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C A N C E R

Targeting prostate tumor low–molecular weight 
tyrosine phosphatase for oxidation-sensitizing therapy
Stephanie M. Stanford1†, Tiffany P. Nguyen1†, Joseph Chang1, Zixuan Zhao1,  
G. Lavender Hackman2, Eugenio Santelli1,3, Colton M. Sanders1, Madhusudhanarao Katiki4, 
Eleonora Dondossola5, Brooke L. Brauer6,7, Michael A. Diaz1, Yuan Zhan13, Sterling H. Ramsey1, 
Philip A. Watson8, Banumathi Sankaran9, Claudia Paindelli5, Vanessa Parietti5,  
Antonios G. Mikos10, Alessia Lodi2, Aditya Bagrodia11, Andrew Elliott12, Rana R. McKay1, 
Ramachandran Murali4, Stefano Tiziani2,13, Arminja N. Kettenbach6,7, Nunzio Bottini1,3*

Protein tyrosine phosphatases (PTPs) play major roles in cancer and are emerging as therapeutic targets. Recent 
reports suggest low–molecular weight PTP (LMPTP)—encoded by the ACP1 gene—is overexpressed in prostate 
tumors. We found ACP1 up-regulated in human prostate tumors and ACP1 expression inversely correlated with 
overall survival. Using CRISPR-Cas9–generated LMPTP knockout C4-2B and MyC-CaP cells, we identified LMPTP as 
a critical promoter of prostate cancer (PCa) growth and bone metastasis. Through metabolomics, we found that 
LMPTP promotes PCa cell glutathione synthesis by dephosphorylating glutathione synthetase on inhibitory 
Tyr270. PCa cells lacking LMPTP showed reduced glutathione, enhanced activation of eukaryotic initiation factor 
2–mediated stress response, and enhanced reactive oxygen species after exposure to taxane drugs. LMPTP inhibi-
tion slowed primary and bone metastatic prostate tumor growth in mice. These findings reveal a role for LMPTP as 
a critical promoter of PCa growth and metastasis and validate LMPTP inhibition as a therapeutic strategy for treat-
ing PCa through sensitization to oxidative stress.

INTRODUCTION
Prostate cancer (PCa) is the most common cancer and second lead-
ing cause of cancer death in American men (1, 2). Many patients 
develop advanced PCa, for which the main treatment is androgen 
deprivation therapy (3). Unfortunately, a subset of patients develop 
metastatic castration-resistant disease, which is universally fatal. 
The most common sites of metastasis include the lymph nodes and 
bone, followed by the development of visceral metastases to the lung 
and liver (4, 5). Novel therapies to inhibit primary and metastatic 
PCa tumor growth are a major unmet medical need in improving 
outcomes for patients with PCa.

Protein tyrosine phosphatases (PTPs) play major roles in cancer 
growth and metastasis and are emerging as targets for anti-cancer 
agents (6). The low–molecular weight PTP (LMPTP) is a ubiqui-
tously expressed PTP encoded by the ACP1 gene (7–9). LMPTP 

belongs to the structurally unique class 2 cysteine-based PTPs, 
which show homology to some bacterial arsenate reductases and 
consist only of LMPTP and the recently reclassified suppressor of 
Sua7-2 (SSu72) (10, 11). LMPTP is considered an inhibitor of recep-
tor tyrosine kinases (RTKs) such as the insulin receptor (IR) through 
dephosphorylation of phospho-tyrosine residues in the kinase acti-
vation motif (12, 13). In the liver, LMPTP promotes obesity-induced 
insulin resistance through negative regulation of the IR (14, 15). 
LMPTP also promotes adipogenesis through inhibition of basal 
platelet-derived growth factor receptor α tyrosine phosphorylation 
in pre-adipocytes and obesity-induced subcutaneous adipocyte hy-
pertrophy (16).

Recent reports have emerged, suggesting that ACP1 is up-
regulated in certain cancers (17–22). ACP1 expression was reported 
to be increased in primary prostate tumor tissue and metastatic le-
sions. These reports suggest high ACP1 expression correlates with 
post-surgical biochemical and local recurrence and inversely corre-
lates with patient survival time in metastatic PCa (17–19). ACP1 is 
also reported to be up-regulated in human colorectal cancer (CRC) 
tumors (20–22) and colon tumors in rat models (23, 24). Transient 
overexpression of LMPTP in cancer cell lines enhances their migra-
tion in vitro (18) and LMPTP knockdown decreases CRC cell mi-
gration (20). These intriguing reports suggest a potential oncogenic 
role for LMPTP; however, its mechanism of action is largely un-
known. We thus decided to investigate a potential pathogenic role 
for LMPTP in PCa.

RESULTS
ACP1 expression is increased in prostate tumor tissue and 
negatively correlates with patient prognosis
We examined ACP1 expression in prostate adenocarcinoma (PRAD) 
patient samples from The Cancer Genome Atlas (TCGA). Using the 
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University of ALabama at Birmingham CANcer data analysis 
(UALCAN) interface, we found that ACP1 expression is significantly 
increased in prostate tumor tissue compared to normal, noncancer-
ous prostate tissue (Fig. 1A). Stratification of samples by tumor Glea-
son score revealed significantly higher ACP1 expression in tumors 
with high Gleason scores (8 or 9) compared to tumors with low (6) 
or intermediate (7) Gleason scores (Fig. 1B) (25). ACP1 expression 
was also significantly increased in primary tumors of patients with 
lymph node metastasis compared to patients without nodal metasta-
sis (Fig. 1C). Similarly, analysis of ACP1 expression in a commercial 
next-generation sequencing (NGS) (Caris Life Sciences) cohort of 
patients with PCa also demonstrated significantly higher ACP1 ex-
pression in lymph nodes and metastatic sites versus primary prostate 
tumors (Fig. 1D). Concordantly, in a comparison of basal, luminal A 
and luminal B PCa subtypes (26) using the Prostate Cancer Tran-
scriptome Atlas, ACP1 expression was significantly higher in the 
more aggressive luminal B PCa subtype (fig. S1). We also examined 
expression of ACP1 mRNA by quantitative polymerase chain reac-
tion (qPCR) and LMPTP protein by Western blotting in matched 
prostatectomy tumor versus nontumor tissue obtained from the 
Prostate Cancer Biorepository Network (PCBN) and confirmed sig-
nificantly higher ACP1 expression at the mRNA (Fig. 1E) and pro-
tein levels in tumor versus nontumor tissue (Fig. 1F).

High expression of ACP1, defined as patients within the upper 
quartile of PRAD ACP1 expression in the TCGA and commercial 
NGS cohorts, correlated with lower survival probability over a span 
of greater than 10 years (Fig. 1, G and H). To compare the effect of 
ACP1 expression on survival probability of patients with similar 
cancer stage, we examined the last known survival status of T3 stage 
PRAD patients in TCGA using the University of California Santa 
Cruz (UCSC) Xena browser. High ACP1 expression, defined as 
within the upper tercile, correlated with substantially lower survival 
probability for T3 stage PCa, with <50% survival for patients with 
high ACP1 expression at 7.5 years but 100% survival in patients with 
low/medium ACP1 expression at 10 years (Fig. 1I). Together, these 
data suggest that LMPTP is up-regulated in prostate tumors, and its 
expression is associated with more aggressive cancer and a worse 
prognosis.

LMPTP promotes PCa growth in vitro and in vivo
To study the role of LMPTP in PCa, we generated LMPTP knockout 
(KO) MyC-CaP and C4-2B cell clones via CRISPR-Cas9 (figs.  S2 
and S3). We first tested the effect of LMPTP KO on cell growth. As 
shown in Fig. 2 (A and B), loss of LMPTP substantially reduced the 
growth of both MyC-CaP and C4-2B LMPTP KO cells.

Next, we assessed the proliferative effects of LMPTP using a 
subcutaneous prostate tumor xenograft model. We inoculated se-
vere combined immunodeficiency disease (SCID) mice with wild-
type (WT) and LMPTP KO MyC-CaP cells and monitored tumor 
growth. LMPTP KO tumor volumes were notably smaller, and 
mice carrying LMPTP KO tumors displayed significantly longer 
times to reach the tumor size end point (Fig. 2, C and D). To deter-
mine whether the tumor-promoting action of LMPTP is depen-
dent on its phosphatase activity, we used a highly selective chemical 
inhibitor of LMPTP, compound (Compd.) 23, which our laborato-
ry previously found and used to investigate the role of LMPTP in 
diet-induced obesity (14). We previously showed that Compd. 23 is 
orally bioavailable and inhibits LMPTP through an uncompetitive 
mechanism that confers exquisite selectivity to LMPTP over other 

tyrosine phosphatases (14). SCID mice with MyC-CaP tumors 
were placed on regular chow or chow formulated with 0.1% (w/w) 
Compd. 23, a dose expected to maintain inhibitor levels above the 
~800 nM median inhibitory concentration (14). Mice treated with 
Compd. 23 displayed significantly reduced tumor growth, without 
displaying weight loss (Fig. 2, E and F). LMPTP KO also substan-
tially reduced the growth of C4-2B cells in a subcutaneous tumor 
xenograft model and extended the time to reach the tumor size end-
point (Fig. 2, G and H). Together, these data suggest that LMPTP is 
a critical promoter of prostate tumor growth through its catalytic 
activity.

LMPTP promotes PCa invasiveness and tumorigenesis
Because survival probability among patients with PCa is substan-
tially reduced once tumor metastasis occurs (27), we assessed 
whether LMPTP affects the metastatic potential of prostate tumor 
cells. We first examined the effect of LMPTP deletion on PCa cell 
invasiveness using a transwell assay in which cells are allowed to 
invade through an extracellular matrix. As shown in Fig. 3 (A and 
B), LMPTP KO in both MyC-CaP and C4-2B cells significantly im-
paired their ability to invade through Matrigel. Similarly, treatment 
with LMPTP inhibitor Compd. 23 also significantly reduced the 
invasiveness of MyC-CaP and C4-2B cells (Fig. 3, C and D), sug-
gesting that the pro-invasive role of LMPTP is activity dependent. 
We next explored the effects of LMPTP deletion on the ability of 
PCa cells to form new, anchorage-independent tumors. As shown 
in Fig. 3 (E and F), LMPTP KO MyC-CaP and C4-2B cells displayed 
significantly impaired ability to form colonies when plated in soft 
agar. Together, these results suggest that LMPTP promotes both 
PCa cell invasiveness and tumorigenesis, key features needed for 
formation of metastatic PCa tumors.

