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Most patients with muscle-invasive bladder cancer (MIBC) are not cured

with platinum chemotherapy. Up-regulation of nuclear factor kappa light-

chain enhancer of activated B cells (NF-jB) is a major mechanism underly-

ing chemoresistance, suggesting that its pharmacological inhibition may

increase platinum efficacy. NF-jB signaling was investigated in two patient

cohorts. The Cancer Genome Atlas (TCGA) was used to correlate NF-jB
signaling and patient survival. The efficacy of cisplatin plus the NF-jB
inhibitor dimethylaminoparthenolide (DMAPT) versus cisplatin or

DMAPT alone was tested in vitro. Xenografted and immunocompetent

MIBC mouse models were studied in vivo. Platinum-naive claudin-low
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MIBC showed constitutive NF-jB signaling and this was associated with

reduced disease-specific survival in TCGA patients. Chemotherapy up-

regulated NF-jB signaling and chemoresistance-associated genes, including

SPHK1, PLAUR, and SERPINE1. In mice, DMAPT significantly

improved the efficacy of cisplatin in both models. The combination pre-

served body weight, renal function, and morphology, reduced

muscle fatigue and IL-6 serum levels, and did not aggravate immuno-

hematological toxicity compared with cisplatin alone. These data provide a

rationale for combining NF-jB inhibition with platinum-based chemother-

apy and conducting a clinical trial in MIBC patients.

1. Introduction

Bladder cancer, most commonly presenting as urothe-

lial carcinoma, may have a superficial distribution con-

fined to the lamina propria and submucosa but in

approximately 25% of cases, patients present with

advanced-stage disease with invasion of the muscularis

mucosa or with metastatic disease [1]. Platinum-based

chemotherapy plays a prominent role in the care of

patients with muscle-invasive bladder cancer (MIBC):

neoadjuvant chemotherapy followed by radical cystect-

omy or as part of chemoradiation, and is also a main-

stay of therapy for patients with metastatic urothelial

cancer. However, the clinical management of these

patients remains a significant challenge, as only 15–25%
show a complete response to therapy [2] and many

patients are not candidates for cisplatin due to comor-

bidities such as renal insufficiency.

Urothelial cancer is a heterogeneous disease with

different molecular gene expression subtypes. Five sub-

typing schemes have been proposed [3–7]. Importantly,

molecular subtyping may help with more accurate

prognosis and identify patients more likely to respond

to chemotherapy [7]. For instance, the recently described

claudin-low subtype, which comprises approximately

10% of MIBC, is associated with poor outcomes and

shows poor response to platinum-based therapy [7,8].

This subtype shows constitutive up-regulation of the

nuclear factor kappa light-chain enhancer of activated B

cells (NF-jB) pathway, which has been implicated in

chemoresistance and tumor progression in multiple

cancer types including urothelial cancer [9–11]. Activa-

tion of NF-jB in response to genotoxic stress is medi-

ated by the ataxia telangiectasia-mutated (ATM)

protein through ubiquitination of the NF-jB essential

modulator (NEMO) [12]. NF-jB drives chemoresis-

tance through multiple mechanisms including the up-

regulation of anti-apoptotic Bcl2-family proteins [13]

and induction of WNT ligands [14]. The development

of NF-jB inhibitors for treating patients with solid

tumors remains an unmet need [15].

In this study, we assessed NF-jB signaling in human

bladder cancer samples before and after chemotherapy

and assessed the efficacy and toxicity in preclinical

bladder cancer models of an NF-jB inhibitor dimethy-

laminoparthenolide (DMAPT) which has advanced to

clinical trials. We observed that patients treated with

platinum-based chemotherapy showed up-regulated

NF-jB signaling. In treatment-naive patients, high

NF-jB activity was found in claudin-low tumors and

associated with poor disease-specific survival. Based on

these observations, we evaluated the efficacy of cis-

platin alone versus a combination of cisplatin plus the

clinical NF-jB inhibitor DMAPT. We first confirmed

the potential of this combination in vitro and then

conducted in vivo tests, using a mouse xenograft model

and an immunocompetent mouse model of MIBC

induced by N-butyl-N-(4-hydroxybutyl)-nitrosamine

(BBN). In both in vivo models, the combination was

significantly more effective than cisplatin alone. We

also assessed how this combination could modify well-

known cisplatin toxicities. The addition of DMAPT

reduced the expression of NF-jB-regulated genes in

renal tissue and attenuated cisplatin-induced nephro-

toxicity. It also reduced circulating IL-6 levels, pre-

served bodyweight, and reduced muscle fatigue. The

combination treatment regimen did not induce signifi-

cant differences in immuno-hematological parameters.

2. Materials and methods

2.1. Patient samples

We evaluated tumor gene expression and clinical out-

comes from patients with clinically T2–4 urothelial

carcinomas who underwent platinum-based neoadju-

vant chemotherapy followed by radical cystectomy: 52

patients from the University of Washington and 223
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from a multi-institutional cohort, as previously

described [7,16–17]. Pathologic response to chemother-

apy was defined as complete response (pT0N0), partial

response (pTa/pTIS/pT1N0), or non-response (pT2-

4N0 and pT0-4N1-3) at cystectomy. Pre-treatment

(TURBT) and post-chemotherapy radical cystectomy

specimens from the 52 University of Washington

patients were used to construct a tissue microarray

(TMA). Replicate 1-mm cores were taken from tumor,

peritumor, and normal appearing surrounding stromal

regions from both TURBT and cystectomy specimens.

TURBT samples from 65 patients from the multi-

institutional cohort were used to build a second TMA.

Matched pre- and post-chemotherapy formalin-fixed

paraffin-embedded tissue samples were used for whole

transcriptome analysis using the GeneChip Human

Exon 1.0 ST Array (Affymetrix, Santa Clara, CA,

USA), and molecular tumor subtypes (luminal, lumi-

nal infiltrated, basal, and claudin low) were assigned

according to a single-sample genomic subtyping classi-

fier (GSC) as previously reported [7,16–17]. Transcrip-
tome data used in this study are available in the Gene

Expression Omnibus repository (GEO) under accession

number GSE87304. The study methodologies con-

formed with the standards set by the Declaration of

Helsinki. The human ethics board of each institution

approved this study and all patients provided written

informed consent to analyze their tumor tissues. Proto-

col numbers: Bern, Switzerland KEK-Be 219/2015;

Vancouver, BC, Canada; H09-01628; Southampton,

UK, 10/H0405/99; Seattle, WA, USA, Fred Hutchin-

son Cancer Research Center, Washington, DC, USA:

#7116; Amsterdam, The Netherlands, CFMPB-104;

UC Davis, Sacramento, CA, USA, 438935-6; Rotter-

dam, The Netherlands, MEC-2014-642.

