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Abstract
Background: Lymphatic metastasis has been associated with poor prognosis
in bladder cancer patients with limited therapeutic options. Emerging evidence
shows that heat shock factor 1 (HSF1) drives diversified transcriptome to promote
tumor growth and serves as a promising therapeutic target. However, the roles
of HSF1 in lymphatic metastasis remain largely unknown. Herein, we aimed to
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illustrate the clinical roles and mechanisms of HSF1 in the lymphatic metastasis
of bladder cancer and explore its therapeutic potential.
Methods: We screened the most relevant gene to lymphatic metastasis among
overexpressed heat shock factors (HSFs) and heat shock proteins (HSPs), and
analyzed its clinical relevance in three cohorts. Functional in vitro and in vivo
assays were performed in HSF1-silenced and -regained models. We also used Coimmunoprecipitation to identify the binding proteins of HSF1 and chromatin
immunoprecipitation and dual-luciferase reporter assays to investigate the transcriptional program directed by HSF1. The pharmacological inhibitor of HSF1,
KRIBB11, was evaluated in popliteal lymph node metastasis models and patientderived xenograft models of bladder cancer.
Results: HSF1 expression was positively associated with lymphatic metastasis status, tumor stage, advanced grade, and poor prognosis of bladder cancer.
Importantly, HSF1 enhanced the epithelial-mesenchymal transition (EMT) of
cancer cells in primary tumor to initiate metastasis, proliferation of cancer cells
in lymph nodes, and macrophages infiltration to facilitate multistep lymphatic
metastasis. Mechanistically, HSF1 interacted with protein arginine methyltransferase 5 (PRMT5) and jointly induced the monomethylation of histone H3 at
arginine 2 (H3R2me1) and symmetric dimethylation of histone H3 at arginine
2 (H3R2me2s). This recruited the WD repeat domain 5 (WDR5)/mixed-lineage
leukemia (MLL) complex to increase the trimethylation of histone H3 at lysine
4 (H3K4me3); resulting in upregulation of lymphoid enhancer-binding factor
1 (LEF1), matrix metallopeptidase 9 (MMP9), C-C motif chemokine ligand 20
(CCL20), and E2F transcription factor 2 (E2F2). Application of KRIBB11 significantly inhibited the lymphatic metastasis of bladder cancer with no significant
toxicity.
Conclusion: Our findings reveal a novel transcriptional program directed by the
HSF1-PRMT5-WDR5 axis during the multistep process of lymphatic metastasis
in bladder cancer. Targeting HSF1 could be a multipotent and promising therapeutic strategy for bladder cancer patients with lymphatic metastasis.
KEYWORDS
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BACKGROUND

Metastasis is the leading cause of poor outcomes in
patients with cancer [1]. For most epithelial malignancies,
lymphatic metastasis is the primary approach used by cancers to metastasize away from their primary location [2].
Among urinary carcinomas, lymphatic metastasis is most
prone to bladder cancer (BCa). Once lymphatic metastasis occurs, the 5-year disease-specific survival rate of BCa
patients decreases significantly from 81.4% in patients with
N0 to 29.3% in patients with N1, 18.2% with N2, and 0%

with N3. However, neither chemotherapy nor radical cystectomy has demonstrated significant improvement [3, 4].
Therefore, there is an urgent need to clarify the mechanisms involved in lymphatic metastasis of BCa and explore
novel therapeutic strategies targeting this condition.
Heat shock transcription factors (HSFs) and heat shock
proteins (HSPs) were initially identified as proteins sustaining healthy proteome under environmental challenges
[5]. Intriguingly, distinct from the phenomenon that HSFs
and HSPs are impaired in most neurodegenerative diseases, these genes are overexpressed in many malignancies

HUANG et al.

