl isothiocyanate (PEITC) from watercress], there are striking differences in 

underlying mechanisms for SFN and PEITC. SFN treatment inhibits the incidence of early-

stage [prostatic intraepithelial neoplasia (PIN) and well-differentiated prostate cancer)] in 

TRAMP mice, whereas the incidence of only poorly-differentiated prostate adenocarcinoma 

is suppressed significantly by dietary administration of PEITC in the same mouse model 

(15,28). Even though PEITC administration results in autophagy induction in vivo (37), the 

results of in vitro studies on PEITC are strikingly different from that of SFN (17,37). Unlike 

SFN, the PEITC-mediated apoptotic DNA fragmentation is significantly attenuated by 

pharmacologic inhibition of autophagy using 3-methyladenine, and these results were 

confirmed by RNA interference of autophagy regulator Atg5 (17,37). Together, these results 

suggest that the interplay between autophagy and apoptosis is complex and may be context-

dependent for isothiocyanate family of cancer chemopreventive agents.

The results of the present study indicate that SFN treatment increases mRNA and protein 

levels of LAMP2 in vitro in cultured human prostate cancer cells. Naturally-occurring 

analogs of SFN are also potent inducers of LAMP2 protein expression although some 

structure-activity relationship is evident with regards to their LAMP2 induction potency. The 

prostate cancer chemoprevention by SFN administration in TRAMP mice is also associated 

with in vivo induction of the LAMP2 protein expression in the prostate adenocarcinoma. 

The LAMP2 induction by SFN is functionally relevant as knockdown of LAMP2 augments 

apoptosis induction by SFN. These results indicate that prostate cancer chemoprevention by 

SFN can be further enhanced by a combination regimen involving LAMP2 inhibitor. Further 

work is necessary to explore this combination in vivo using TRAMP or other transgenic 

mouse models of prostate cancer.

Ultimately the autophagic degradation process takes place in lysosome where LAMP2 is 

localized and maintains lysosomal stability. Therefore, loss of lysosomal activity in part 

resulting from LAMP2 knockdown could inhibit autophagy flux leading to failure in 

autophagic degradation. Other autophagy inhibitors such as Bafilomycin A1 and 

chloroquine also exhibit the same pattern as LAMP2 knockdown.
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Both Bax and Bak proteins seem essential for apoptosis induction by SFN based on in vitro 
results using immortalized mouse embryonic fibroblasts (MEF) form Bax and/or Bak 

knockout mice (14). The MEF from Bax or Bak knockout mice are resistant to apoptotic cell 

death by SFN, and the MEF derived from Bax and Bak double knockout mice exhibit even 

greater protection against SFN-induced cytochrome c release, caspase activation, and 

apoptosis compared with wild-type or single knockout cells (14). The results of the present 

study implicate Bak in potentiation of SFN-induced apoptosis by LAMP2 knockdown. It is 

interesting to note that LAMP2 knockdown alone results in induction of not only Bak but 

also anti-apoptotic proteins Bcl-2 and Bcl-xL, which may explain lack of any appreciable 

effect of LAMP2 knockdown alone on apoptosis.

Analysis of the LAMP2 expression in 50 prostate cancer specimens and adjacent normal 

tissues from same subjects as well as the same number of benign prostatic hyperplasia 

revealed suppression of its level in prostate cancer when compared to other two groups (19). 

Another group showed up-regulation of LAMP2 expression in LNCaP cells conditioned for 

neuroendocrine differentiation by culture in serum-free medium for 6 days (21). The 

neuroendocrine prostate cancer is highly aggressive and associated with poor prognosis 

(38,39). The LAMP2 induction after neuroendocrine differentiation in LNCaP cells was 

associated with increased levels of autophagy marker LC3 (21). Analysis of the TCGA did 

not indicate up-regulation or suppression of the LAMP2 gene expression. Further studies are 

needed to determine whether up-regulation of LAMP2 is unique to neuroendocrine prostate 

cancers.

Previous published studies have revealed SFN-mediated sensitization of prostate cancer cells 

to cisplatin (40). SFN was also shown to decrease nephrotoxicity from cisplatin (41). We 

have shown previously that SFN is a potent inhibitor of AR in prostate cancer cells (42). We 

therefore tested the possibility of sensitization of prostate cancer cells to AR antagonist 

ENZ. Indeed, we found an increase in cytotoxicity in 22Rv1 cells by SFN + ENZ 

combination when compared to single agent treatment. However, in vivo validation of these 

findings in preclinical models (xenograft or transgenic mouse models) is necessary for 

clinical translation of the SFN + ENZ combination regimen.

In conclusion, the present study identifies LAMP2 protein induction as an undesirable 

pharmacological effect of SFN with regards to its pro-apoptotic effect, and consequently 

chemopreventive activity at least in prostate cancer cells. We propose that prostate cancer 

chemoprevention by SFN may be augmented by a combination regimen using chemical 

inhibition of LAMP2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
SFN treatment induces LAMP2 expression in human prostate cancer cells. A, Chemical 

structure of SFN. B, Viability of PC-3 and 22Rv1 cells after 24-hour of treatment with 

DMSO or the indicated doses of SFN. Results shown are mean ± SD (n=3). Experiment was 

repeated with comparable results. *Statistically significant compared with DMSO-treated 

control by one-way ANOVA with Dunnett’s adjustment (P<0.05). C, qRT-PCR analysis for 

LAMP2 mRNA level in PC-3 and 22Rv1 cells treated with DMSO or the indicated doses of 

SFN for 6 hours. Results shown are mean ± SD (n=3). *Statistically significant compared 
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with DMSO-treated control by one-way ANOVA with Dunnett’s adjustment (P<0.05). 