2.2. Transcript and gene set enrichment analysis

Transcript data were filtered to remove low expression

genes (mean single-channel normalized values less than

zero). Differential expression between molecular subtype

groups was assessed in R using the significance analysis

of microarrays (SAM) SAMR package (R Foundation

for Statistical Computing, Vienna, Austria). Genes were

ranked according to t-test statistics of group compari-

sons and used for GSEA on pathways within the Broad

Institute’s Molecular Signatures Database v. 6.1 [18,19].

Radical cystectomy samples from complete and partial

responders (pT0) were excluded from further analysis,

resulting in 50 subtype-classified TURBT, 20 of which

had patient-matched radical cystectomy samples from

the UW cohort, and 223 subtype-classified TURBT

samples from the multi-institutional cohort.

2.3. Survival analysis

RNA-sequencing data from the TCGA muscle-invasive

bladder cancer cohort (6) were used to study the

impact of NF-jB signaling on patient survival. Pro-

cessed RNA expression and clinical data for 408 sam-

ples were downloaded from the cBioPortal for Cancer

Genomics [20,21]. A total of 115 treatment-naive

patients who afterwards were treated with surgery and

chemotherapy were further selected for additional

analysis. Log2 RSEM values were used to compute

sample-specific pathway (enrichment) scores (ES) in R

using gene-set variation analysis (GSVA) version 1.28.0

[22] for the pathways contained within the Broad Insti-

tute’s Molecular Signatures Database v. 6.1. Pathway

scores greater than 0 were categorized as “high” and

those less than 0 as “low”. Patients were then stratified

by these groups for Kaplan–Meier survival analyses

and log-rank tests for overall survival and disease-free

survival in R using SURVMINER_0.4.3.

2.4. Leukocyte counts

Infiltrating leukocytes were manually counted using

hematoxylin and eosin (H&E)-stained preparations.

Total leukocytes as well as neutrophils, macrophages,

lymphocytes, and plasma cells were counted in 2009

fields selected in areas representing the tumor–stroma

interface at the tumor periphery. One or (when avail-

able) two fields were counted for each pre-chemo and

post-chemo sample from each patient. Results were

expressed as leukocytes per 2009 field.

2.5. In vitro experiments

Two cell lines representing human urothelial carci-

noma were used to test whether DMAPT enhances cis-

platin’s efficacy in vitro. UMUC3 (RRID: CVCL_

1783) and HTB9 (RRID: CVCL_0126) cell lines were

obtained from ATCC and cultivated in 96-well plates

in vitro using standard conditions at 5% CO2 and

10% fetal bovine serum in DMEM or RPMI, respec-

tively. Cisplatin (1, 2.5, and 5 lM) and DMAPT

(1, 2.5, and 5 lM) were dissolved in water and added

to the cultures at serial concentrations. Drug combina-

tions were tested at 1, 2.5, and 5 lM of both drugs.

Cells were harvested at 48 and 72 h post-exposure and

counted manually. A 3-(4,5-dimethylthiazol-2-yl)-2,5

diphenyl tetrazolium bromide (MTT) assay was used

to assess cellular viability and metabolic activity. Both

cell lines were authenticated using short tandem repeat

profiling and tested negative for mycoplasma. The

CompuSyn (ComboSyn Inc.) [23] was employed to
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determine whether the drug combinations showed

additive or synergistic effects.

2.6. Xenograft model

The experiments were approved by the Dana-Farber

Cancer Institute Institutional Animal Care and Use

Committee (IACUC) under protocol number 04-111.

Female 6-week-old nude mice (Crl:NU-Foxn1nu, Charles

River) were injected subcutaneously in the left flank

with 5 9 106 UMUC3 cells per animal and tumors

were allowed to grow over 4 weeks. By the 4th week,

the animals were randomized into four treatment

groups and started receiving cisplatin (group 1 n = 6,

5 mg�kg�1�week�1, i.p.), DMAPT (group 2 n = 6,

100 mg�kg�1�day�1, oral), cisplatin and DMAPT at the

same doses (group 3 n = 6), or the saline vehicle (group

4 n = 5). The animals were housed in polystyrene cages

under controlled temperature with 12 h/12 h light–dark
cycles, were handled by trained researchers, and

received daily health checks from veterinarians. Tumor

volume was monitored using a caliper every 3 days.

Tumor volume was calculated using the formula:

volume = (length 9 2.width)/2, where length is defined

as the longest tumor diameter and width as the perpen-

dicular diameter. Tumor ulceration or tumor volume

> 2.0 cm were defined as humane endpoints. Results

were expressed as the mean � standard deviation of

tumor volume per treatment group.

2.7. BBN bladder cancer model

Experiments were conducted at the University of Tr�as-

os-Montes and Alto Douro (Vila Real, Portugal) ani-

mal facility, following approval by the local IACUC

(the University of Tr�as-os-Montes and Alto Douro’s

Ethics Committee protocol approval number 10/2013)

and in accordance with the European Directive 2010/

63/EU on the use of laboratory animals. Female 6-

week-old CD-1 (Hsd:ICR) mice were obtained from

Harlan (Barcelona, Spain). The animals were housed

in polystyrene cages under controlled temperature with

12 h/12 h light–dark cycles. The mice were handled by

trained researchers and received daily health checks

from veterinarians. Animal weights were recorded indi-

vidually every month and in groups every week. Food

and water consumption were recorded weekly for each

group. A mouse model of bladder cancer induced by

N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN, Sigma,

St. Louis, MO, USA) was used to compare the efficacy

of cisplatin versus cisplatin plus DMAPT against blad-

der cancer. One hundred female 6-week-old CD-1 mice

were randomly assigned to five groups (initial n = 20):

group 1—untreated (negative control), 2—mice treated

with BBN for 12 weeks at 0.05% v/v in drinking water

(untreated cancer positive control), 3—mice treated with

BBN for 12 weeks followed by a 6 weeks treatment

with DMAPT (100 mg�kg�1�day�1, oral), 4—mice trea-

ted with BBN for 12 weeks followed by a 6 weeks

treatment with cisplatin (Teva, Porto Salvo, Portugal)

at 4 mg�kg�1 (intraperitoneal, i.p.) per week, 5—mice

treated with BBN for 12 weeks followed by a 6 weeks

treatment with DMAPT and cisplatin using the same

dosing scheme of groups 3 and 4. Administration of cis-

platin was always preceded by a hydration step where

mice were administered saline (i.p., 1% of body weight).

For groups 3 and 5, DMAPT administration started

24 h before the first cisplatin dosing. In the 13th experi-

mental week, before starting the therapies, five

untreated (group 1) mice and five BBN-exposed mice

(one from group 2, two from group 3, one from group

4, and one from group 5) were sacrificed, in order to

confirm that the development of lesions was restricted

to BBN-treated animals. The final n for each group (15,

19, 18, 19, and 19 mice, respectively) was updated

accordingly. One week after the final cisplatin dose, the

animals were sacrificed for further analysis.