LMPTP promotes PCa bone metastasis
Bone metastasis is a highly lethal form of metastatic PCa (28). To 
explore whether LMPTP is important for the ability of prostate 
tumor cells to metastasize into bone, we used an established three-
dimensional (3D) in  vitro bone mimetic environment (BME) 
(29–31). This system consists of human mesenchymal stem cells 
seeded onto 3D polycaprolactone (PCL) scaffolds exposed to os-
teogenic stimuli for 30 days to induce osteoblastic differentiation 
(scheme shown in Fig. 3G); thus, we used the human C4-2B cell 
line. When WT and LMPTP KO C4-2B cells were formed as spheroids 
and seeded on the 3D BMEs, the LMPTP KO cells displayed substan-
tially reduced growth compared to the WT cells (Fig. 3H). Similarly, 
treatment with LMPTP inhibitor Compd. 23 significantly impaired 
growth of WT C4-2B spheroids in the 3D BME (Fig. 3I).

We next assessed the effects of LMPTP deletion on prostate tumor 
growth in bone using an intraosseous mouse model. Using CRISPR-
Cas9 technology, we deleted LMPTP in luciferase-expressing MyC-
CaP cells (MyC-CaP/GFP-Luc; fig. S4). SCID mice were inoculated 
intratibially with WT and LMPTP KO MyC-CaP/GFP-Luc cells, and 
tumor growth was monitored by luciferase-generated luminescence 
upon in vivo administration of luciferin. LMPTP deletion consider-
ably reduced intraosseous growth of MyC-CaP/GFP-Luc tumors 
(Fig. 3J). Administration of LMPTP inhibitor Compd. 23 also sub-
stantially reduced the growth of intraosseous MyC-CaP/GFP-Luc tu-
mors (Fig. 3K). These findings suggest that LMPTP is a key promoter 
of prostate tumor metastasis into bone and LMPTP inhibition im-
pairs the growth of these tumors in vivo.
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Fig. 1. ACP1 is up-regulated in prostate tumors and correlates negatively with patient survival. (A to C) ACP1 expression in PRAD from TCGA, processed through 
UALCAN. ACP1 mRNA in normal and primary prostate tumor tissue. Expression was subclassified by (B) Gleason score and (C) metastasis status (N0 = no lymph node 
metastasis; N1 = metastases in one to three lymph nodes). Boxes: median, lower, and upper quartiles; whiskers: range of minimum to maximum. Significance reported in 
UALCAN: *P < 0.05, **P < 0.01, and ***P < 0.001, t test. (D) ACP1 mRNA in PCa patient samples from the Caris Life Sciences cohort stratified by primary (prostate, P), lymph 
node (LN), and metastatic (Met) biopsy sites. TPM, transcripts per million. Boxes: median, lower, and upper quartiles; whiskers: range of minimum to maximum, excluding 
statistical outliers (1.5× the inner quartile range). ****P < 0.0001, Mann-Whitney U test. (E and F) ACP1 mRNA assessed by qPCR (E) and LMPTP protein assessed by West-
ern blotting (WB) using mouse anti-LMPTP antibody (F) from five paired tumor/nontumor PCBN prostatectomy samples with Gleason score 8/9. Means ± SEM expression 
relative to POLR2A (E) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (F) is shown. Representative blots (F). *P < 0.05 and **P < 0.01, paired t test. (G) Survival 
probability of patients with low/medium or high (upper quartile) ACP1 expression from TCGA. Significance was reported in UALCAN using log-rank test. (H) Overall patient 
survival measured from time of tumor biopsy for samples with low or high ACP1 (<25th and >75th percentiles of overall cohort) from Caris Life Sciences cohort. Survival 
curves were compared using log-rank test and hazard ratios (HRs) with 95% confidence interval (CI) estimated by Cox proportional hazards model. mOS, median overall 
survival; d, days. (I) Survival probability of T3 stage patients with low/medium or high (upper tercile) ACP1 expression from TCGA, processed through UCSC Xena. Ticks 
denote last known survival status. Significance calculated by log-rank test.
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Metabolomics reveals LMPTP as a key promoter of 
glutathione synthesis
To gain insight into the mechanism underlying the role of LMPTP 
in PCa cell function(s), we used metabolomics to explore alterations 
occurring in PCa cells lacking LMPTP. We performed ultrahigh-
performance liquid chromatography–mass spectrometry (UHPLC-
MS)–based analysis of the intracellular metabolomes of WT and 
LMPTP KO MyC-CaP and C4-2B cells. Principal components anal-
ysis (PCA) revealed clear separation between WT and LMPTP KO 
cells of each line (Fig. 4, A and B). Volcano plots for each line re-
vealed metabolites exhibiting the greatest significance and fold 
change between WT and LMPTP KO cells (Fig. 4, C and D). Among 
those appreciably affected in both LMPTP KO cell lines were meta-
bolic intermediates of the glutathione synthesis pathway. Glutathi-
one is a tripeptide composed of glutamate, cysteine, and glycine (32, 
33). Glutamine and cystine both enter the cell through transporters 
and are converted to glutamate and cysteine, respectively. Glycine is 
synthesized through multiple pathways from amino acid precursors 
and present at high abundance in cells. Glutathione is synthesized in 
a two-step process (Fig. 4E). In the first step, which is rate limiting, 
γ-glutamylcysteine is formed from glutamate and cysteine by the 

glutamate cysteine ligase enzyme. In the second step, glutathione is 
formed by the addition of glycine to γ-glutamylcysteine by the 
adenosine triphosphate (ATP)–dependent glutathione synthetase 
(GSS) enzyme. In both LMPTP KO cell types, we noticed substan-
tial increases in γ-glutamylcysteine precursors glutamine and cys-
tine (Fig. 4, F and G). Glutamate levels were significantly lower in 
LMPTP KO cells (Fig. 4, F and G), while cysteine was not detected. 
In LMPTP KO MyC-CaP, GSS substrate γ-glutamylcysteine was sig-
nificantly increased (Fig.  4F). Unexpectedly, however, glutathione 
levels were notably decreased in LMPTP KO MyC-CaP (Fig. 4F). 
While in all C4-2B cells, the levels of γ-glutamylcysteine and gluta-
thione were barely detectable, we did detect significantly increased 
levels of γ-glutamylcysteine derivative 5-oxoproline in LMPTP 
KO compared to WT C4-2B (Fig. 4G). Because the metabolomic 
data suggested alterations in the glutathione synthesis pathway in 
LMPTP KO cells, we tested the intracellular levels of total glutathi-
one, oxidized glutathione (GSSG), and reduced glutathione (GSH) 
using a luminescence-based assay. As shown in Fig. 4 (H to K) and 
fig. S5, LMPTP deletion in both MyC-CaP and C4-2B cells led to 
significantly reduced levels of all forms of glutathione. Glutathione 
levels were also reduced in MyC-CaP and C4-2B cells treated with 
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Fig. 2. Loss of LMPTP impairs PCa cell growth. (A and B) WT and LMPTP KO MyC-CaP (A) and C4-2B (B) cells were plated and allowed to grow. After 5 days, cells were 
fixed and stained with crystal violet. Stain was extracted and quantified by absorbance at 590 nM. Mean ± SEM proliferation relative to WT samples (MyC-CaP: n = 5 per 
WT and n = 4 per KO line; C4-2B: n = 5 per WT/KO line) is shown. (C to H) SCID mice were injected subcutaneously with MyC-CaP or C4-2B cells suspended in Matrigel. (C) 
and (G) Tumor volumes of mice inoculated with WT or LMPTP KO MyC-CaP (C) or C4-2B (G) cells were measured with a caliper at the indicated time points. Mean ± SEM 
tumor volume is shown. (D) and (H) Kaplan-Meier survival plot of mice from [(C) and (G)]. The experimental endpoint was determined when tumors reached 1.5–2 cm long. 
Significance was determined using the log-rank test. (E) to (F) 14 days after inoculation with WT MyC-CaP cells, mice were placed on regular chow or chow formulated with 
0.1% (w/w) LMPTP inhibitor Compd. 23 (black arrow indicates start of treatment). (E) Mean ± SEM tumor volume is shown. (F) Mean ± SEM mouse body weight is shown. 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, one-way analysis of variance (ANOVA) with Dunnett’s correction (A and B) and two-way ANOVA [(C), (E), and (G)].
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Fig. 3. LMPTP KO impairs metastatic features of PCa. (A and B) WT or LMPTP KO MyC-CaP (A) and C4-2B (B) cell invasion through Matrigel-coated transwells. Mean ± SEM 
number of invaded cells/frame from four (A) or six (B) independent experiments with three transwells each. (C and D) MyC-CaP (C) and C4-2B (D) cell invasion as in (A) and 
(B) in the presence of 10 μM LMPTP inhibitor Compd. 23 or dimethyl sulfoxide (DMSO). Mean ± SEM number of invaded cells/frame from four independent experiments 
with three transwells each. (E and F) Colony formation of WT or LMPTP KO MyC-CaP (E) and C4-2B (F) colonies 21 days after seeding on noble agar. Mean ± SEM number 
of colonies formed/frame (MyC-CaP: n = 4/line; C4-2B: n = 4 for WT/KO1; n = 3 for KO2). (G) Schematic of the BME assay. Human mesenchymal stem cells (hMSCs) were 
seeded on polycaprolactone (PCL) scaffolds and maintained in osteogenic medium. (H) WT and LMPTP KO C4-2B were seeded on the BME as spheroids and monitored by 
confocal microscopy 10 days after seeding. Left: Mean ± SEM spheroid size measured by fluorescence intensity. Right: Representative spheroids. Bar, 500 μm. (I) Size of 
C4-2B spheroids grown in the presence of 10 μM Compd. 23 or DMSO as assessed by confocal microscopy 10 days after seeding on the BME. (J and K) Bone tumor growth 
assay. Luciferase-expressing MyC-CaP were injected into SCID mice tibias. Tumors were monitored for 10 weeks by luminescence imaging. Left: Mean ± SEM luminescent 
intensity. Right: Representative images. (J) WT and LMPTP KO MyC-CaP. (K) Mice were administered 0.1% (w/w) Compd. 23 in chow or chow alone. *P < 0.05, **P < 0.01, 
and ****P < 0.0001, Mann-Whitney U test [(A), (C), (D), and (I)], one-way ANOVA with Dunnett’s correction [(B), (E), (F), and (H)], and two-way ANOVA [(J) and (K)]. rlu, rela-
tive light unit.
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indicate metabolites increased (green upward arrow) or decreased (red downward arrow) in LMPTP KO cells. (F and G) Intracellular metabolite levels of WT and LMPTP KO 
MyC-CaP (F) and C4-2B (G) cells within the glutathione synthesis pathway. Mean ± SEM metabolite intensity is shown. (H to K) Intracellular concentrations of glutathione 
in WT and LMPTP KO MyC-CaP [(H) and (J)] and C4-2B [(I) and (K)] cells were detected using a bioluminescent glutathione detection assay. Mean ± SEM concentrations of 
total glutathione [(H) and (I)] and oxidized glutathione (GSSG) [(J) and (K)] from four independent experiments are shown. *P < 0.05 and **P < 0.01, Mann-Whitney test 
[(F) to (K)].
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LMPTP inhibitor Compd. 23 (fig. S5). Together, these data sug-
gest that LMPTP is a key promoter of glutathione production in 
PCa cells.