[6, 7]. In BCa, HSP90 was found to be highly expressed,
while dual targeting of HSP90 and HSP70 enhanced the
anticancer effect of chemotherapeutic agents [8]. HSP90
was also reported as a useful predictor for the failure of
bacillus Calmette-Guerin (BCG) therapy in BCa [9]. However, no study has described the roles of HSFs or HSPs in
the lymphatic metastasis of BCa.
HSF1 is the master regulator among HSFs [10]. Increasing evidence shows that HSF1 is important in cancer
growth and progression via directing transcriptional programs regulating the expression of oncogenes instead of
HSPs [11, 12]. Yang et al. [13] demonstrated that the proviral
integration site of Moloney virus-2 (PIM2) phosphorylated
HSF1 on Thr120 and bonded to the programmed deathligand 1 (PD-L1) promoter to promote breast tumor growth.
A recent study also found that HSF1 regulated the expression of a subset of E2F transcription factor family gene targets, which enhanced brain metastasis in lung adenocarcinoma [14]. Meanwhile, inhibitors targeting HSF1 were
developed and showed encouraging prospects in cancer
therapy, especially in myeloma [15, 16]. However, whether
and how HSF1 is involved in BCa, especially in lymphatic
metastasis, remains largely unknown. The effect of HSF1
inhibitors in blocking lymphatic metastasis of BCa still
needs further clarifications.
In this study, we hypothesized that one or some HSFs
or HSPs might play key roles in the lymphatic metastasis
of BCa. To address this, we performed a stepwise selection of the upregulated proteins among all HSFs and HSPs
in an online database and BCa tissues from our hospital. We identified that HSF1 had the highest clinical relevance and exerted oncogenic roles in lymphatic metastasis
of BCa. Further, we investigated the transcriptional mechanism directed by HSF1 in BCa cells and the efficiency of
HSF1 inhibitors in blocking lymphatic metastasis.

2
2.1

MATERIALS AND METHODS
Human tissue samples

All cancer tissue samples included in this study were
pathologically diagnosed with bladder cancer between
January 2004 and August 2019. Samples without clear
pathological, clinical and survival information were
excluded. A total of 104 formalin-fixed, paraffin-embedded
BCa tissues, 15 metastatic lymph node tissues (LN+), and
11 normal adjacent tissues (NAT), termed Cohort 1, were
obtained from patients undergoing surgery at the Sun
Yat-sen Memorial Hospital (Guangzhou, Guangdong,
China). Meanwhile, 96 BCa tissues and 13 NAT, named
Cohort 2, were acquired from the Sun Yat-sen University
Cancer Center (Guangzhou, Guangdong, China). Two
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pathologists confirmed each sample pathologically and
classed them into lymphatic metastasis-positive BCa
tissues (LN+ CA) and lymphatic metastasis-negative BCa
tissues (LN- CA). Tissue microarrays containing 60 BCa
tissues and 11 NAT, termed Cohort 3, were purchased from
Avila Biotechnology (BL601b, Xi’an, Shaanxi, China).

2.2
Immunohistochemistry (IHC)
analyses
IHC was conducted as described previously [17]. Briefly,
the specimens were dewaxed, rehydrated, and incubated
with protease K at 37◦ C for 15 minutes for antigen retrieval.
Then, the specimens were incubated with a solution of 3%
H2 O2 for 10 minutes at 25◦ C to block endogenous peroxidase activity. After that, the specimens were incubated
with the primary antibodies overnight at 4◦ C. The antibodies used to evaluate corresponding proteins expression in
tissue samples are listed in Supplementary Table S1. After
washing for 3 times with PBS, the specimens were incubated with biotinylated secondary antibodies for 1 hour at
25◦ C, followed by color development through DAB solutions (ZSGB-BIO, Beijing, China). After washing, the tissues were counterstained with hematoxylin.
IHC analyses were conducted as previously described
[18]. Two pathologists blindly quantified the expression of
HSF1 in specimens according to a staining scoring system.
Briefly, the proportion of positively stained cancer cells was
assessed as a percentage. The intensity of immunostaining in each sample was graded as negative = 0, weak = 1,
moderate = 2, or strong = 3. The staining score, termed
H-score, was then calculated as the numbers representing
intensity multiples by the percentage of cells stained (Hscore = Intensity × percentage of positive cells). The samples were classed with low (score < 150) or high (score
≥ 150) HSF1 expression. The same method was used to
assess the expression of LEF1, MMP9, CCL20, E2F2, Ki67,
E-cadherin, N-cadherin and vimentin. Images were visualized using a Nikon ECLIPSE Ti microscope system (Tokyo,
Japan) and processed with Nikon software.