2.8. Histology and immunohistochemistry

Bladder lesions were separately classified by two

pathologists (RGC and CL) blinded to the treatment

groups. Disagreements were resolved by a joint slide

review. Urothelial lesions were classified as urothelial

hyperplasia, dysplasia (further divided into high- and

low-grade), squamous metaplasia, papilloma, in situ

carcinoma (CIS), and invasive urothelial carcinoma

(further classified as T1 or T2) (IARC, 2004).

For immunohistochemical studies, 5-lm-thick

(or 8 lm for 53BP1) tissue sections were blocked with

3% hydrogen peroxide, underwent heat-induced antigen

retrieval in citrate buffer under pressure, and were

probed with primary antibodies against 53BP1 (Abcam,

Cambridge, UK ab36823 at 1 : 1000), Wnt family

member 16 (Wnt16, Novus Biologicals, Centennial, CO,

USA NBP1-86403, 1 : 200), and interleukin-6 (IL-6,

Santa Cruz Biotechnology Sc-1265, 1 : 100) at room

temperature. An avidin-biotin detection kit (Vectastain

Elite ABC kit, Vector Labs, Newark, CA, USA) was

then employed according to the manufacturer’s instruc-

tions. The slides were stained with diaminobenzidine

(DAB) and counterstained with Mayer’s hematoxylin.

For 53BP1, at least 100 nuclei were scored, and the

percentage of positive cells (arbitrarily defined as those

containing at least three foci) was determined. For

Wnt16 and IL-6, an H-score ranging between 0 and
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300 was calculated by multiplying the percentage of

positive cells by a factor that reflects staining intensity

(0—negative, 1—weakly positive, 2—moderately posi-

tive, and 3—intensely positive).

2.9. In vivo renal toxicity of cisplatin and DMAPT

Mouse kidneys from the BBN study were weighed and

fixed in formalin. The percentage of animals in each

group with tubular damage (overt tubular necrosis or

tubular degeneration with karyomegaly, clumped chro-

matin, and cellular tumefaction), glomerular damage

(membranous, proliferative, or mixed), and interstitial

nephritis (multifocal to coalescing mixed leukocytic

infiltration) was determined histologically on H&E-

stained slides. Blood samples were used for measuring

creatinine and blood urea nitrogen (BUN) (Rx Imola,

Randox, Crumlin, UK). To further assess renal dam-

age, and especially interstitial nephritis, we induced

acute cisplatin damage [24,25]. Male 6-week-old FVB/

NJ mice, bred in-house at the University of Tr�a-

s-os-Montes and Alto Douro, were used for this pur-

pose following IACUC approval (the University of

Tr�as-os-Montes and Alto Douro’s Ethics Committee

approval number 10/2013). The mice were housed in

polystyrene cages under controlled temperature with

12 h/12 h light–dark cycles, were handled by trained

researchers, and received daily health checks from veter-

inarians. A single cisplatin dose (low: 4 mg�kg�1, high:

10 mg�kg�1, n = 5 per group) was administered i.p.

Matched groups (n = 5) received cisplatin and

100 mg�kg�1�day�1 DMAPT orally, starting 24 h

before cisplatin. The animals were sacrificed at 24 h and

2 weeks post-administration. The kidneys were embed-

ded in optimum cutting temperature (OCT) medium

and stored at �80 °C. Blood samples were used to mea-

sure creatinine and BUN concentrations.

2.10. Quantitative real-time PCR (qRT-PCR)

mRNA was isolated from 8-lm-thick sections using the

PicoPure RNA isolation kit (ThermoFisher, Waltham,

MA, USA) and used to prepare cDNA. cDNA was

generated from 1 lg of total RNA by using 2 lg of

random hexamers for priming reverse transcription by

SuperScript II (200 units per reaction; Invitrogen, Wal-

tham, MA, USA). qRT-PCR analyses were performed

in triplicate using an Applied Biosystems 7700 sequence

detector with approximately 5 ng of cDNA, 1 lM of

designated primer pairs, and SYBR Green PCR master

mix (Applied Biosystems, Foster City, CA, USA). The

mean cycle threshold (Ct) for each gene was normalized

to levels of the mouse ribosomal protein S16 (Rps16)

housekeeping gene in the same sample (DCt). Unpaired

two-sample t-tests were used to determine differences in

mean delta Ct’s between treatment groups. P values

<0.05 were considered significant. Primer sequences are

summarized in Table S1.

2.11. Analysis of hematological and

immunological parameters

While sacrificing experimental mice, blood was col-

lected by cardiac puncture under anesthesia, into

heparin-coated tubes, and used for automated hemato-

logical analysis (Advia 120 Hematology System, Sie-

mens, Munich, Germany). Red blood cells (RBC),

hemoglobin, hematocrit, platelets, white blood cells

(WBC), lymphocytes, neutrophils, and monocytes

counts were expressed as mean � standard deviation.

The thymus, spleen, and bone marrow cells from

femurs were collected in Hank’s balanced salt solution

(HBSS), mechanically disrupted, and filtered through a

100 lm cell strainer to prepare single cell suspensions.

Bone marrow cell suspensions were obtained by flush-

ing the femoral axis with HBSS and similarly filtered.

Collected cells were washed and resuspended in PBS

supplemented with 1% BSA and 10 mM sodium azide.

1 9 106 cells per sample were used for immunofluores-

cence staining using the following anti-mouse monoclo-

nal antibodies (all from BD Biosciences Pharmingen,

San Diego, CA, USA): peridinin-chlorophyll protein-

cyanine5.5 (PerCP-Cy5.5)-conjugated anti-IgM (clone

IL/41), phycoerythrin (PE)-conjugated anti-CD19 (clone

ID3), PE-conjugated anti-CD3 (clone 145-2C11), fluo-

rescein isothiocyanate (FITC)-conjugated anti-Gr1

(clone RB6-8C5) (for bone marrow cells analysis);

FITC-conjugated anti-CD4 (clone RM4-5) and PE-

conjugated anti-CD8 (clone 53–6.7) (for thymocyte

analysis); PerCP-Cy5.5-conjugated anti-IgM (clone IL/

41), PE-conjugated anti-CD19 (clone ID3),

PE-Cy7-conjugated anti-TCR-b (clone H57-597), FITC-

conjugated anti-CD4 (clone RM4-5), and PE-

conjugated anti-CD8 (clone 53–6.7) (for spleen cells

analysis). Flow cytometry data collection was per-

formed in an EPICS XL flow cytometer using the

EXPO32ADC software (Beckman Coulter, Brea, CA,

USA). Dead cells were excluded using propidium iodide

(Sigma). Collected data were analyzed using FLOWJO

v10.0.7 (Tree Star, Ashland, TN, USA).

2.12. Grip strength test

Just prior to sacrifice, mice from the BBN study were

submitted to a grip strength test involving the fore-

limbs, as previously described [26]. The procedure was
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repeated six times for each animal and the highest

force measurement was recorded as the maximum

strength. Maximum grip strength values were divided

by the animal’s body weight and were presented as

average � standard deviation for each group. Muscle

fatigue was calculated by comparing the last two con-

tractions with the two first ones and was expressed as

a percentage.