We next examined the mechanism underlying the alterations in 
glutathione production in PCa cells lacking LMPTP. LMPTP KO 
MyC-CaP showed excessive levels of the immediate glutathione 
precursor γ-glutamylcysteine, and loss of LMPTP did not affect 
levels of glycine in either MyC-CaP or C4-2B (fig. S6), suggest-
ing the block in glutathione production occurred following γ-
glutamylcysteine synthesis. Although γ-glutamylcysteine levels 
could not be detected in C4-2B cells, the excessive 5-oxoproline 
again suggested a defect downstream of γ-glutamylcysteine pro-
duction. We thus reasoned there might be a defect in expression or 
function of the GSS enzyme in cells lacking LMPTP. We tested the 
expression levels of GSS mRNA and protein in WT and LMPTP 
KO MyC-CaP and C4-2B cells. As shown in fig.  S6, we did not 
observe any decrease in expression of this enzyme in LMPTP KO 
cells; in fact, we observed trends toward the opposite. On the basis 
of these data, we concluded that GSS activity may be defective in 
PCa cells lacking LMPTP expression. Because LMPTP is a tyro-
sine phosphatase enzyme, we reasoned that LMPTP may act as a 
promoter of GSS activity by dephosphorylating GSS on tyrosine 
residues. We therefore sought to explore if GSS is regulated by 
phosphorylation on Tyr.

GSS Tyr phosphorylation is enhanced in LMPTP KO PCa cells
To determine whether GSS can be phosphorylated in PCa cells, we 
overexpressed Flag-tagged GSS in C4-2B cells and treated them 
with pervanadate, an irreversible PTP inhibitor. GSS Tyr phos-
phorylation was monitored by Western blotting of anti-Flag im-
munoprecipitates using anti–phospho-Tyr (pTyr) antibody. As 
shown in Fig. 5A, the anti-pTyr antibody reacted against immuno-
precipitated GSS and significantly more so in cells treated with per-
vanadate. These results suggest that GSS can be phosphorylated on 
Tyr residues in PCa cells. We next assessed the effect of LMPTP 
deletion on GSS Tyr phosphorylation in PCa cells. We observed 
enhanced Tyr phosphorylation of Flag-GSS overexpressed in 
LMPTP KO C4-2B and MyC-CaP cells compared to WT C4-2B 
and MyC-CaP cells, respectively (Fig. 5B and fig. S7). Performing 
immunoprecipitations with anti-pTyr antibody led to enhanced 
precipitation of Flag-GSS from LMPTP KO compared to WT C4-
2B cell lysates (fig. S7).

Surface plasmon resonance (SPR) reveals binding between 
LMPTP and GSS
SPR was used to verify binding of GSS to LMPTP recombinant pro-
teins by OneStep binding method using the Taylor dispersion SPR 
technique (34, 35). We measured binding of the LMPTP protein 
and, as a negative control, an unrelated DNA-binding protein (a 
transcription factor from the high mobility group box [HMG]-box 
proteins family) to immobilized GSS protein. The OneStep binding 
kinetics data were acquired for the LMPTP and HMG-box protein 
(Fig.  5C). While LMPTP shows 1:1 binding, HMG-box protein 
shows 1:2 binding presumably due to the small size of HMG-box 
protein (molecular weight ~ 9 kDa). LMPTP binds to GSS with a 
dissociation constant (KD) value of 244 ± 2 nM. The negative control 
protein, HMG-box protein, shows much weaker binding (KD values: 
180.6 ± 0.7 μM for site 1 and 40 ± 70 mM for site 2), suggesting that 
GSS binding is more specific to LMPTP.

LMPTP inhibits GSS-Tyr270 phosphorylation in PCa cells
We next sought to identify the GSS phosphorylation site under con-
trol of LMPTP in PCa cells. A search of the PhosphoSite database 
revealed Tyr270 as a candidate residue for phosphorylation (fig. S7). 
We thus examined phosphorylation of WT and Tyr270Phe mutant 
GSS in WT and LMPTP KO PCa cells. As shown in Fig. 5D, muta-
tion of Tyr270 abolished the difference in Tyr phosphorylation be-
tween WT and LMPTP KO C4-2B cells.

GSS-Tyr270 phosphorylation impairs GSS enzymatic activity
We next examined the potential impact of Tyr270 phosphorylation 
on GSS enzymatic activity. Using a luciferase reporter–based assay 
to detect ATP usage, we measured recombinant GSS-catalyzed glu-
tathione production in vitro from γ-glutamylcysteine and glycine 
in the presence of ATP. As shown in Fig. 5E, mutation of GSS-Tyr270 
to Glu to mimic Tyr phosphorylation of this residue markedly re-
duced GSS enzymatic activity, while the Tyr270Phe mutation had no 
significant effect on GSS activity. In the crystal structure of human 
GSS solved in the presence of glutathione and ADP [Protein Data 
Bank (PDB) code 2HGS], Tyr270 is part of a substrate-interacting 
loop named L2 (residues 266 to 276), with its aromatic ring making 
multiple hydrophobic contacts at ~3.5 Å from the GSH γ-
glutamylcysteinyl group, protecting cysteine from oxidation (36). 
How phosphorylation of Tyr270 would affect catalytic activity is, 
however, not immediately clear from analysis of the structure. We 
therefore crystallized the Tyr270Glu mutant in the absence of sub-
strates or catalytic products and solved its structure by molecular 
replacement. As shown in fig.  S8, the two structures are globally 
very similar with root mean square differences of less than 1.0 Å for 
all Cα atoms. The main differences are a 4- to 5-Å displacement of 
the N-terminal α helix, likely due to crystal contacts, and, most no-
tably, weak or broken electron density (ED) for two of the loops 
(residues 366 to 372 and 454 to 466, L3 and L4, respectively) that 
line the substrate-binding pocket, indicating loss of stable confor-
mation for these residues. Other than the Tyr to Glu substitution, 
no major differences are observed in the L2 loop despite the ab-
sence of the bound glutathione. Three sulfate ions from the crys-
tallization buffer were tentatively modeled in the ED for each 
monomer despite somewhat asymmetric density possibly indicat-
ing mixed occupancy (fig. S8). Two of these ions located in the sub-
strate binding pocket closely overlap with the glutathione-binding 
site (Fig. 5F); one of the sulfate ions makes 2.6- to 2.9-Å hydrogen 
bonds to the side chains of Ser149, Asn216, Gln220, and Arg267, while 
another only forms a short bond to Ser151 but is positioned in a 
highly positively charged region of the pocket. Despite 4.8- and 7.1-
Å distances between the sulfur atoms and the Tyr270 hydroxyl group 
in the superposed structure of glutathione-bound GSS, this could 
provide a clue to the structural basis for the suppression of catalytic 
activity, as rearrangement of the 266 to 276 loop upon Tyr270 phos-
phorylation could bring the phosphate group to bind to the same 
sites and sterically hinder γ-glutamylcysteine binding (Fig. 5F).

We next assessed whether abolishing phosphorylation of this site 
would enhance glutathione production in PCa cells. We overex-
pressed WT GSS or Tyr270Phe mutated GSS in MyC-CaP and C4-2B 
cells. As expected, overexpression of WT GSS led to an increase in 
glutathione production in both cell types, while overexpression of the 
Tyr270Phe mutant markedly enhanced glutathione production (Fig. 5, 
G and H). We also observed that LMPTP KO MyC-CaP and C4-
2B cells overexpressing phospho-tyrosine mimetic GSS-Tyr270Glu 
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Fig. 5. LMPTP blocks GSS activity via dephosphorylation on Tyr270. (A, B, and D) Western blot of α-Flag immunoprecipitations. Mean ± SEM pY1000/GSS relative sig-
naling intensity from four independent experiments plus representative blots is shown. (A) C4-2B transfected with Flag-GSS and stimulated with 200 μM pervanadate (PV) 
or left unstimulated. (B) WT or LMPTP KO C4-2B transfected with Flag-GSS. (C) SPR sensograms. Kinetics data for GSS binding to LMPTP (left) and unrelated DNA-binding 
HMG-box protein (right). Blue and orange curves show analyte response curve and model fit, respectively. (D) WT or LMPTP KO C4-2B transfected with WT or Y270F Flag-
GSS. (E) In vitro GSS enzymatic activity assay (WT: n = 6; Y270E: n = 3; Y270F: n = 3). (F) Glutathione binding site in the structure of unliganded GSS in ribbon representation 
(blue) with superposed 2HGS (gray). ADP (green), sulfate (pink), glutathione (cyan), Mg2+ ions (yellow), and Tyr270 side chain (brown) from 2HGS are shown as well as sul-
fate ions in the current structure (yellow/red). Red asterisks denote two loops partially disordered in the unliganded structure. Molecular graphics were performed with 
UCSF Chimera (67). (G to J) Glutathione levels detected from four independent experiments as in Fig. 4 (H to K). (G) and (H) MyC-CaP (G) or C4-2B (H) transfected with WT 
or Y270F Flag-GSS. Mean  ±  SEM relative concentrations of glutathione. (I) and (J) WT or LMPTP KO MyC-CaP (I) or C4-2B (J) transfected with Y270E or Y270F Flag-
GSS. Mean ± SEM concentrations of glutathione. ns, nonsignificant. *P < 0.05, **P < 0.01, and ***P < 0.001, Mann-Whitney U test [(A) and (B)], unpaired t test with Welch’s 
correction (D), one-way ANOVA with Tukey’s method [(E), (G), and (H)], and one-way ANOVA with Šidák method [(I) and (J)]. IP, immunoprecipitation.
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retained their phenotype of deficient glutathione production com-
pared to WT cells, while overexpression of phosphorylation-deficient 
GSS-Tyr270Phe abolished the difference in glutathione production 
between WT and LMPTP KO cells (Fig. 5, I to J). Together, these re-
sults suggest that LMPTP promotes glutathione production in PCa 
cells by dephosphorylating GSS on Tyr270 and enhancing GSS enzy-
matic activity and glutathione production.