Experiment was repeated with comparable results. D, Immunoblotting for LAMP2 and β-

Actin proteins using lysates from PC-3 and 22Rv1 cells after treatment with DMSO or the 

indicated doses of SFN for specified time points. Experiment was done twice and the results 

were generally consistent. E, Representative immunofluorescence microscopy images for 

LAMP2 (red), DAPI (blue), and LysoTracker (Lyso, green) in PC-3 and 22Rv1 cells treated 

with DMSO or the indicated doses of SFN for 9 hours. Experiment was repeated with 

generally comparable results.
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Figure 2. 
Naturally occurring SFN analogs are inducers of LAMP2 protein in human prostate cancer 

cells. A, Chemical structures of naturally occurring SFN analogs. B, Immunoblotting for 

LAMP2 and GAPDH proteins using lysates from PC-3 and 22Rv1 cells after treatment with 

DMSO or 10 μmol/L of SFN analogs for 6 hours. Numbers on top of the bands are fold 

change in LAMP2 protein level relative to corresponding DMSO-treated controls. 

Experiment was repeated at least twice with consistent results. C, Viability of 22Rv1 cells 

after 48-hour treatment with DMSO or the indicated agents. Results shown are mean ± SD 
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(n=3). Experiment was repeated with comparable results. *Statistically significant between 

the indicated groups by one-way ANOVA with Bonferroni’s multiple comparison test 

(P<0.05). ENZ, enzalutamide.
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Figure 3. 
Knockdown of LAMP2 enhances SFN-mediated LC3BII accumulation in human prostate 

cancer cells. A, Immunoblotting for LAMP2, LC3BII, and β-Actin proteins using lysates 

from LAMP2 knockdown PC-3 and 22Rv1 cells and control shRNA transfected cells after 

8-hour treatment with DMSO or 20 μmol/L of SFN. Numbers on top of the bands are fold 

change in protein level compared with respective DMSO-treated control shRNA transfected 

cells. Experiment was done at least twice, and the results were generally consistent. B-C, 
Representative confocal microscopic images for LAMP2 (red) and LC3 (green) in PC-3 and 
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22Rv1 cells stably transfected with control shRNA or LAMP2-targeted shRNA and treated 

with DMSO or 20 μmol/L of SFN for 6 hours. Experiment was repeated with comparable 

results.
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Figure 4. 
LAMP2 knockdown augments SFN-induced apoptosis in prostate cancer cells. A, 
Determination of histone-associated DNA fragment release into cytosol in PC-3 and 22Rv1 

cells stably transfected with control shRNA or LAMP2-targeted shRNA and treated with 

DMSO or the indicated doses of SFN for 24 hours. Results shown are mean ± SD (n=3). 

Statistically significant *compared with respective control or #between control shRNA and 

LAMP2 shRNA groups by one-way ANOVA with Bonferroni’s multiple comparison test 

(P<0.05). Experiment was repeated at least twice and the results were generally consistent. 
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B, Representative Annexin V/PI flow histograms from PC-3 and 22Rv1 cells stably 

transfected with control shRNA or LAMP2-targeted shRNA and treated with DMSO or 20 

μmol/L of SFN for 24 hours. C, Quantitation of total apoptosis from data shown in panel B. 
Results shown are mean ± SD (n=3). Statistically significant *compared with respective 

control or #between control shRNA and LAMP2 shRNA groups by one-way ANOVA with 

Bonferroni’s multiple comparison test (P<0.05). Each experiment was repeated at least 

twice, and the results were generally consistent.
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Figure 5. 
Effect of SFN treatment and LAMP2 knockdown on levels of Bcl-2 family of apoptosis 

regulating proteins. A, Representative immunofluorescence microscopy images for active 

Bax (red) and active Bak (red), MitoTracker (green), and DAPI (blue) in PC-3 cells stably 

transfected with control shRNA or LAMP2-targeted shRNA and treated with DMSO or 20 

μmol/L SFN for 24 hours. Consistent results were observed in replicate experiments. B, 
Immunoblots for Bcl-2, Bcl-xL, Bak, Bax, and GAPDH proteins using lysates from PC-3 

cells stably transfected with control shRNA or LAMP2-targeted shRNA and treated for 24 
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hours with DMSO or 20 μmol/L SFN. Numbers on top of the bands are fold changes in 

protein levels compared with DMSO-treated control shRNA transfected cells. Experiment 

was done at least twice, and the results were consistent. C, Representative 

immunohistochemical images (×200 magnification; scale bar= 50 μm) for LAMP2 protein 

expression in prostate adenocarcinoma from 3 different TRAMP mice of control and SFN-

treatment groups. D, Quantification of LAMP2 protein expression from data shown in panel 

C. Results shown are mean ± SD (n=7). *Statistically significant compared with control by 

Student’s t-test (P<0.05).
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Figure 6. 
SFN treatment alters expression of genes associated with autophagy regulation in PC-3 cells. 

A, Venn diagram showing unique and common genes between 6-hour and 9-hour SFN-

treated PC-3 cells identified from RT2 Profiler PCR Array (Human Autophagy) experiment. 

Cut-off value was set to 1.5-fold change in expression and P<0.05. B, Relative gene 

expression change in response to SFN treatment for 6 hours (upper panel) and 9 hours 

(lower panel) in PC-3 cells. Genes in bold are common at both 6 and 9-hour time points. C, 
Immunoblotting for some proteins associated with autophagy from data shown in panel B. 
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Lysates from PC-3 cells stably transfected with control shRNA or LAMP2-targeted shRNA 

and treated for 6 or 9 hours with DMSO or 20 μmol/L of SFN were used for immunoblot 

analysis. Numbers on top of the bands are fold changes in protein levels compared with 

DMSO-treated control shRNA transfected cells. Experiment was done at least twice with 

comparable results.
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