2.13. Statistical analyses

Continuous variables were analyzed using Student’s t

test. Differences among multiple groups were assessed

using ANOVA with post hoc Tukey test, or Kruskal–
Wallis test followed by Bonferroni correction as appro-

priate. Proportions were compared using Chi-square

tests followed by a Z test. Data were analyzed using

PRISM 6.0 software (GraphPad Software, Boston, MA,

USA). A P value < 0.05 was considered significant.

3. Results

3.1. NF-jB signaling correlates with aggressive

MIBC phenotypes

The claudin-low subtype of MIBC is characterized by

constitutive NF-jB activation and responds poorly to

platinum-based therapy [7,8]. We performed transcrip-

tomic analyses followed by GSEA in two independent

MIBC patient cohorts (the UW cohort and the

multi-institutional cohort) and determined that

NF-jB signaling was highly up-regulated in claudin-

low compared to other molecular subtypes (Fig. 1A–
H), confirming previous observations. The numbers of

infiltrating leukocytes—especially neutrophils and mac-

rophages—were significantly higher in claudin-low

tumors compared with other subtypes, consistent with

up-regulated NF-jB signaling (Fig. 1I). We next used

the TCGA cohort to confirm whether NF-jB up-

regulation was associated with prognosis. When ana-

lyzing all the MIBC patients, no significant correlation

between NF-jB and outcomes was observed. However,

when the analyses were restricted to the 115 patients

who subsequently received chemotherapy (adjuvant or

salvage) using multiple gene sets representing the

NF-jB pathway, we observed a highly significant asso-

ciation (P = 0.00076) with disease-specific survival as

well as a significant association (P = 0.017) with over-

all survival (Fig. 1J,K). These observations further

support the hypothesis that NF-jB plays a role in the

response to chemotherapy and the prognosis of MIBC

patients.

3.2. NF-jB is up-regulated in response to

chemotherapy

We assessed whether acquired chemoresistance in other

MIBC subtypes in response to platinum chemotherapy

could be mediated by NF-jB-related mechanisms. We

evaluated NF-jB pathway activity in matching samples

obtained before and after neoadjuvant platinum-based

chemotherapy from 20 patients in the UW cohort and

observed that post-chemotherapy samples classified

pathologically as non-responders showed significant

NF-jB up-regulation by gene set enrichment analysis

(GSEA) (Fig. 1L,M). Up-regulated genes included sev-

eral with known functions involved in cell survival and

chemoresistance, such as SPHK1, PLAUR, and SER-

PINE1. Post-chemotherapy samples also showed

increased numbers of infiltrating leukocytes, specifically

lymphocytes and macrophages (Fig. 1N), consistent

with inflammatory responses driven by up-regulated

NF-jB and in line with the transcriptomic data. These

data suggest that chemoresistant (partial or non-

responder) tumors up-regulate NF-jB, regardless of

their original molecular subtype.

Fig. 1. The NF-jB pathway is up-regulated in claudin-low tumors and post-chemotherapy muscle-invasive bladder cancer (MIBC) samples.

(A, B) Nuclear factor kappa light-chain enhancer of activated B cells (NF-jB) pathway genes expression in chemotherapy-naive transurethral

resection of bladder tumor (TURBT) samples representing different MIBC subtypes in independent patient cohorts: (A) patients from the

University of Washington (UW), (B) patients from the multi-institutional cohort, (C–H) gene-set variation analysis (GSVA) enrichment plots

comparing the Hallmark TNFa signaling via NF-jB pathway between different MIBC subtypes in independent patient cohorts. FDR, false dis-

covery rate; NES, normalized enrichment score. (I) Number of infiltrating leukocytes per 2009 field in chemotherapy-naive MIBC with differ-

ent molecular subtypes, counted in hematoxylin and eosin (H&E)-stained sections (average � standard deviation). Differences were

analyzed with unpaired two-tailed Student’s t tests. Lymph, lymphocytes; Macro, macrophages; Neutr, neutrophils; Plasm, plasma cells. (J–

K) Overall (J) and disease-specific (K) survival curves for 115 The Cancer Genome Atlas (TCGA) MIBC patients who received chemotherapy.

Patients were stratified according to their NF-jB GSVA enrichment scores (high = score >0; low = score<0) and differences were analyzed

using a log rank test. (L, M) Hallmark TNFa signaling via NF-jB pathway genes expression in matched pre- versus post-chemotherapy MIBC

samples from the UW cohort. (N) Number of infiltrating leukocytes per 2009 field in chemotherapy-naive and platinum-treated MIBC,

counted in H&E-stained sections (average � standard deviation). Differences were analyzed with unpaired two-tailed Student’s t tests.

Lymph, lymphocytes; Macro, macrophages; Neutr, neutrophils; Plasm, plasma cells.
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3.3. DMAPT enhances the efficacy of cisplatin

in vitro and in vivo

Following our observations that NF-jB signaling is

associated with chemoresistance in patient samples, we

tested whether the NF-jB inhibitor DMAPT could

increase the anti-cancer activity of cisplatin. For this

purpose, we tested cisplatin and DMAPT as single

agents and in combination against the human urothe-

lial carcinoma cell lines HTB9 and UMUC3 in vitro

and against UMUC3 xenografts in nude mice. We

observed that while cisplatin and DMAPT as single

agents showed moderate in vitro efficacy against these

cell lines, their combination was significantly more

effective at reducing cell viability and metabolic activ-

ity (Fig. 2A,B). The drug combination showed syner-

gistic effects at the concentrations tested when

analyzing metabolic activity data, but cell viability

data indicate that additive effects are obtained at

2.5:2.5 lM and 5:5 lM doses (Table S2). In vivo, cis-

platin and DMAPT as single agents did not consis-

tently repress UMUC3 tumor growth compared with

vehicle treatment (P > 0.05), while the combination of

cisplatin and DMAPT significantly reduced tumor

growth (P = 0.0079, Fig. 2C). However, no statistical

differences were observed between each single agent

and their combination (P > 0.05).

3.4. DMAPT enhances cisplatin’s efficacy against

MIBC in immunocompetent mice

We next evaluated the effects of cisplatin, DMAPT,

and their combination in an immune-competent in vivo

model of urothelial carcinoma. We employed a mouse

model of bladder cancer induced by the oral adminis-

tration of N-butyl-N-(4-hydroxybutyl)nitrosamine

(BBN), which closely recapitulates features of human

MIBC of the basal molecular subtype [27]. To better

mimic the genetic diversity of human populations, we

employed outbred, immunocompetent CD-1 mice,

which were administered BBN for 12 weeks (Fig. 2D).