Exogenous GSH overcomes defective growth and 
invasiveness of LMPTP KO PCa cells
We next sought to determine whether defective glutathione pro-
duction mediates the reduced growth and invasiveness of LMPTP 
KO PCa cells. To do so, we assessed whether rescuing the deficient 
glutathione levels in LMPTP KO cells with exogenous glutathione 
could overcome the effects of LMPTP deletion on PCa cell growth 
and invasion. For these experiments, we used glutathione mono-
ethyl ester (GSH-MEE), a cell-permeable glutathione derivative 
that is hydrolyzed intracellularly by esterases, yielding glutathione 
(37). Treatment of MyC-CaP and C4-2B cells with GSH-MEE 
abolished the differences in growth (Fig. 6, A and B) and invasion 
(Fig.  6, C and D) between WT and LMPTP KO cells. Together, 
these data support the idea that LMPTP promotes PCa cell growth 
and metastasis through its action as a key promoter of glutathione 
synthesis.

Loss of LMPTP promotes PCa cell eIF2 signaling and 
DNA damage
We next explored how defective glutathione production could affect 
signaling pathways controlling the functions of PCa cells. We per-
formed phosphoproteomics of WT and LMPTP KO MyC-CaP and 
C4-2B cells using three KO MyC-CaP cell lines and four KO C4-2B 
cell lines. Each cell line was plated in triplicate and allowed to adhere 
overnight before lysis (scheme shown in Fig. 7A). Canonical path-
way analysis of phosphoproteins displaying log2(LMPTP KO/WT 
signal ratio) < −0.59 or > 0.59 using the Core Analysis function in 
the QIAGEN Ingenuity Pathway Analysis (IPA) platform revealed 
Molecular mechanisms of cancer and EIF2 signaling as the top 2 
significantly altered pathways in LMPTP KO cells (Fig. 7B). Because 
the EIF2 signaling pathway is a component of the molecular mecha-
nisms of cancer pathway, we focused our attention on this path-
way. Eukaryotic initiation factor 2 (eIF2) is a regulator of the cellular 

integrated stress response (ISR) (38). This pathway is triggered in 
response to cellular stressors such as oxidative stress and is activated 
by phosphorylation of eIF2 on Ser51. We assessed eIF2-Ser51 phos-
phorylation in LMPTP KO MyC-CaP and C4-2B cells in response to 
a short (2 hours) serum starvation. We observed increased eIF2-Ser51 
phosphorylation in LMPTP KO versus WT cells (Fig. 7C and fig. S9), 
suggesting that the eIF2 ISR pathway is activated in LMPTP KO 
cells. To confirm this, we assessed expression of the transcription 
factors activating transcription factor 4 (ATF4) and nuclear factor 
erythroid 2–related factor 2 (NRF2), which are induced following 
eIF2-Ser51 phosphorylation (39), as downstream readouts of ISR ac-
tivation. LMPTP KO MyC-CaP cells showed significantly enhanced 
expression of both transcription factors at the mRNA (Fig. 7, D and 
E) and protein (Fig. 7, F to H) levels compared to WT cells following 
serum starvation. LMPTP KO C4-2B cells also showed significantly 
enhanced ATF4 and NRF2 mRNA levels, as well as NRF2 protein, 
and a trend toward increased ATF4 protein levels (fig. S9). Further-
more, we analyzed phosphorylation levels of eIF2-Ser51 in MyC-CaP 
tumors from mice treated with LMPTP inhibitor Compd. 23 (shown 
in Fig. 2E) and found significantly increased eIF2-Ser51 phosphory-
lation in tumors from mice treated with LMPTP inhibitor chow 
compared to mice fed regular chow (Fig. 7I).

Because excessive oxidative stress can lead to increases in DNA 
damage (40), we also assessed whether LMPTP KO PCa cells dis-
play increased levels of DNA damage using phosphorylation of 
H2A histone family member X (H2AX) on Ser139 as a readout 
(40). As shown in Fig. 7J, LMPTP KO MyC-CaP cells show sig-
nificantly more H2AX-Ser139 phosphorylation than WT MyC-
CaP. Although we did not observe enhanced apoptosis/necrosis in 
LMPTP KO cells following annexin V/propidium iodide staining 
(fig. S10), cell cycle phase analysis by propidium iodide staining of 
fixed cells revealed enhanced percentages of LMPTP KO cells in 
the G2-M phase compared to WT cells (Fig.  7K). These results 
suggest that increased percentages of LMPTP KO cells undergo 
G2-M phase arrest and are consistent with an inability of these 
cells to repair damaged DNA (40). Together, these data suggest 
that loss of LMPTP leads to increased activation of the eIF2-
mediated stress response and enhanced DNA damage in PCa 
cells, two phenotypes that are consistent with reduced protection 
against reactive oxygen species (ROS) damage caused by deficien-
cy of glutathione.

BA DC
MyC-CaP proliferation C4-2B proliferation MyC-CaP invasion C4-2B invasionMyC-CaP proliferation C4-2B proliferation MyC-CaP invasion C4-2B invasion

Fig. 6. Exogenous GSH abolishes the differences in growth and invasion between WT and LMPTP KO PCa cells. (A and B) Growth assays of WT and LMPTP KO MyC-
CaP (A) and C4-2B (B) cells performed as in Fig. 2 (A and B) in the presence or absence of GSH-MEE or vehicle. (C and D) Invasion assays of WT and LMPTP KO MyC-CaP (C) 
and C4-2B (D) cells performed as in Fig. 3 (A and B) in the presence of GSH-MEE or vehicle. (A) to (D) Mean ± SEM proliferation [(A) and (B)] or invasion [(C) and (D)] relative 
to the WT cells for each condition from four independent experiments is shown. ns, nonsignificant. *P < 0.05, Mann-Whitney U test.
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Fig. 7. Loss of LMPTP promotes PCa cell eIF2 signaling. (A and B) WT and LMPTP KO MyC-CaP and C4-2B cells were grown overnight and lysed in 9 M urea, reduced, 
alkylated, and digested, and samples were passed through an FeNTA column. Samples were tandem mass tag (TMT) labeled–pooled and analyzed by LC-MS/MS. (A) 
Scheme of phosphoproteomics workflow. (B) Pathway analysis using Core Analysis in Ingenuity Pathway Analysis (IPA) platform of phosphoproteins displaying log2(KO/
WT) signal ratio > |0.59| and P < 0.05. Pathways were ranked according to −log10(P value). Top 25 canonical pathways are shown. (C) Eukaryotic initiation factor 2 (eIF2)-
Ser51 phosphorylation assessed in WT and LMPTP KO MyC-CaP cells via WB after 2-hour serum starvation. Left: Mean ± SEM ratio of peIF2/eIF2 and peIF2/GAPDH signaling 
intensity relative to the WT sample. (Right) Representative blots. (D to H) Atf4 [(D) and (F)] and Nrf2 [(E) and (G)] expression levels assessed in MyC-CaP cells after 4-hour 
serum starvation. (D) and (E) Mean ± SEM mRNA expression assessed by qPCR and normalized to POLR2A. (F) and (G) Mean ± SEM protein expression assessed by WB and 
normalized to GAPDH. (H) Representative blots. (I) eIF2-Ser51 phosphorylation assessed in tumors of mice treated with Compd. 23 or regular chow (mice from Fig. 2E; one 
tumor was removed as an outlier following the Grubbs test). Left: Mean ± SEM ratio of peIF2/eIF2 signaling intensity. Right: peIF2-Ser51, eIF2, and β-actin blots. (J) H2A 
histone family member X (H2AX)–Ser139 phosphorylation assessed in WT and LMPTP KO MyC-CaP cells via WB following overnight serum starvation. Left: Mean ± SEM 
ratio of pH2AX-Ser139/H2AX signaling intensity. Right: Representative blots. (K) Cell cycle phases of WT and LMPTP KO MyC-CaP cells were determined by flow cytometry 
following propidium iodide staining. Left: % cells in G0-G1, S, or G2-M phase. Right: Representative histograms fit with Dean-Jett-Fox model. *P < 0.05, Mann-Whitney U 
test [(C) to (G) and (J) and (K)], and unpaired t test (I). (C) to (G) and (J) and (K) Data are from four independent experiments.
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Loss of LMPTP enhances taxane-induced ROS production 
and sensitizes PCa to taxanes
Because LMPTP deletion leads to deficient glutathione production 
and induction of ROS-dependent damage, we reasoned that loss of 
LMPTP activity might also sensitize PCa cells to anticancer drugs 
that induce ROS generation by impairing the cell’s ability to respond to 
drug-induced ROS-dependent insults. The commonly used taxane 
drugs, docetaxel and cabazitaxel, are reported to enhance intracel-
lular production of ROS (41, 42). Inhibition of DNA damage repair 
also reportedly promotes sensitivity of PCa to these two drugs (43). 
We assessed the effect of LMPTP KO on ROS levels in MyC-CaP 
treated with either docetaxel or cabazitaxel. Both taxanes signifi-
cantly enhanced ROS levels in MyC-CaP cells, and LMPTP deletion 
substantially enhanced the levels of ROS in cells treated with either 
taxane (Fig. 8A). We next asked whether deletion of LMPTP would 
sensitize PCa cells to growth inhibition by docetaxel and cabazitax-
el. As shown in Fig. 8, B to E, LMPTP deletion combined with tax-
ane treatment significantly reduced the growth of MyC-CaP and 
C4-2B cells, possibly by impairing the ability of the cells to mitigate 
the damaging effects of excessive oxidative stress.