2.3
TCGA, Oncomine and R2 genomics
platform data mining
Patients’ clinical profiles in The Cancer Genome Atlas
(TCGA) Bladder Cancer (BLCA) cohort are available
at https://cancergenome.nih.gov/ [19]. Kaplan-Meier survival analysis of HSF1, and the correlation between HSF1
and PRMT5 in the TCGA BLCA cohort was obtained from
GEPIA (http://gepia.cancer-pku.cn/index.html) [20]. The
clinical profiles of patients in the Lee bladder cohort
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were available in the Oncomine database (https://www.
oncomine.org). Patients’ information in the Hoglund
cohort are available at the R2 genomics platform (https:
//r2platform.com).

2.4

Cell cultures

The human uroepithelial cell line SV-HUC-1, embryonic
kidney cell line HEK-293T, and bladder cancer cell lines
UM-UC-3, T24, 5637 and TCCSUP were purchased from
the American Type Culture Collection (ATCC, Manassas, Virginia, USA). All cells were cultured as previously
described [21]. They were tested negative for mycoplasma
contamination and had no misidentification or contamination with other cells after short tandem repeat (STR)
authentication (IGE biotechnology, Guangzhou, Guangdong, China).

2.5

RNA interference

The small interfering RNA (siRNA) oligonucleotides targeting HSF1, LEF1, PRMT5, WDR5 and negative control siRNA were purchased from GenePharma (Shanghai, China) and are listed in Supplementary Table S2. The
siRNA transfections were performed according to the manufacturer’s instructions and as previously described [22].
Briefly, 5 μL dissolved siRNA was incubated with 3 μL
Lipofectamine RNAiMAX (Invitrogen, Carlsbad, California, USA) in 200 μL OPTI-MEM (Gibco, Carlsbad, California, USA) at 25◦ C for 20 minutes. Then, the mixture was
added to cells and incubated for 48 hours.

of proteins using Pierce BCA Protein Assay Kit (Invitrogen), the proteins were electrophoresed using SDS-PAGE
and transferred to PVDF membranes (Merck, Burlington, Massachusetts, USA), blocked and incubated with
primary antibodies at 4◦ C overnight. Primary antibodies specific to HSF1, LEF1, MMP9, E2F2, E-cadherin, Ncadherin, vimentin, PRMT5, FLAG, GAPDH are listed in
Supplementary Table S1. After incubation, the membranes
were incubated with HRP-conjugated secondary antibodies at 25◦ C for 1 hour. Protein bands were visualized using
enhanced chemiluminescence.

2.7
Wound healing, migration and
invasion assays
BCa cells used for wound healing assays were cultured in
six-well plates until the cell density reached 100%. We then
scratched the plates with a sterile p200 pipette tip, and
the cells were maintained in a serum-free medium. Afterward, image collection and migration distance measurements were conducted at 0 and 36 hours for UM-UC-3 cells
and at 24 hours for T24 cells.
Migration assays were performed according to our previous study [23]. Briefly, 6 × 104 BCa cells were added to
the upper chambers with 8 μm pores, whereas lower chambers were filled with conditioned medium. After incubating UM-UC-3 cells for 21 hours and T24 cells for 8 hours,
the cells on the lower surface were fixed (4% paraformaldehyde), stained (0.1% crystal violet) and counted. For invasion assays, the chambers were coated with 25 μg Matrigel
(Corning, Bedford, Massachusetts, USA) before adding the
cells, and UM-UC-3 cells were incubated for 23 hours and
T24 cells for 10 hours. The assay was then performed following similar procedures described above.