Before treatment initiation, five BBN-exposed and five

control mice were sacrificed, and histological analysis

showed that lesions were restricted to BBN-exposed

Fig. 2. Dimethylaminoparthenolide (DMAPT) augments platinum activity against urothelial carcinoma. (A) In vitro HTB9 and UMUC3 cell

viability (average � standard deviation) using a Trypan blue exclusion assay in the presence of cisplatin, DMAPT, and their combinations, at

72 h (n = 3 replicas per experimental condition), *P < 0.05, **P < 0.001 using unpaired two-tailed Student’s t tests. (B) In vitro HTB9 and

UMUC3 cell metabolic activity (average � standard deviation) in the presence of cisplatin, DMAPT, and their combination, at 72 h, using a

3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide (MTT) assay (n = 3 replicas per experimental condition), **P < 0.001 using

unpaired two-tailed Student’s t tests. (C) Tumor volume of xenografts formed by UMUC3 cells in nude mice 12 days after starting the treat-

ment. Mice in each group received saline (Ctr, n = 5), 5.0 mg�kg�1 cisplatin i.p. weekly (Cis, n = 4), 100.0 mg�kg�1 oral daily (DM, n = 5), or

their combination (Cis/DM, n = 5). Differences were analyzed using unpaired two-tailed Student’s t tests. (D) Schematic representation of

the N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN) experiment. Mice received BBN for 12 weeks, after which five BBN-exposed and five con-

trol mice were sacrificed to confirm the development of pre-malignant lesions. Surviving mice were divided into five groups: negative control

(Ctr, n = 15), cancer-positive untreated (Ca+, n = 19), DMAPT (DM, n = 17), cisplatin (Cis, n = 18), and combination (Cis/DM, n = 18), treated

for 4 weeks and sacrificed. The n for each experimental group is valid for following panels (E–K); (E) Representative macroscopic view of

the bladder following sacrifice, 24 h formalin fixation, and sagittal section (Ctr n = 15, Ca+ n = 19, DM n = 17, Cis, n = 18, and Cis/DM,

n = 18). Ruler shows centimeters. (F) Percentage of mice with urothelial carcinoma (in gray) and with muscle-invasive urothelial carcinoma

(in black) for each experimental group, as determined in hematoxylin and eosin (H&E)-stained sections (Ctr n = 15, Ca+ n = 19, DM n = 17,

Cis, n = 18, and Cis/DM, n = 18). Differences were analyzed using Chi-square tests. (G) Percentage of mice with low-grade urothelial dys-

plasia (in gray) and with high-grade urothelial dysplasia (in black) for each experimental group, as determined in H&E-stained sections (Ctr

n = 15, Ca+ n = 19, DM n = 17, Cis, n = 18, and Cis/DM, n = 18). Differences were analyzed using Chi-square tests. (H–K) Representative

H&E images (Ctr n = 15, Ca+ n = 19, DM n = 17, Cis, n = 18, and Cis/DM, n = 18) of: normal bladder from the Ctr group (H) (1009,

bar = 100 lm), and high-grade urothelial dysplasia from the Ca+ group (I) (2009, bar = 50 lm). Note intense inflammatory infiltrate (in) occu-

pying the submucosa and muscularis tunics. Non-muscle-invasive urothelial carcinoma from the DM group (J) (1009, bar = 100 lm). Note

intact muscularis tunic (M). (K) Muscle-invasive urothelial carcinoma from the Cis group (2009, bar = 50 lm). Note invasion of the muscu-

laris tunic (M); (L–O) Representative images of immunohistochemistry (IHC, n = 5 for Ctr, Ca+, DM, and Cis/DM, n = 7 for Cis) for the DNA

damage marker 53BP1, diaminobenzidine (DAB)–Mayer’s hematoxylin, 10009 bar = 10 lm. (L) Percentage of positive stromal cells for each

experimental group (average � standard deviation), differences were analyzed with unpaired two-tailed Student’s t tests; (M) Ca+ group, (N)

Cis group, and (O) Cis/DM group. Arrows point to 53BP1 foci. (P–S) Representative images of IHC for interleukin-6 (IL-6) and DAB–Mayer’s

hematoxylin, 2009 bar = 50 lm (n = 5 for Ctr, Ca+, DM, and Cis/DM, n = 7 for Cis). (P) H-scores for IL-6 IHC staining in each experimental

group (average � standard deviation), differences were analyzed with unpaired two-tailed Student’s t tests, (Q) Ca+ group, (R) Cis group. (S)

Cis/DM group; (T–W) representative images of IHC for Wnt family member 16 (WNT16), DAB–Mayer’s hematoxylin, 2009, bar = 50 lm

(n = 5 for Ctr, Ca+, DM, and Cis/DM, n = 7 for Cis). (T) H-scores for WNT16 IHC staining in each experimental group (average � standard

deviation), differences were analyzed with unpaired two-tailed Student’s t tests, (U) Ca+ group, (V) Cis group, and (W) Cis/DM group.
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mice. Mice were divided into five groups, including a

negative control, a BBN-exposed but untreated group

(cancer positive), and three groups that received

DMAPT, cisplatin, or a combination of both over a

six-week treatment period. The bladder was then stud-

ied histologically, revealing that cisplatin alone was

more effective than DMAPT at reducing the incidence

of invasive cancers. However, cisplatin failed to signifi-

cantly reduce the incidence of cancer compared with

the untreated cancer-positive group and allowed the

development of lesions in two animals (11%), one

of which showed muscle invasion. Importantly, the
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cisplatin plus DMAPT combination completely pre-

vented bladder cancer in this model (P = 0.0039 com-

pared with the untreated cancer-positive group), as

well as lesions of high-grade dysplasia (Fig. 2E–K).

We next sought to confirm the involvement of the

NF-jB pathway in the response to therapy in this

model. We confirmed that cisplatin induced DNA

damage by a quantitative assessment of foci for the

DNA damage marker 53BP1. Significantly more

53BP1 foci were identified in bladder tissues exposed

to cisplatin compared to vehicle control (Fig. 2L). The

cisplatin plus DMAPT combination caused more

DNA damage than cisplatin alone, although the differ-

ence between the two groups did not reach statistical

significance (P = 0.053; Fig. 2L–O). To confirm

whether DNA damage correlated with up-regulated

NF-jB signaling, we studied the expression of its

downstream target gene IL-6. Immunohistochemical

scores for IL-6 were significantly increased in cisplatin-

treated animals (P = 0.032 vs. the cancer-positive

group) and decreased in mice treated with the combi-

nation therapy (P = 0.029 cisplatin vs. cisplatin plus

DMAPT) (Fig. 2P–S). Immunohistochemical scores

for the NF-jB downstream target gene WNT16 fol-

lowed a similar pattern: cisplatin increased WNT16

(P = 6.2 9 10�6 vs. the cancer-positive group) and the

combination therapy reduced it (P = 0.0001 cisplatin

vs. cisplatin plus DMAPT) (Fig. 2T–W).