DISCUSSION
We report a mechanistic investigation into the role of LMPTP in 
PCa. ACP1 up-regulation has been reported for prostate tumors, al-
though a potential pathogenic role has not been addressed. Here, we 
further examined ACP1 expression in prostate tumors and sought to 
understand its role in prostate tumor cell biology. Examination of 
ACP1 expression in prostate tumor tissue from the TCGA database 
and our analysis of samples from the PCBN confirmed previous re-
ports of ACP1 up-regulation in prostate tumor tissue. Within tumor 
samples, ACP1 expression is further up-regulated in tumors reflec-
tive of increased cancer severity, including higher Gleason scores, 
the presence of metastasis, and luminal versus basal subtype, sug-
gesting that ACP1 expression positively associates with severity of 
disease in PCa. Concordantly, analysis of two large, independent 
datasets substantiated that higher ACP1 expression in prostate tu-
mors correlates with reduced overall patient survival. Together, 
these findings suggest ACP1 as a potential biomarker for clinical 
prognosis in PCa.

To understand whether LMPTP plays an active pathogenic role 
in PCa, we used CRISPR-Cas9 to generate LMPTP KO MyC-CaP 
and C4-2B prostate tumor cell lines. Using this approach, we found 
that loss of LMPTP reduces PCa cell growth in vitro and in vivo, 
supporting the notion that LMPTP expression is necessary for ag-
gressive prostate tumor growth. To understand whether the tumor-
promoting action of LMPTP is dependent on its catalytic activity, 
we used an orally bioavailable pharmacological inhibitor. Inhibition 
of LMPTP’s catalytic activity substantially impaired the growth of 
prostate tumors in vivo, indicating potential for LMPTP as a thera-
peutic target for PCa.

We also explored the role of LMPTP in metastatic features of 
PCa, including invasiveness, anchorage-independent growth, and 
ability to grow in the bone. Loss of LMPTP reduced all of these fea-
tures in vitro. Both LMPTP deletion and pharmacological inhibi-
tion impaired the ability of prostate tumors to grow in bone in vivo. 
Although we cannot rule out that loss of LMPTP inhibits PCa meta-
static phenotypes, at least in part, as a consequence of inhibited cell 
proliferation, together, these data suggest that inhibiting LMPTP 
could be a potential strategy for treating both localized and meta-
static prostate tumors.

To uncover the mechanism by which LMPTP supports the 
growth of PCa cells, we performed metabolomics in LMPTP KO 
MyC-CaP and C4-2B cells to identify perturbations in cells lacking 
LMPTP. Using independent cell types allowed us to select pathways 
likely to be specifically altered by LMPTP deletion, thus reducing 
potential off-target or clonal effects. Because LMPTP KO cells dis-
played GSH but excessive levels of glutathione precursor γ-
glutamylcysteine in MyC-CaP or 5-oxoproline in C4-2B, we focused 
on GSS—the enzyme responsible for catalyzing the production of 
glutathione from γ-glutamylcysteine and glycine. A search of the 
PhosphoSite database revealed evidence of GSS phosphorylation on 
Tyr270, although the function of this phosphorylation was not yet 
reported. We found GSS to be tyrosine phosphorylated in PCa cells 
and to be enhanced by LMPTP KO. Furthermore, we found that 
mutating Tyr270 abolished the difference in phosphorylation be-
tween WT and LMPTP KO cells. In vitro, phospho-mimetic Tyr270Glu 
mutation of recombinant GSS abolished its ability to catalyze 
glutathione synthesis. Overexpression of Tyr270Phe-mutated GSS 
strongly enhanced glutathione levels in PCa cells and, importantly, 
overcame the defect in glutathione production in LMPTP KO cells. 
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Fig. 8. Loss of LMPTP activity sensitizes PCa cells to taxane drugs. (A) WT or 
LMPTP KO MyC-CaP cells were treated with 2.5 nM docetaxel (DTX) or 1.5 nM caba-
zitaxel (CBZ) or DMSO for 4 hours. ROS detection was performed using a fluores-
cent ROS detection assay. (B to E) WT or LMPTP KO MyC-CaP [(B) and (D)] or C4-2B 
[(C) and (E)] cells were plated and allowed to grow. After 3 days, cells were treated 
with varying concentrations of docetaxel [(B) and (C)] or cabazitaxel [(D) and (E)]. 
Growth was quantified on day 5 as described in Fig.  2 (A and B). *P  <  0.05 and 
**P < 0.01, two-way ANOVA.
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Conversely, overexpression of phospho-mimetic Glu270-mutated 
GSS had no effect on glutathione levels in WT or LMPTP KO cells. 
Ultimately, we found that treatment with exogenous GSH-MEE res-
cued the defects in growth and invasiveness of LMPTP KO cells, 
supporting the importance of LMPTP’s role in glutathione produc-
tion in promoting PCa cell growth and metastasis. Although deeper 
metabolic studies using isotype-labeling are needed to formally con-
clude that LMPTP promotes glutathione synthesis rather than alter-
ing its levels through consumption or degradation, together, our 
data strongly suggest that LMPTP is a key promoter of GSS function 
and glutathione levels in PCa cells.

The role of LMPTP in PCa cell glutathione production was fur-
ther supported by phosphoproteomics analysis, which revealed 
strong changes in the eIF2-driven ISR. Confirmatory experiments 
demonstrated up-regulation of the eIF2 pathway, suggesting that 
LMPTP KO cells were undergoing excessive oxidative stress in re-
sponse to deficient glutathione levels. This was reflected in the en-
hanced eIF2-Ser51 phosphorylation and ATF4 and NRF2 levels in 
LMPTP KO PCa cells and in enhanced eIF2-Ser51 phosphorylation 
in prostate tumors from mice treated with LMPTP inhibitor. This 
concept is also supported by the sensitizing effects of LMPTP dele-
tion/inhibition in PCa cells on the growth inhibitory effects of taxane 
drugs, which enhance ROS production (41, 42). Phosphoproteomics 
also revealed the cell cycle control of chromosomal replication path-
way was significantly altered in all LMPTP KO clones tested, consis-
tent with our findings that enhanced percentages of LMPTP KO cells 
undergo cell cycle arrest in the G2-M phase. Further experiments are 
needed to confirm whether LMPTP attenuates the ISR in PCa cells 
entirely through its action on glutathione production or through ad-
ditional mechanisms as well.

We propose a model (Fig. 9) by which LMPTP supports PCa cell 
glutathione production by dephosphorylating GSS on inhibitory 
phosphorylation site Tyr270. Dephosphorylation of this site by 

LMPTP enhances GSS catalytic activity and glutathione production, 
enabling PCa cell survival, growth, and invasiveness by reducing 
cellular oxidative stress. We also do not exclude the possibility of 
additional GSS phosphorylation sites or pathways under control of 
LMPTP promoting the growth and metastasis of PCa cells.

Tyr270 is localized in the substrate binding “S loop” of GSS, an 11 
residue stretch (Phe266-Arg267-Asp268-Gly269-Tyr270-Met271-Pro272-
Arg273-Gln274-Tyr275-Ser276) participating in γ-glutamylcysteine 
binding (44). GSS Tyr270Cys and Tyr270His mutations were found by 
sequencing patients with GSS deficiency, a disorder characterized by 
deficiency in glutathione levels, metabolic acidosis, 5-oxoprolinuria, 
and increased hemolytic rate (45). Both patients with mutated Tyr270 
showed substantially reduced GSS enzymatic activity (45). Mutations 
in the S loop Arg267 have also been reported in patients with GSS 
deficiency (46). These data suggest that alterations in this region such 
as phosphorylation or mutation can inhibit the ability of GSS to bind 
its substrate, leading to defective glutathione production. Our crystal 
structure of GSS Tyr270Glu indicates that this residue would not be 
easily accommodated into the active site of kinases or phosphatases 
despite being somewhat more accessible due to the disordering of 
two active site loops. It could, however, become involved in signaling 
via posttranslational modifications if alternative conformations be-
come energetically favorable under appropriate cellular conditions.

Our findings suggest that LMPTP promotes prostate tumor 
growth, at least in part, through up-regulation of glutathione pro-
duction. Elevated cancer cell glutathione levels are associated with 
tumor progression and resistance to chemotherapeutic drugs (47). 
By increasing glutathione levels, cancer cells can potentially mitigate 
the impacts of oxidative stress resulting from high metabolic rates. 
Although we observe enhanced eIF2-Ser51 phosphorylation in tu-
mors of mice treated with LMPTP inhibitor, further studies are 
needed to more definitively confirm that the inhibitor’s effects on 
tumor growth in vivo are through direct inhibition of GSS activity 
and GSH production. Furthermore, it is possible that LMPTP plays 
a similar function in other types of tumors displaying up-regulation 
of LMPTP expression, such as in the case of CRC (20–22), and fur-
ther experimentation is necessary to understand whether LMPTP 
regulates oxidative stress in other nontumor and tumor cell types. It 
is also possible that LMPTP promotes tumor growth through addi-
tional mechanisms unrelated to oxidative stress and via dephos-
phorylation of additional substrates.

Another open question is which pathway underlies ACP1 up-
regulation in prostate tumor cells and whether oxidative stress is 
somehow involved in LMPTP transcriptional regulation. The poten-
tial oxidative inactivation of LMPTP—which is believed to be regu-
lated by glutathione (48)—could also play into the observed 
relationship between the LMPTP expression and glutathione levels 
in PCa cells. As with most other PTPs, LMPTP can be inactivated by 
oxidation of its catalytic Cys13. LMPTP belongs to a restricted sub-
group of PTPs whose redox inactivation is reversible because a di-
sulfide bridge can be formed between Cys13 and Cys18 in the P loop 
of the enzyme (49). It is tempting to speculate about the existence of 
an oxidative stress rheostat that operates through a balance between 
LMPTP expression, which tends to protect cells from oxidative 
stress, and LMPTP inactivation by ROS, which would tend to re-
duce glutathione levels.

In conclusion, using a combination of cell-based, in  vivo, me-
tabolomic, and phosphoproteomic approaches, we report a role for 
LMPTP as a key promoter of PCa glutathione production, growth, 

Proposed scheme

Fig. 9. Scheme of proposed mechanism. Proposed model by which LMPTP sup-
ports PCa cell glutathione production by dephosphorylating GSS on inhibitory 
phosphorylation site Tyr270. Dephosphorylation of this site by LMPTP enhances 
GSS catalytic activity and glutathione production, enabling PCa cell survival, 
growth, and invasiveness by reducing cellular oxidative stress.
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and metastasis. We find that LMPTP inhibition impairs primary 
and bone metastatic tumor growth. Further investigation of the 
functions of LMPTP in PCa cell biology is warranted to under-
stand the potential of targeting LMPTP for treatment of primary 
and metastatic prostate tumors.

MATERIALS AND METHODS
Analysis of ACP1 expression in TCGA
ACP1 expression in PRAD from TCGA was obtained from the 
UALCAN web portal (50) or the UCSC Xena browser (51).