2.6
RNA isolation, qPCR, and Western
blotting
2.8
RNA isolation, quantitative real-time polymerase chain
reaction (qPCR) and Western blotting were performed as
previously described [17]. Briefly, total RNA was extracted
using TRIzol Reagent (Takara, Kusatsu, Shiga, Japan).
A total of 1 μg RNA was transcribed to complementary
DNA (cDNA) using PrimerScript RT-PCR kit (Takara). The
qPCR was conducted using an SYBR Green reaction mix
(Vazyme, Nanjing, Jiangsu, China) with a LightCycler 96
System (Roche, Basel, Switzerland). Relative expression
was calculated using the 2−ΔΔCt method (Ct, cycle threshold). All specific primers are listed in Supplementary Table
S3.
As for Western blotting, the cells were lysed in RIPA lysis
buffer (CWBIO, Beijing, China) with protease and phosphatase inhibitors (CWBIO). After identifying quantities

Plasmids and transfection

Two short hairpin RNA (shRNA) sequences specifically
targeting HSF1 were cloned into the pLKO.1-Puro vector. The open reading frame (ORF) of HSF1 (full, synonymous mutant according to the shRNA sequences), LEF1
(full) were cloned into pCDH-CMV-MCS-EF1-Puro, while
HSF1 (truncated as shown in Figure 5E), PRMT5 (full)
were cloned into pCDNA3.1 vector. The LEF1, MMP9,
CCL20 and E2F2 promoter regions were subcloned in
pGL3-control vector. All vectors were purchased from IGE
(Guangzhou, Guangdong, China). Bidirectional sequencing was performed to verify the correct sequences. The
sequences of all shRNAs are listed in Supplementary Table
S2. The transient transfection, lentivirus production and
infection were performed as previously described [24]. For
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transient transfection, the plasmids were incubated with
X-tremeGENE (Invitrogen) at 25◦ C for 20 minutes. After
incubation, the mixture was added to cells and treated for
24-48 hours. To package lentivirus, HEK-293T cells were
transfected with psPAX2 (IGE), PMD2.G (IGE) and stably silenced or overexpressed vectors using X-tremeGENE.
After incubation for 48 hours, lentiviruses were harvested,
filtered and concentrated. The cells were then infected
with viruses using polybrene (IGE) and selected through
puromycin.

2.9

Cell proliferation assays

MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide) assays and colony formation assays were performed to detect cell viability.
Meanwhile, as EdU (ethynyl deoxyuridine) could bind to
the DNA instead of thymidine during DNA synthesis in
the S phase of cell cycle, we used EdU assays to detect
cell populations at the S phase. The experiments were
performed as described in our previous study [25]. Briefly,
for MTT assays, 2 × 103 cells of different groups were
seeded in each well of a 96-well plate. Then, the cells were
incubated with 20 μL MTT solution (Sigma-Aldrich, St
Louis, MO, USA) for 3 hours. After that, the MTT solution
was discarded, and 150 μL dimethyl sulfoxide was added
to each well. The optical density (OD) value was assessed
at 490 nm.
Colony formation assays were performed by adding a
total of 1000 BCa cells from scrabmle, HSF1-sh1, HSF1-sh2
and HSF1-sh+HSF1 groups or transfected using siRNAs in
6-well plates. After culture for 10 days, the colonies were
fixed, stained and counted.
EdU assays were performed using an EdU Kit (C103101, RIOBIO, Guangzhou, Guangdong, China). Briefly, BCa
cells after different treatments mentioned above were
plated in 96-well plates (3000 cells/well). After incubation with EdU for 4 hours, the cells were fixed, stained by
R
and analyzed using fluorescence microscopy.
Apollo567,