3.5. DMAPT prevents cisplatin-induced renal

damage

We next proceeded to study how the combination

therapy could modify some well-known toxicities

induced by cisplatin. Nephrotoxicity is a major dose-

limiting cisplatin toxicity, and many cancer patients

are not eligible for platinum therapy because of under-

lying renal dysfunction [28]. NF-jB has been impli-

cated in establishing a senescence-associated secretory

phenotype in response to chemotherapy which

amplifies the initial renal damage [25,28], and several

NF-jB inhibitors including parthenolide have been

shown to reduce chemotherapy-induced renal damage

[29]. Histologically, in the BBN mouse model, we

observed that mice treated with cisplatin alone showed

severe renal pathology, with tubular degeneration and

necrosis, membranoproliferative glomerular changes,

and interstitial nephritis with multifocal to coalescing

mixed leukocytic infiltration (Fig. 3A–F). The combi-

nation therapy partly prevented the occurrence of

interstitial nephritis and glomerular changes but had

no effect on direct tubular damage caused by cisplatin

resorption. Histological changes were accompanied by

functional consequences, as measured by blood urea

(BUN) and creatinine concentrations (Fig. 3G,H).

Mice treated with cisplatin alone showed significantly

higher BUN concentrations compared with the cancer-

Fig. 3. Dimethylaminoparthenolide (DMAPT) ameliorates cisplatin’s nephrotoxicity in mice. (A–C) Representative hematoxylin and eosin

(H&E) images of renal tissues (4009, bars = 20 lm) from: (A) Ctr group (n = 15) showing normal kidney histology; (B) Cis group (n = 18)

showing tubular degeneration and interstitial nephritis; and (C) Cis/DM group (n = 18) showing preserved renal histology, with multifocal

karyomegaly (arrows). Panels (D–H) show further data from all groups in the N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN) experiments: (Ctr,

n = 15), cancer-positive untreated (Ca+, n = 19), DMAPT (DM, n = 17), cisplatin (Cis, n = 18), and combination (Cis/DM, n = 18). (D–F) Per-

centages of animals in each group (Ctr n = 15, Ca+ n = 19, DM n = 17, Cis, n = 18, Cis/DM, n = 18) showing (D) tubular degeneration/

necrosis, (E) membranous or proliferative glomerulonephritis, and (F) interstitial nephritis. Differences were analyzed using Chi-square tests.

(G, H) Blood urea–nitrogen (BUN) and creatinine concentrations (average � standard deviation) on experimental groups (Ctr n = 15, Ca+

n = 19, DM n = 17, Cis, n = 18, Cis/DM, n = 18). Differences were analyzed using analysis of variance (ANOVA). The acute toxicity of a sin-

gle cisplatin dose (4 or 10 mg�kg�1) over renal tissues was then studied at 24 h (I–K) and 2 weeks (L–N) post-administration. (I) Gene

expression (average � standard deviation) of Cxcl1 for each experimental group at 24 h (Ctr—negative control, Cis4—4 mg�kg�1 cisplatin,

Cis4DM—4 mg�kg�1 cisplatin and 100 mg�kg�1�day�1 DMAPT, Cis10–—10 mg�kg�1 cisplatin, and Cis10DM—10 mg�kg�1 cisplatin and

100 mg�kg�1�day�1 DMAPT, n = 5 per group); differences were analyzed with unpaired two-tailed Student’s t tests. (J, K) Blood urea and

creatinine concentrations for each group (Ctr-negative control, Cis4—4 mg�kg�1 cisplatin, Cis4DM—4 mg�kg�1 cisplatin and

100 mg�kg�1�day�1 DMAPT, Cis10—10 mg�kg�1 cisplatin, Cis10DM—10 mg�kg�1 cisplatin and 100 mg�kg�1�day�1 DMAPT, n = 5 per

group, average � standard deviation), respectively. Differences were analyzed using analysis of variance (ANOVA). (L) Cxcl1 gene expres-

sion (average � standard deviation) for each group at 2 weeks (Ctr—negative control n = 4, Cis4—4 mg�kg�1 cisplatin n = 5, Cis4DM—

4 mg�kg�1 cisplatin and 100 mg�kg�1�day�1 DMAPT n = 5, Cis10—10 mg�kg�1 cisplatin n = 4, Cis10DM—10 mg�kg�1 cisplatin and

100 mg�kg�1�day�1 DMAPT n = 5); differences were analyzed with unpaired two-tailed Student’s t tests. (M, N) Blood urea and creatinine

concentrations for each group (Ctr—negative control n = 4, Cis4—4 mg�kg�1 cisplatin n = 5, Cis4DM—4 mg�kg�1 cisplatin and

100 mg�kg�1�day�1 DMAPT n = 5, Cis10—10 mg�kg�1 cisplatin n = 4, Cis10DM—10 mg�kg�1 cisplatin and 100 mg�kg�1�day�1 DMAPT

n = 5; average � standard deviation), respectively. Ctr, Control; Ca+, mice with untreated cancer; DM, DMAPT; Cis, Cisplatin. Differences

were analyzed using analysis of variance (ANOVA).
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positive group (P = 7 9 10�6), and the combination

therapy significantly reduced those values (P = 0.014

vs. the cisplatin-treated group) without reaching base-

line levels (P = 0.003 vs. the cancer-positive group).

Creatinine concentrations followed a similar pattern,

although significant differences were found only

between the cancer-positive and the cisplatin-treated

group (P = 0.044). We next studied the expression of

NF-jB target genes in renal tissues, aiming to confirm

the mechanism whereby DMAPT prevented the renal

damage caused by cisplatin. However, inflammatory

infiltrates in specimens from the BBN model chroni-

cally treated with cisplatin would likely show up-

regulated gene expression as a consequence of chronic

inflammation rather than the early events that could

be blocked by DMAPT. We therefore generated

another mouse model to assess acute cisplatin effects.

Mice were exposed once to cisplatin at a low

(4 mg�kg�1) or a high (10 mg�kg�1) dose and sacrificed

at 24 h or 2 weeks post-exposure. Matched groups

received DMAPT (100 mg�kg�1�day�1) while controls

received saline. None of these animals showed histo-

logical changes, but blood urea and creatinine concen-

trations were elevated starting at 24 h and the cisplatin

plus DMAPT combination countered these changes

(Fig. 3I–N), further suggesting DMAPT could reduce

cisplatin-induced renal damage. The expression of 16

NF-jB target genes including Cxcl1, Cxcl5, Il1a, Il1b,

Il6, IFNg, and Tnf were measured by RT-PCR

(Fig. 3I,L, Table S3). Differences were observed at

24 h only, consistent with acute cisplatin-induced dam-

age (Fig. 3I–N). Cxcl1 was specifically up-regulated by

cisplatin and the combination therapy with cisplatin

and DMAPT blocked this response.