Analysis of ACP1 expression in the Caris Life Sciences cohort
Study cohort
Formalin-fixed paraffin-embedded (FFPE) samples from patients 
with PCa (N  =  5028) were submitted by clinical physicians to a 
commercial Clinical Laboratory Improvement Amendments of 
1988-certified laboratory for molecular profiling (Caris Life Sci-
ences, Phoenix, AZ). The present study was conducted in accor-
dance with the guidelines of the Declaration of Helsinki, Belmont 
Report, and U.S. Common Rule. With compliance to policy 45 CFR 
46.101(b), this study was conducted using retrospective, deidenti-
fied clinical data, and patient consent was not required.
Clinical outcomes
Real-world overall survival information was obtained from insur-
ance claims data and calculated from first the time of biopsy to last 
contact. Survival curves were compared using the log-rank test, and 
hazard ratios (HRs) with 95% confidence interval (CI) were esti-
mated by Cox proportional hazards model.
RNA WTS
Whole transcriptome sequencing (WTS) uses a hybrid-capture 
method to pull down the full transcriptome from FFPE tumor sam-
ples using the Agilent SureSelect Human All Exon V7 bait panel 
(Agilent Technologies) and the Illumina NovaSeq platform (Illumi-
na Inc.). FFPE specimens underwent pathology review to discern 
the percent tumor content and tumor size; a minimum of 10% tumor 
content in the area for microdissection was required to enable en-
richment and extraction of tumor-specific RNA. A QIAGEN RNA 
FFPE tissue extraction kit was used for extraction, and the RNA 
quality and quantity were determined using the Agilent TapeStation. 
Biotinylated RNA baits were hybridized to the synthesized and puri-
fied cDNA targets, and the bait-target complexes were amplified in a 
post-capture PCR reaction. The resultant libraries were quantified 
and normalized, and the pooled libraries were denatured, diluted, 
and sequenced. Raw data were demultiplexed using the Illumina 
DRAGEN FFPE accelerator. FASTQ files were aligned with STAR 
aligner (Alex Dobin, release 2.7.4a github). A full 22,948 gene data-
set of expression data was produced by the Salmon, which provides 
fast and bias-aware quantification of transcript expression. BAM 
files from STAR aligner were further processed for RNA variants us-
ing a proprietary custom detection pipeline. The reference genome 
used was GRCh37/hg19, and analytical validation of this test dem-
onstrated ≥97% positive percent agreement, ≥99% negative percent 
agreement, and  ≥99% overall percent agreement with a validated 
comparator method.

Antibodies and other reagents
LMPTP inhibitor Compd. 23 was generated as described (14) and 
formulated in rodent chow at 0.1% (w/w) by Research Diets. 

CRISPR-Cas9 plasmids were purchased from ATUM. Pierce d-
Luciferin monopotassium salt was purchased from Thermo Fisher 
Scientific and reconstituted using phosphate-buffered saline (PBS). 
For in vitro experiments, docetaxel and cabazitaxel were purchased 
from Selleckchem and reconstituted in sterile dimethyl sulfoxide 
(DMSO). The anti–phospho–eIF2-Ser51 (#3398), anti-eIF2 (#9722), 
anti-NRF2 (#12721), anti-ATF4 (#11815), anti–glyceraldehyde 
3-phosphate dehydrogenase (#5174), anti–phospho-H2AX (#9718), 
anti-H2AX (#2595), and anti-pTyr (pY1000; #8954) antibodies 
were purchased from Cell Signaling Technology (CST). The rabbit 
anti-LMPTP antibody was described in (52). The mouse anti-
LMPTP antibody (#sc-100343) was purchased from Santa Cruz 
Biotechnology. The anti-GSS antibodies were purchased from Ther-
mo Fisher Scientific (#PA5-89891) or Santa Cruz Biotechnology 
(#sc-166882). Anti-rabbit (#NA934-1ML) and anti-mouse (#NA931-
1ML) secondary antibodies were purchased from Thermo Fisher 
Scientific. TrueBlot anti-rabbit (#RL18-8816-31) and anti-mouse 
(#RL18-8817-31) secondary antibodies were purchased from Rock-
land. GSH-MEE (#353905) was purchased from Sigma-Aldrich. Un-
less otherwise specified, chemicals and other reagents were purchased 
from Sigma-Aldrich.

Cell culture and stimulation
Mouse MyC-CaP (53) and luciferase-expressing MyC-CaP (MyC-
CaP/GFP-Luc) (54) PCa cells were grown in Dulbecco’s minimal es-
sential medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS) and penicillin (100 U/ml) and streptomycin (100 μg/
ml; 1X Pen/Strep). Both cell lines were confirmed to be negative for 
mycoplasma, lymphocytic choriomeningitis virus, lactate dehydro-
genase virus, mouse hepatitis virus, and mouse parvovirus by 
IDEXX Bioanalytics. Human C4-2B PCa cells were purchased from 
American Type Culture Collection and were grown on 0.01% poly-
lysine–coated tissue culture plates in RPMI 1640 supplemented with 
10% FBS and 1X Pen/Strep. All cells were maintained in a sterile in-
cubator at 37°C and 5% CO2. For serum starvation, cells were cul-
tured in growth media with 0.1% FBS. For pervanadate stimulation, 
cells were treated with 200 μM pervanadate for 15 min at 37°C be-
fore lysis.

LMPTP KO cell generation
Guide RNA (gRNA) targeting exon 1 of either human or mouse 
ACP1 locus was selected using ATUM’s CRISPR gRNA Design Tool. 
Plasmids encoding the gRNA, Cas9 endonuclease, kanamycin resis-
tance sequence, and fluorescent protein [green fluorescent protein 
(GFP) for MyC-CaP and C4-2B and red fluorescent protein (RFP) 
for MyC-CaP/GFP-Luc] for mammalian selection were purchased 
from ATUM. MyC-CaP and C4-2B cells were grown in six-well 
plates and transfected at ~50 to 60% confluency with 500 ng of plas-
mid DNA using Lipofectamine 3000 (Life Technologies) following 
the manufacturer’s instructions. Two days after transfection, cells 
were collected and resuspended in ice-cold fluorescence-activated 
cell sorting buffer (25 mM Hepes, 1 mM EDTA, and 1% FBS in 
PBS). GFP+ MyC-CaP or C4-2B cells and RFP+ MyC-CaP/GFP-Luc 
cells were single-cell–sorted into 96-well plates containing growth 
media and allowed to grow for characterization.

GSS overexpression
Plasmid expressing human Myc-DDK (Flag)–tagged GSS under 
the cytomegalovirus promoter was purchased from OriGene 
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(#RC203174) and used as the template for site-directed mutagen-
esis to generate GSS point mutants at Tyr270. MyC-CaP and C4-2B 
WT or LMPTP KO cells were transfected with WT GSS, Tyr270Phe 
GSS, or Tyr270Glu GSS plasmids or pMax-GFP plasmid (Lonza) at 
~70 to 80% confluency using Lipofectamine 3000 (Life Technolo-
gies) or FUGENE4K transfection reagents (Fugent LLC) following 
the manufacturer’s instructions. Cells were lysed for immunopre-
cipitation or glutathione detection assay after 24 hours.

Cell lysis, immunoprecipitation, and Western blotting
Cells were lysed in 1X cell lysis buffer (CST) with 1 mM phenyl-
methylsulfonyl fluoride (PMSF). For Western blotting and immu-
noprecipitation of lysates, protein concentrations were determined 
using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). 
For analysis of ATF4 and NRF2 protein levels in MyC-CaP, cells 
were lysed in buffer containing 50 mM tris-HCl (pH 7.4), 150 mM 
NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 1 mM 
EDTA, 1X protease inhibitor cocktail (Thermo Fisher Scientific), 
and 1 mM PMSF. Flag-tagged GSS was immunoprecipitated by 
rocking lysates with anti-Flag M2 Magnetic Bead Conjugate (Sigma-
Aldrich, #M8823) for 2 hours, or unconjugated anti-Flag M2 anti-
body for 2 hours followed by addition of protein G sepharose beads 
for an additional hour. Immunoprecipitates were washed in 1X lysis 
buffer with PMSF and subjected to Western blotting. For pTyr im-
munoprecipitations, lysates were first denatured using 1% SDS at 
room temperature for 15 min then diluted with lysis buffer to a final 
concentration of 0.1% SDS. Phosphorylated proteins were immuno-
precipitated by rocking lysates with anti-pY1000 Sepharose Bead 
Conjugate (CST, #14500S) for 2 hours, or unconjugated anti-pY1000 
antibody for 2 hours followed by addition of protein G sepharose 
beads for an additional hour. Immunoprecipitates were washed and 
subjected to Western blotting. For Western blotting, samples were 
resuspended in 2X or 6X Laemmli sodium dodecyl sulfate (SDS) 
sample buffer (BioRad or Thermo Fisher Scientific) with the addi-
tion of 5% β-mercaptoethanol. In some experiments on GSS in pro-
tein lysates or immunoprecipitates, 50 mM dithiothreitol was added 
to the SDS sample buffer along with 5% β-mercaptoethanol. Pre-
cast Tris-glycine gels were purchased from Thermo Fisher Scientific. 
Western blot signals were quantified using ImageJ software.

Cell proliferation assay
WT and LMPTP KO MyC-CaP or C4-2B cells were plated in tripli-
cate at equal counts into 12 well plates. Cells were left to grow for 
5 days undisturbed except for replenishing the media after three days. 
After 5 days of growth, cells were fixed with 70% ethanol and stained 
with 0.05% crystal violet in 25% ethanol. Plates were gently rinsed 
with deionized water and left to dry overnight away from light. Crys-
tal violet was extracted using Sorenson’s extraction reagent (50 mM 
sodium citrate & 50 mM citric acid dissolved in 50% ethanol). Ex-
tracted solution was diluted anywhere between 1:2 and 1:10. Absor-
bance of the samples was read in triplicate at 595 nm using the Tecan 
Infinite F Plex plate reader. For experiments with docetaxel or cabazi-
taxel, cells were treated with 0.3125–5 nM docetaxel or 0.1825–3 nM 
cabazitaxel or DMSO on day 3.

Mice
Animal experiments were conducted in accordance with Institution-
al Animal Care and Use Committee approved protocols at the Uni-
versity of California, San Diego (S16098) and the La Jolla Institute 

for Allergy & Immunology (AP00001013). CB-17 SCID mice were 
purchased from Taconic (#CB17SC). Since PCa only occurs in males, 
only male mice were used for experimentation.