2.10

Flow cytometry analysis

The cell cycle and apoptosis analysis were performed using
the Cell Cycle Detection Kit (KGA512, KeyGEN, Nanjing,
Jiangsu, China) and Annexin V-FITC/PI Apoptosis Detection Kit (KGA107, KeyGEN) according to the corresponding protocol. Briefly, 1 × 105 cells were collected, fixed and
labeled DNA with propidium iodide (PI). After that, the
cell cycle was evaluated using flow cytometry (BD Biosciences, San Jose, California, USA). For apoptosis assay,
the cells were collected and subsequently stained with

FITC-annexin V and PI. The stained cells were analyzed
using flow cytometry (BD Biosciences).

2.11
In vivo popliteal LN metastasis and
tumorigenesis assays, and KRIBB11
treatment
In vivo popliteal LN metastasis and tumorigenesis assays
were established using male BALB/c nude mice (4-5 weeks
old) purchased from the Experimental Animal Center of
Sun Yat-sen University (Guangzhou, Guangdong, China).
All mice were housed in Specific Pathogen Free (SPF) barrier facilities. The popliteal LN metastasis and tumorigenesis assays were performed as previously described [26].
Briefly, we used six mice in each group of control, HSF1
knockdown and HSF1 restoration cells, respectively. The
corresponding UM-UC-3 cells (3 × 106 cells) with stably
expressed firefly luciferase were injected into the footpads
of mice to establish the popliteal LN metastasis models.
The status of the popliteal lymph node was monitored
and imaged using IVIS (in vivo imaging system) Spectrum
Imaging System (PerkinElmer, Waltham, Massachusetts,
USA) after the injection for 6 weeks. For further study, the
primary footpad tumors and popliteal lymph nodes were
enucleated and embedded in paraffin.
For the in vivo tumorigenesis assays, a total of 1 × 106 corresponding UM-UC-3 cells were subcutaneously injected
into the right side of the dorsum. The mice were euthanized by cervical dislocation following the Declaration of
Helsinki after 4 weeks, and tumors were surgically dissected. The tumor specimens were fixed and embedded in
paraffin for further study.
After the injections of BCa cells for about 1 week,
the footpad tumors or subcutaneous tumors were visible.
KRIBB11 (Selleck Chemicals, Shanghai, China; 70 mg/kg
in 10% dimethylacetamide, 50% PEG300 and 40% distilled
water) or vehicle were injected intraperitoneally into different groups of mice. The subsequent procedures were
performed as described above.

2.12
Establishment of bladder cancer
patient-derived xenografts (PDX)
The male, 4-5 weeks old, NOD-SCID mice (Beijing Vital
River Laboratory Animal Technology, Beijing, China) and
BALB/c nude mice (Experimental Animal Center of Sun
Yat-sen University) used in establishing the PDX models
were housed in SPF barrier facilities. Two tumor samples
obtained from patients diagnosed with high-grade, lymphatic metastasis-positive BCa between January 2019 to
August 2019 were acquired from the Sun Yat-sen Memo-
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rial Hospital. Once the surgical resection of BCa from
patients was finished, the tumor sample was stored in sterile DMEM on ice. Within 6 hours after resection, the tumor
sample was cut into approximately 3-5 mm diameter and
implanted subcutaneously into the right side of the dorsum
of NOD-SCID mice to generate F1 tumors. After 4 weeks,
when the F1 tumors had reached approximately 400 mm3
in size, the mice were euthanized by cervical dislocation,
and xenografts were surgically dissected and subsequently
implanted into BALB/c nude mice through the same procedure. When the tumors were visible and reached a diameter of about 2-3 mm, the mice were randomized into two
groups of 6 mice each. The mice in each group had similar average xenograft tumor volumes and were assigned
to receive treatment with KRIBB11 or vehicle, as described
above.