3.6. Immuno-hematological toxicity of cisplatin

and DMAPT

Considering the well-described toxicity of cisplatin

toward hematopoietic progenitor cells and the key

role played by NF-jB in the biology of lymphocytes,

we were concerned that an NF-jB inhibitor might

enhance cisplatin’s immuno-hematological toxicity to

unacceptable levels. Mice treated with cisplatin alone

showed a marked anemia, characterized by signifi-

cantly reduced hematocrit, as well as lower red blood

cell (RBC) counts and hemoglobin concentrations

(P < 0.05, Student’s t test), compared with the BBN

and the negative control groups (Fig. 4A–C). The

combination therapy did not significantly alter RBC

counts compared with cisplatin as a monotherapy

and no differences were observed concerning platelet

counts (Fig. 4D). Cisplatin alone or in combination

with DMAPT did not reduce white blood cell (WBC)

counts (Fig. 4E). However, mice treated with

DMAPT alone displayed a reduction in WBC, which

was largely due to a near-significant lymphopenia

(P = 0.067, Student’s t test; Fig. 4F). No significant

differences were observed concerning neutrophils or

monocytes (Fig. 4G,H). This prompted us to under-

take a detailed study of both primary and secondary

lymphoid organs—the bone marrow, thymus, and

spleen—in all experimental groups (Fig. S1). Flow

cytometric analysis of these organs showed that cis-

platin alone or in combination with DMAPT was

associated with reduced B lymphocytic (CD19+,

IgM+, or IgM�) populations in the bone marrow, as

well as with severe thymic and splenic atrophy. No

adverse effects were observed against Gr1+ myeloid

cells in the bone marrow. DMAPT alone did not

induce significant differences in any of the granulo-

cytic or lymphocytic cell populations studied in any

of the organs.

3.7. DMAPT prevents cisplatin-induced cachexia

Cisplatin is known to aggravate cancer cachexia in a

significant proportion of patients, a phenomenon

thought to be partially mediated by IL-6 and other

pro-inflammatory cytokines [30]. Since DMAPT was

able to reduce the expression of IL-6 induced by cis-

platin in the bladder stroma, we hypothesized that it

could also reduce its circulating levels and counter its

pro-cachectic effects. We performed slot blot analyses

of blood plasma samples from all experimental groups

for inflammation markers—C reactive protein and Il-

6—as well as other factors thought to be involved in

cancer cachexia—ghrelin, myostatin, and matrix metal-

loproteinases (MMP) 2 and 9 (Fig. 5A–F). No signifi-

cant changes were observed for any of these markers,

except for IL-6. Mice treated with BBN showed a

moderate increase in circulating IL-6, which reached

statistical significance (P < 0.05) in cisplatin-treated

mice. The levels of IL-6 in mice treated with the com-

bination therapy were intermediate between those

observed in control animals and in those treated with

cisplatin alone and were statistically different from nei-

ther. In line with these findings, mice treated with cis-

platin alone showed a marked loss of body weight

over the course of the study, compared with untreated

BBN-exposed animals (Fig. 5G). Importantly, this

pro-cachectic effect was significantly reduced in mice

treated with the combination therapy. No differences

were observed concerning food and water consumption

between groups (Fig. S2). To determine if the combi-

nation therapy could preserve skeletal muscle mass, we
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compared the gastrocnemius muscle weights between

groups, as a percentage of body weight (Fig. 5H). No

differences were observed, suggesting that weight loss

affected various types of tissues rather than selectively

targeting skeletal muscle. We also employed a grip

strength test to study the impact of cisplatin therapy

on muscle function, and whether this could be rescued

by DMAPT. There were no significant differences con-

cerning maximum grip strength between groups, after

normalizing by bodyweight (Fig. 5I). However, BBN

exposure induced a moderate increase in muscle

fatigue, which reached marginal statistical significance

(P = 0.046, Student’s t test) in cisplatin-exposed

animals and was again reduced by the combination

therapy (Fig. 5J).

4. Discussion

The clinical use of agents with NF-jB activity is cur-

rently restricted to hematological malignancies such as

multiple myeloma where proteasome inhibitors such

as bortezomib and related drugs block NF-jB signal-

ing among other targets [31]. However, these drugs

show significant toxicities, pleiotropic effects, and little

efficacy against solid tumors, and the wider application

of NF-jB inhibitors in the broader field of oncology
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Fig. 4. Dimethylaminoparthenolide

(DMAPT) does not aggravate

cisplatin’s hematological toxicity in

the N-butyl-N-(4-hydroxybutyl)-

nitrosamine (BBN) mouse model.

Measurements of hematological

parameters in BBN-treated mice:

negative control—Ctr n = 15,

cancer-positive untreated—Ca+

n = 19, DMAPT—DM n = 17,

cisplatin—Cis n = 18, combination

—Cis/DM n = 18. Hematological

data are presented as

average � standard deviation in the

following panels: (A) hematocrit

values, (B) red blood cells, (C)

hemoglobin, (D) platelets, (E) white

blood cells, (F) lymphocytes, (G)

neutrophils, and (H) monocytes.

Differences were analyzed using

analysis of variance (ANOVA).
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remains an unmet need. One way to achieve greater

specificity is to employ drugs from the sesquiterpene

lactone family, of which parthenolide is possibly the

best-known example. This class of compounds selec-

tively targets cysteine 38 on the p65 NF-jB subunit

while also inhibiting the upstream IjB kinase [32,33].

A semi-synthetic modification of parthenolide yielded

DMAPT, which shows good oral bioavailability and

single-agent activity against leukemia cells [34].

DMAPT also sensitizes tumor cells to chemotherapeu-

tic agents such as gemcitabine, and to radiotherapy

[35,36]. In the present study, we report three findings
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that support approaches to inhibit NF-jB signaling in

epithelial malignancies such as urothelial carcinoma.

First, NF-jB signaling is increased following the expo-

sure of MIBC to platinum chemotherapy; second, the

NF-jB-inhibitor DMAPT chemosensitizes urothelial

cancer to cisplatin therapy; and third, DMAPT treat-

ment reduces cisplatin-induced nephrotoxicity and

cachexia.

The claudin-low MIBC subtype is characterized by

constitutively high NF-jB signaling and a particularly

poor prognosis with lower overall survival when com-

pared with other subtypes, regardless of their treat-

ment regimen [7,8]. GSEA analysis confirmed that

platinum-naive, claudin-low MIBCs showed NF-jB
up-regulation compared with other subtypes. We con-

firmed that an NF-jB transcriptional signature was

associated with reduced survival, providing a rationale

for testing the hypothesis that pharmacological NF-jB
inhibition will improve outcomes. We have previously

shown that DMAPT has modest single-agent activity

against bladder cancer cell lines [10] and now demon-

strate that DMAPT enhances cisplatin effects in vitro

and in vivo including marked inhibition of

carcinogen-induced bladder cancer. This was associ-

ated with significantly reduced expression of down-

stream secreted NF-jB markers IL-6 and WNT16 but

only a non-significant increase in 53BP1 foci. In

another study, DMAPT was shown to inhibit DNA

repair via non-homologous end joining in non-small-

cell lung cancer, leading to robust accumulation of

53BP1 foci [36]. The present data may suggest that, in

addition to inhibition of NF-jB signaling, inhibition

of DNA repair via non-homologous end joining could

play a role in sensitizing MIBC to cisplatin but are

insufficient to draw conclusions regarding this point.