Tumor xenograft mouse model
7–8 week old CB-17 SCID mice were assigned randomly into groups 
and injected subcutaneously in the right and left dorsal flanks with 
200 K WT or LMPTP KO MyC-CaP cells suspended in 50% Matri-
gel Matrix Phenol Red Free (BD, #3562377) and 50% DMEM at a 
final volume of 100 μl. Tumor length, width, and depth were mea-
sured 3 times per week using a caliper starting 7 days after initial 
inoculation to calculate tumor volume, and the volume of the 2 tu-
mors was averaged for each mouse. Mice were also weighed for the 
duration of the study. Study endpoint was defined as when a tumor 
reached 1.5–2 cm in diameter or a mouse lost 20% of its initial body 
weight. For the LMPTP inhibition study, mice were injected with 
200 K WT MyC-CaP cells and 2 weeks later placed on chow formu-
lated with 0.1% w/w Compd. 23 or regular chow. Following termi-
nation of the study, tumors were extracted and flash-frozen. For 
analysis of tumor eIF2-Ser51 phosphorylation levels, tumors were 
lysed in buffer containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 
0.5% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 1 mM 
EDTA, 1 mM sodium fluoride, 1 mM sodium orthovanadate, 1X 
protease inhibitor cocktail, and 1 mM PMSF, and lysates subjected 
to Western blotting.

Soft agar colony formation assay
A 1:1 ratio of 1.2% w/w noble agar (VWR, #90000–772) to 2X 
DMEM or RPMI media was plated on the bottom of 6 well plates. 
After solidification of the agar, MyC-CaP or C4-2B PCa cells were 
suspended in a 1:1 mixture of 0.6% noble agar to 2X DMEM or 
RPMI media and plated on top (35 K MyC-CaP cells/well and 20 K 
C4-2B cells/well). After solidification of the top layer, growth media 
with 10% FBS was added to each well to prevent gel agar from dry-
ing. Plates were maintained at 37°C and 5% CO2 while maintaining 
a thin layer of growth media. After 21 days, colonies were stained 
with crystal violet and washed. Colonies were visualized and count-
ed throughout the depth of the agar using the Motic AE2000 In-
verted Microscope. Representative images were captured using the 
AxioVert Marianas Microscopy System as Z-stacks and compiled 
into a single image using ImageJ (55).

Matrigel invasion assay
WT and LMPTP KO MyC-CaP and C4-2B PCa cells were serum 
starved overnight (18 hours) in DMEM or RPMI media containing 
0.1% FBS with 1X Pen/Strep. Cells were placed in the top chamber 
of a Matrigel Invasion Chamber (Corning, #354480) with the bot-
tom chamber containing DMEM or RPMI media with 10% FBS 
with 1X Pen/Strep to promote migration. For experiments with 
LMPTP inhibitor, 10 μM Compd. 23 or DMSO was added to the top 
chamber. Two days later, cells on the bottom of the transwells were 
fixed with 100% methanol and stained using 0.05% crystal violet in 
25% ethanol. Migrated cells were imaged using the Motic AE2000 
Inverted Microscope and counted from 5 non-overlapping frames.

Bone mimetic environment growth assay
Generation of BME
BME were generated as previously reported (29). Briefly, scaffolds 
(area, 0.32 cm2) were designed using computer-aided BioCAD 
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design software (RegenHU, Switzerland) according to the following 
characteristics: filament width of 35 μm, pore size of 40 μm and scaf-
fold height of 320 μm. PCL (43 kDa, Polysciences) was melted at 
85°C, and printed at a collector velocity of 40 mm s−1, 5.0 kV, 1.0 bar, 
and at a collector distance of 10 mm using a 3DDiscovery Evolution 
printer (RegenHU). PCL scaffolds were stored in 70% ethanol until 
cell seeding. Human mesenchymal stem cells (hMSCs) were de-
tached with trypsin, counted and seeded on the scaffold (2.5 × 105 
cells in 25 μl of complete hMSC culture medium, 37°C, 5% CO2, 
overnight); the day after, osteogenic medium was added to induce 
osteoblastic differentiation of hMSCs. BMEs were incubated in os-
teogenic medium for at least 30 days, with a weekly refreshment, to 
achieve osteoblastic differentiation and calcified matrix deposition.
Generation, seeding and analysis of C4-2B spheroids
Spheroids of C4-2B cells were generated using the hanging-drop 
method as previously described (29). Briefly, 25 μl drops containing 
500 WT or LMPTP KO C4-2B cells were deposited on the lid of a 
15 cm dish, inverted and incubated overnight at 5% CO2, 37°C. The 
day after, spheroids were seeded on BMEs, as described above, in a 
96 well plate. Cultures were incubated at 37°C, 5% CO2 overnight 
and then overlaid with C4-2B culture medium. After 10 days, spher-
oid growth was monitored by imaging using a Leica MST66 confo-
cal microscope. Quantification of spheroid size was performed by 
measuring the integrated density (area tumoroid x mean grey back-
ground) using ImageJ (55) as reported (29). For experiments with 
LMPTP inhibitor, 10 μM Compd. 23 or DMSO was added to the 
BME culture.

Intraosseous mouse model
8–10 week old CB-17 SCID male mice were anesthetized with iso-
flurane and 100 K WT or LMPTP KO MyC-CaP/GFP-Luc resus-
pended into 20 μl ice cold PBS were injected into the left tibia. 
Tumor growth was monitored over 10 weeks by injecting mice with 
150 mg luciferin/kg body weight and imaging using the IVIS Spec-
trum in vivo imaging system. Images obtained from the IVIS were 
processed and quantified using Aura Imaging Software. For experi-
ments using the LMPTP inhibitor, mice were administered regular 
chow or chow formulated with 0.1% w/w Compd. 23 starting 3 days 
before WT MyC-CaP/GFP-Luc cell injection.

Phosphoproteomics analysis
Sample preparation
WT and LMPTP KO MyC-CaP and C4-2B PCa cells were plated in 
triplicate in 15 cm plates overnight in growth media containing 10% 
FBS with 1X Pen/Strep. Cells were lysed in 9 M urea with Pierce pro-
tease/phosphatase inhibitor (#A32961), 10 μg/mL soybean trypsin 
inhibitor, 10 μg/ml aprotinin, 10 μg/ml leupeptin, 10 mM sodium 
orthovanadate, 5 mM sodium fluoride, 2 nM sodium pyrophos-
phate, and 1 mM PMSF and snap frozen.
Phosphopeptide enrichment and liquid chromatography with 
tandem mass spectrometry (LC-MS/MS)
Lysates were reduced, alkylated, digested to peptides and desalted 
before quantitative recovery of phosphopeptides using Fe-NTA col-
umns (Thermo Fisher Scientific). Phosphopeptides from each con-
dition were labeled with unique tandem mass tags and fractionated, 
followed by high performance LC-MS/MS. Post-acquisition data 
processing followed a well-validated pipeline of Comet/SEQUEST 
database searching, false discovery rate assessment and reporter ion 
quantification (56, 57). Phosphopeptide ratios were calculated as 

KO/WT and log-transformed. Canonical pathway analysis of phos-
phoproteins displaying log2(LMPTP KO/WT signal ratio) < −0.59 
or > 0.59 and p-value <0.05 were performed using the Core Analy-
sis function in the IPA platform (58).

Quantitative polymerase chain reaction
MyC-CaP and C4-2B cells were washed with PBS and lysed with 
RLT buffer (QIAGEN) containing 1:100 β-mercaptoethanol. RNA 
was extracted using RNeasy Kits (QIAGEN). cDNA was synthesized 
using the SuperScript III First-Strand Synthesis System (Thermo 
Fisher Scientific). Primer assays were purchased from QIAGEN or 
Sigma-Aldrich. qPCR was performed using a Bio-Rad CFX384 
Touch Real-Time PCR Detection System. Reactions were measured 
in triplicate and data was normalized to the expression levels of the 
housekeeping gene RNA Polymerase II (POLR2A).

Metabolomics analysis
Sample preparation
WT and LMPTP KO PCa cells were grown in five replicates in 15 cm 
plates overnight the same way as prepared for phosphoproteomics 
analysis. For sample collection, the extracellular metabolome (me-
dia) along with intracellular metabolome (cell pellet) were retained 
and snap frozen.
UHPLC-MS
Intracellular metabolites were extracted using a modified Bligh-
Dyer procedure as previously described (16, 59). All metabolomics 
analyses were performed using a Q Exactive Hybrid Quadrupole 
Orbitrap Mass Spectrometer (Thermo Fisher Scientific) coupled to a 
Vanquish Horizon UHPLC system (Thermo Fisher Scientific). The 
MS was calibrated for mass accuracy before analysis and moni-
tored throughout data acquisition to maintain mass accuracy below 
5 ppm. A pooled quality control sample was injected between every 
batch of 6 samples to monitor instrument performance and guaran-
tee consistency across the runs. Initial chromatographic separation 
of polar metabolites including nucleotides and redox cofactors 
was performed using an Atlantis Premier BEH Z-HILIC Column, 
1.7 μm, 2.1 mm X 150 mm (Waters). The mobile phases used for this 
analysis were A) LCMS-grade water +10 mM ammonium acetate, 
B) 90:10 acetonitrile:LCMS-grade water +10 mM ammonium ace-
tate (pH of 9.2), C) 100% acetonitrile. The following parameters 
were used for separation: sample injection volume: 5 μl; flow rate: 
0.15 ml/min; flow gradient: 90:10 A:C for 7 min, 100% B for 10 min, 
90:10 A:C for 18  min. After initial data acquisition, a CentriVap 
Benchtop Concentrator (Labconco) was used to dry the samples be-
fore they were resuspended in LCMS-grade water for secondary 
analysis of polyamines using a Kinetex C18 Column, 2.6 μm, 100 Å, 
150 × 2.1 mm (Phenomenex). The mobile phases for this analysis 
were A) LCMS-grade water +0.2% formic acid, B) 100% methanol. 
The following parameters were used for separation: sample injection 
volume: 5 μl; flow rate: 0.15 mL/min; flow gradient: 98:2 A:B for 
4 min, 20:80 A:B for 10 min, 2:98 A:B for 7 min, 98:2 A:B for 14 min. 
The nonpolar fractions were analyzed using the previously de-
scribed method for targeted detection of CoQ9 and CoQ10 redox 
states (60). MS detection was performed in full scan mode with 
positive/negative switching and the following parameters: spray 
voltage: 3.0 kV; sheath gas: 45 units; auxiliary gas: 10 units; capillary 
temperature: 320°C, resolution: 70,000 at m/z ranges of 70–1000 
and 50–750 for HILIC and Kinetex, respectively; max inject time: 
200 ms, AGC target: 1E6, microscans: 1. The raw data files were 
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processed with SIEVE 2.2.0 software (Thermo Fisher Scientific) and 
the integrated peaks were mined against an in-house database of 
standards that includes the IROA Mass Spectrometry Metabolite Li-
brary of Standards (MSMLS; IROA Technologies) for accurate 
masses and retention times. The peaks were also matched to the ac-
curate masses of the Human Metabolome Database (61).