2.13

RNA sequencing analysis

The cells were transfected with HSF1 siRNA (si-HSF11 and -2) or control siRNA (si-Ctrl) for 48 hours. Then,
total RNA was extracted from the cells using Trizol (Invitrogen). Library construction and sequencing were performed by Annoroad Gene Technology (Beijing, China).
The libraries were sequenced on an Illumina NovaSeq
6000 platform, and 100 bp paired-end reads were generated. All primary data in RNA sequencing (RNA-seq) analysis had been uploaded to the Gene Expression Omnibus
(GEO) at GSE185986 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc = GSE185986).

2.14
ELISA-based quantification of
secreted CCL20
The cell culture supernatant was collected, and the
secreted CCL20 was quantified using Human MIP3a
ELISA Kit (ab178015, Abcam, Cambridge, UK) according
to the manufacturer’s instructions. Briefly, the supernate
from BCa cells was collected, diluted at 1:2, and added into
the wells coated with CCL20 antibody. After incubation in
a 37◦ C incubator for 30 minutes, the absorbance of each
well at 450 nm was measured. We then calculated each
well’s content of CCL20 according to the standard curve.

2.15

Immunofluorescence (IF) staining

IF staining was carried out according to the description of our previous study [27]. Briefly, BCa cells were
planted in confocal dishes, fixed with 4% paraformaldehyde and pre-hybridized with 0.5% Triton X-100. After that,

the cells were blocked and incubated with primary antibodies at 4◦ C overnight. The primary antibodies used in
this study for anti-HSF1, anti-PRMT5 and anti-N-cadherin
are listed in Supplementary Table S1. After incubation,
the dishes were washed with PBS for 3 times and incubated with secondary antibodies at 25◦ C for 1 hour. Then,
the cells were incubated with DAPI (Solarbio, Beijing,
China) for 5 minutes at 25◦ C for nuclear counterstaining.
The images were captured using the confocal microscope
(Zeiss, Munich, Germany).

2.16
Isolation and recruitment assay of
monocytes
Human fresh monocytes were isolated from buffy coats
prepared from healthy volunteer donors as previously
described [28]. In brief, human fresh peripheral blood was
collected in an anticoagulant tube and diluted with PBS
at 1:1. Then, the sample was added to the Ficoll separation medium (Merck) and centrifugated at 750 g for
25 minutes. After centrifugation, we collected the cells
from the interface layer. Monocytes were further enriched
through CD11b microbeads (Miltenyi, Bergisch Gladbach,
Germany).
After isolation, monocytes (5 × 105 ) were added to
the upper transwell chambers consisting of 8 μm membrane filter inserts, while lower chambers were filled
with fresh DMEM with 0 / 5 / 10 ng/mL of recombinant
human CCL20 (rhCCL20), or conditioned medium collected from the BCa cells in scramble, HSF1-sh1, HSF1sh2, HSF1-sh+HSF1, and HSF1-sh+HSF1+ CCL20 antibody (Ab) groups. After 12 hours of incubation, the cells
in the upper chamber were carefully removed, and the
cells that had migrated through the membrane to the lower
surface were fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet. The migrated cells were counted
as the migration assay previously described.