We next evaluated toxicity in the BBN mouse bladder

cancer model. Nephrotoxicity is a frequent and dose-

limiting side-effect of cisplatin therapy in cancer

patients, and we hypothesized that it could be reduced

by DMAPT. NF-jB inhibitors and parthenolide in par-

ticular have been shown to protect against cisplatin-

induced nephrotoxicity [29,37]. We determined that

DMAPT prevented the renal histological damage eli-

cited by cisplatin alone; glomerular damage and leuko-

cytic infiltration were greatly reduced although tubular

damage remained. The preservation of renal morphol-

ogy also had functional consequences, as the combina-

tion therapy reduced blood urea and creatinine levels. It

is plausible that tubular damage is due to the direct

effects of cisplatin resorption over tubular cells, while

interstitial nephritis is driven by soluble factors secreted

in response to initial cisplatin damage [38]. In a mouse

model of acute cisplatin toxicity, we observed a limited

response of NF-jB-regulated genes, where only Cxcl1

was up-regulated by cisplatin but not the DMAPT plus

cisplatin combination. This could reflect the cisplatin

dosing scheme and sample collection time but may also

suggest that DMAPT recruits additional nephroprotec-

tive mechanisms. In fact, recent data show that parthe-

nolide has anti-apoptotic effects over podocytes from

renal glomeruli [39], potentially explaining the reduced

glomerular damage we observed. These promising

results warrant a more detailed study of the mecha-

nisms underlying DMAPT’s protective activity. Our

observations agree with a previous report concerning

parthenolide, DMAPT’s parent compound [29]. The

improved pharmacokinetic properties of DMAPT over

parthenolide make it possible to consider it as a realistic

option to minimize cisplatin-induced nephrotoxicity.

Combining cisplatin with an inhibitor of NF-jB has

the potential for immunological and hematological

toxicity because of the essential role played by NF-jB
in the maturation and function of many cell types,

particularly lymphocytes [40,41]. We did observe near-

significant lymphopenia in animals treated with

DMAPT alone, but there were no differences in

Fig. 5. Dimethylaminoparthenolide (DMAPT) reduces weight loss in the N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN) model of muscle-

invasive bladder cancer (MIBC). The concentration of markers related to muscle wasting was studied in blood serum using dot blots. (A–F)

represent average � standard deviation for interleukin-6 (IL-6), C reactive protein, ghrelin, matrix metalloproteinase 2 (MMP2), matrix metal-

loproteinase 9 (MMP9), and myostatin for each experimental group (negative control—Ctr n = 15, cancer-positive untreated—Ca+ n = 19,

DMAPT—DM n = 17, cisplatin—Cis n = 18, combination—Cis/DM n = 18), respectively. Differences were analyzed with unpaired two-tailed

Student’s t tests. Next, we evaluated muscular morphological and functional parameters for each group (Ctr n = 15, Ca+ n = 19, DM

n = 17, Cis, n = 18, Cis/DM, n = 18) (G–J). Differences were analyzed using analysis of variance (ANOVA). (G) Ponderal weight gain follow-

ing therapy for each group (average � standard deviation). (H) Gastrocnemius muscle weight over body weight (average � standard devia-

tion). A grip strength test was conducted before sacrificing the animals and six consecutive strength measurements were obtained for each

animal. (I) Maximum grip strength (average � standard deviation) after correcting for body weight. (J) Muscle fatigue, calculated as a per-

centage between the last two contractions and the two first ones. (K) Diagram representing how DMAPT (1) augments the efficacy of cis-

platin (2) against MIBC while reducing its nephrotoxicity and pro-cachectic effects.
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circulating leukocyte counts between mice treated with

cisplatin alone and those treated with combination

therapy. When analyzing the maturation of lymphoid

populations in the bone marrow, spleen, and thymus,

we did not observe differences between mice treated

with cisplatin alone or the combination therapy. These

results are in line with previous reports showing that

DMAPT selectively targets neoplastic cells while spar-

ing normal lymphoid cells [34]. The mechanisms

underlying this selectivity deserve additional in-depth

studies, but one likely explanation is that DMAPT

preferentially targets the NF-jB p65 subunit, while

allowing other branches of this pathway to function

and avoid the pleiotropic effects associated with less

specific NF-jB inhibitors. Although the canonical

NF-jB pathway is essential for lymphocyte biology,

the c-REL subunit seems to be more critically involved

than p65 in B cell proliferation and maturation [42].

In leukemia patients, DMAPT showed no toxicities in

doses that reduced NF-jB in circulating blastic cells.

Dimethylaminoparthenolide has also been suggested

to show protective effects against cancer cachexia, by

inhibiting NF-jB signaling. The involuntary weight

loss associated with cancer, involving the loss of skele-

tal muscle and adipose tissues and the impairment of

muscle function, is aggravated by platinum therapy

[43]. The NF-jB signaling pathway contributes to

these pathologies and seems to be mediated by ele-

vated IL-6 serum levels [41,44]. In our experiments,

cisplatin did cause substantial weight loss and

increased muscle fatigue in association with elevated

IL-6 serum levels, which agrees with the known con-

nection between NF-jB signaling and cachexia. Inter-

estingly, other markers like ghrelin and myostatin

remained stable, further implicating IL-6 and NF-jB
signaling as key mediators of cancer cachexia. Our

cytokine panel was not comprehensive, and other

NF-jB and non-NF-jB markers might help elucidate

the roles of cisplatin and DMAPT in cachexia in the

BBN mouse model. In this model, cisplatin-induced

cachexia seems to be characterized by weight loss

affecting multiple types of tissues without necessarily

inducing sarcopenia. Additional studies should focus

on multiple muscles to clarify the changes occurring in

muscle tissue in this model. The addition of DMAPT

reduced circulating IL-6 and prevented weight loss,

suggesting it may be beneficial for cancer patients

undergoing platinum therapy.

The main limitations of this study are related to the

BBN mouse model, which recapitulates the basal

MIBC subtype [27,45]. Models that recapitulate the

luminal subtype may complement the present results

[46]. Our experiments followed a chemopreventive

rather than chemotherapeutic strategy because this

approach was anticipated to cause excessive weight

loss and mortality. Also, the experiments did not

include the possibility of studying tumor recurrence

following the withdrawal of chemotherapy. A wider

cytokine panel would be useful to further elucidate the

mechanisms underpinning cisplatin and DMAPT roles

in cachexia in the BBN mouse model.

5. Conclusions

Overall, this study determined that DMAPT effectively

enhances platinum efficacy in a mouse model of MIBC

by targeting the NF-jB pathway, which is associated

with chemoresistance in urothelial cancer. The combina-

tion partly prevented the nephrotoxic and pro-cachectic

effects of cisplatin and did not worsen immuno-

hematological toxicity (Fig. 5K). In conclusion, our

work further implicates the importance of NF-jB in

urothelial cancer biology and chemoresistance. The

findings that DMAPT, an agent that blocks NF-jB,
augments cisplatin activity and limits cisplatin toxicity

support combining DMAPT with cisplatin in clinical

trials.
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