Intracellular glutathione detection assay
WT and LMPTP KO MyC-CaP and C4-2B PCa cells were grown in 
normal cell culture conditions to 80% confluency then harvested us-
ing trypsin. For experiments with LMPTP inhibitor, 20 μM Compd. 
23 or DMSO was added to the culture media for 48 hours before 
harvesting the cells. An intracellular glutathione detection assay was 
performed using the GSH/GSSG-Glo kit (Promega, #V6611) ac-
cording to the manufacturer’s instructions to assess total, oxidized, 
and GSH levels. Samples were analyzed in duplicate on opaque, 
white 96- well plates (Sigma-Aldrich). Bioluminescence was mea-
sured using the Tecan Infinite F Plex plate reader.

Purification of recombinant proteins
Human LMPTP-A was purified as previously reported (14). A 
codon-optimized open reading frame for bacterial expression of 
full-length WT GSS as a thrombin cleavable 6xHistidine N-terminal 
fusion in pET28a vector was purchased from Genscript. Escherichia 
coli BL21 (DE3) cell cultures were grown at 37°C in Luria-Bertani 
broth and induced for 16 to 20  hours at 18°C by the addition of 
0.25 mM isopropyl-β-​d-thiogalactopyranoside. An amount of tar-
get protein sufficient for the isolation of several milligrams of pro-
tein was present in the soluble fraction of the lysate from one liter 
of culture. Briefly, the cleared lysate in 20 mM tris-HCl (pH 8.0), 
300 mM NaCl was applied to a nickel-nitrilotriacetic acid affinity 
column (QIAGEN) by gravity flow and eluted with successive buf-
fers containing increasing amount of imidazole, followed by a pol-
ishing step by Superdex 200 (Cytiva) size exclusion chromatography 
(SEC). For crystallization, the 6xHis tag was removed with throm-
bin before the SEC step. The final purity was assessed to be >95% by 
SDS-PAGE, and the protein was concentrated to 8 to 10 mg/ml and 
stored at −80°C. All mutants were purchased from GenScript or 
obtained by standard site-directed mutagenesis techniques and con-
firmed by sequencing. All primers used were synthesized by Inte-
grated DNA Technologies.

SPR studies on GSS binding to LMPTP
The Pioneer SensiQ system (currently Sartorius) was used in our 
SPR binding studies. The GSS protein was prepared in 10 mM so-
dium acetate buffer (pH 4.5) for immobilization by amine coupling. 
The protein was immobilized on channel 1 of the Octet SPR PCH 
Sensor Chip (Sartorius), while channel 2 was used as the reference 
channel. During immobilization, the Hepes-buffered saline, com-
posed of 10 mM Hepes (pH 7.5) and 150 mM sodium chloride, was 
used as the running buffer. The immobilization was achieved by 
passing protein (2 μg/ml) over the sensor surface that was activated 
by the N-(3-dimethylaminopropyl)-​N′-ethylcarbodiimide (EDC) 
and N-hydroxysuccinimide (NHS) reagents, and the sensor surface 
was subsequently deactivated by ethanolamine. The reference chan-
nel was activated by EDC and NHS, followed by deactivation using 
ethanolamine. Subsequently, the OneStep binding kinetics experi-
ments were carried out using the running buffer (assay buffer) com-
posed of 1X tris-buffered saline comprising 50 mM tris (pH 7.5), 

150 mM sodium chloride, and 0.005% Tween 20. The analytes in-
cluding 40 μM LMPTP and 80 μM HMG-box protein were prepared 
in the assay buffer and assessed for their binding to GSS. The HMG-
box protein was used as a negative control. A bulk standard cycle (as 
an internal control for gradient dispersion) of 3% (w/w) sucrose 
prepared in the assay buffer, and few blank cycles of assay buffer 
were also included in the assay. The injection parameters for all the 
kinetics assay cycles include: flow rate of 40 μl/min, 100% of loop 
sample volume, and 360-min dissociation time. The data were pro-
cessed using the Qdat analysis software.

GSS enzymatic assay
GSS activity assays were performed in reaction buffer containing 
50 mM NaCl, 50 mM Hepes (pH 7.0), 10 mM MgSO4, 10 mM gly-
cine, 2 mM γ-glutamylcysteine, 2 mM dithiothreitol (DTT), and 
0.05% Tween 20. GSS proteins were diluted in 1X reaction buffer to 
20 nM. ATP was diluted in 1X reaction buffer to 2 mM. To a 384-
well plate, 5 μl of 2 mM ATP in reaction buffer and 5 μl of 20 nM 
GSS in reaction buffer were added and incubated at 37°C for 30 min. 
Reactions were stopped with 10 μl ADP-Glo reagent from the ADP-
Glo Kinase Assay kit (Promega, #V6930). Plates were incubated at 
room temperature away from light for 40  min. After incubation, 
20 μl of Kinase Detection reagent (Promega, #V6930) was added 
and incubated at room temperature away from light for 1 hour. Bio-
luminescence was measured using the Tecan Infinite F Plex plate 
reader following incubation.

Crystallization and structure solution of GSS Tyr270Glu
GSS Tyr270Glu was crystallized at 6 mg/ml in the presence of an 
equimolar amount of LMPTP by the hanging drop vapor diffusion 
method with 100 mM Hepes, 2.0 M ammonium sulfate, and 2% 
polyethylene glycol 400 (pH 7.5) as the reservoir buffer. A single 
crystal suitable for x-ray data collection grew over 2 to 4 months to 
a size of approximately 0.3 μm by 0.3 μm by 0.3 μm. The crystal was 
harvested and flash-frozen in liquid nitrogen with 25% glycerol as 
cryoprotectant, and a complete dataset to 1.5 Å resolution was col-
lected at Beamline 8.2.1 of the Advanced Light Source (ALS) at Law-
rence Berkeley National Laboratory. The data were processed with 
XDS (62) to a resolution of 1.59 Å based on a I/σI 2.0 cutoff. The 
structure was solved by molecular replacement using Phaser (63) 
and PDB code 2HGS as the search model and refined with Refmac5 
(64) with model building with Coot (65). The final model comprises 
residues 3 to 474 and 5 to 474 for monomers A and B present in the 
asymmetric unit, with gaps at residues 368 to 371 and 455 to 463 (A) 
and 134 to 136, 368 to 370, and 456 to 459 (B), six sulfate ions; 1 
glycerol molecule; and 1046 water molecules. Data collection and 
refinement statistics are reported in table S1. Structure quality was 
analyzed with Rampage (66). A detail of the ED map around the ac-
tive site is shown in fig. S8B. Data and coordinates have been depos-
ited in the PDB with accession code 8FBZ.

ROS detection assay
WT and LMPTP KO MyC-CaP cells were treated with 2.5 nM 
docetaxel or 1.5 nM cabazitaxel for 4  hours before harvesting. A 
ROS detection assay was performed using the DCFDA/H2DCFDA-
Cellular ROS Assay kit (Abcam, #ab113851) following the manufac-
turer’s instructions. Samples were analyzed in triplicate on black 
round bottom plates, and fluorescence intensity was measured at 
excitation = 485 and emission = 535 nm.
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Cell apoptosis assay
WT and LMPTP KO MyC-CaP cells were seeded into a six-well 
plate in 10% FBS media. After 2 days, the cells were trypsinized and 
collected in the original cell media. The cells were washed with PBS 
and suspended in 100 μl of annexin V binding buffer before staining 
with 5 μl of Pacific Blue annexin V solution and 5 μl of propidium 
iodide solution (BioLegend). After incubating in the dark at room 
temperature for 15 min, 400 μl of annexin binding buffer was added 
to each sample. Samples were analyzed for cell fluorescence by flow 
cytometry using a Bio-Rad ZE5 flow cytometer, and the data were 
processed using FlowJo software.

Cell cycle phase determination
WT and LMPTP KO MyC-CaP cells (105 cells) were seeded into a 
six-well plate to attach overnight. The following day, cells were col-
lected by trypsinization and prepared for cell cycle analysis by flow 
cytometry according to specifications of the Cell Cycle Phase Deter-
mination Kit (Cayman Chemical, #10009349). Cell fluorescence 
was measured using a BD LSR-II, and the data were processed ac-
cording to the Dean-Jett-Fox model using the Cell Cycle tool from 
FlowJo software. Peak constraints were added only when necessary 
for the model to calculate cell cycle phases.

Statistical analysis
The one-way analysis of variance (ANOVA), two-way ANOVA, log-
rank test, unpaired t test, unpaired t test with Welch’s correction, 
and Mann-Whitney U test were performed using GraphPad Prism 
software. Statistical outliers were identified using the Grubbs test 
(α = 0.05) in GraphPad Prism. P values less than 0.05 were consid-
ered significant. Statistical analysis of data from TCGA was reported 
by the UALCAN portal. Comparison of ACP1 expression in various 
normal or tumor samples had been analyzed with a t test performed 
using a PERL script with Comprehensive Perl Archive Network 
module “Statistics::TTest” (50). Statistical significance of survival 
correlation between low-medium and high ACP1 expression groups 
had been analyzed using a log-rank test (50). Differential ACP1 gene 
expression in the Caris Life Sciences cohort was assessed by Mann-
Whitney U tests for samples stratified by primary (prostate), lymph 
node, and metastatic biopsy sites. For the phosphoproteomics anal-
ysis, P values for phosphopeptide ratios were calculated by two-
tailed t test and adjusted P values for each pathway were obtained 
using the Benjamini-Hochberg method in IPA.

Supplementary Materials
This PDF file includes:
Figs. S1 to S10
Table S1
Legends for data S1 to S12

Other Supplementary Material for this manuscript includes the following:
Data S1 to S12
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