2.17
Co-immunoprecipitation (Co-IP)
and mass spectrometry (MS) analysis
Co-IP was performed according to our previous work [29].
The interaction between endogenous HSF1 and PRMT5
was investigated in wild-type UM-UC-3 and T24 cells.
Briefly, cellular nuclear extracts were incubated with antiHSF1, anti-PRMT5, anti-HA or control IgG (Supplementary Table S1) at 4◦ C overnight and then treated with A/G
magnet beads for 2 hours at 25◦ C. Immunoreactive proteins in the lysates were detected by Western blotting. MS
analysis was performed by the Bioinformatics and Omics
Center of Sun Yat-Sen Memorial Hospital.
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F I G U R E 1 HSF1 was associated positively with lymphatic metastasis and poor prognosis in bladder cancer (BCa). (A) An unsupervised
hierarchical clustering of the overexpressed heat shock transcription factors (HSFs) and heat shock proteins (HSPs) expressed in normal
adjacent tissues (NAT), lymphatic metastasis-positive BCa tissues (LN+ CA), and metastatic lymph node tissues (LN+) detected by qPCR.
The fold change was calculated by regarding the median of the relative expression of each gene in LN+ CA was 1. The pseudo-color represents
the intensity scale generated by a log2 transformation. (B) Histogram analysis of the HSF1 mRNA in the evaluated tissues detected by qPCR.
The error bars represent standard deviations of the relative expression values of HSF1 in each group. (C) Representative
immunohistochemistry (IHC) images of HSF1 expression in paraffin-embedded NAT and BCa tissues. (D, E) Protein levels of HSF1 in (D)
NAT, lymphatic metastasis-negative BCa (LN- CA), LN+ CA, and LN+ of cohort 1 and (E) NAT, LN- CA, and LN+ CA of cohort 2 assessed by
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2.18
Chromatin immunoprecipitation
(ChIP)
ChIP was conducted according to previously described
methods [22]. Briefly, transfected cells were treated with
1% formaldehyde for 10 minutes and lysed with SDS lysis
buffer. Following ultrasonication, equal aliquots of chromatin supernatants were immunoprecipitated with antiHSF1, anti-PRMT5, anti-WDR5, anti-monomethylation of
histone H3 at arginine 2 (H3R2me1), anti-symmetric
dimethylation of histone H3 at arginine 2 (H3R2me2s),
anti-symmetric dimethylation of histone H3 at arginine
8 (H3R8me2s), anti-symmetric dimethylation of histone
H4 at arginine 3 (H4R3me2s), anti-trimethylation of histone H3 at lysine 4 (H3K4me3), or anti-RNA polymerase
II antibodies or with negative control, IgG (Supplementary Table S1) at 4◦ C overnight. Then, Protein A/G beadantibody-chromatin complexes were washed with lowsalt, high-salt, LiCl buffer and elution buffer to harvest the
chromatin fragments. The DNA-protein complexes were
reversely cross-linked, and the DNA was purified through
spin columns. The enrichment of purified DNA was examined using qPCR. The primers used in ChIP-qPCR are
listed in Supplementary Table S3.

2.19

Statistical analysis

Data was presented as the mean ± standard deviation (SD)
of the values obtained in at least three independent experiments. Two-tailed Student’s t-tests and one-way analysis
of variance (ANOVA), followed by Dunnett’s tests for multiple comparisons, were used to evaluate the data. Clinical variables were assessed using Pearson’s chi-square test,
and the correlations between two variables were calculated using Spearman’s correlation analysis. Overall survival time was calculated from the date of surgical resection to the date of death or follow-up, while the disease-free
survival time was calculated from the date of surgical resection to the date of death, recurrence, metastasis or follow-

up. Cumulative survival time was determined using the
Kaplan-Meier method and analyzed by the log-rank test.
Multivariate Cox proportional hazards model was used to
estimate the adjusted hazard ratios and 95% confidence
intervals (CIs) and to identify independent prognostic factors. All statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS) software
(version 20.0; IBM, Armonk, New York, USA). Differences
were considered statistically significant at P < 0.05.

3

RESULTS

HSF1 was positively associated with
3.1
lymphatic metastasis and poor prognosis in
BCa
To identify the key HSFs and HSPs that were dysregulated in lymphatic metastasis of BCa, we first analyzed
the expression of all HSFs and HSPs in the TCGA-BLCA
cohort and found that HSF1 and 15 other HSPs were overexpressed in BCa (Supplementary Figure S1A). Next, we
examined the expression of HSF1 and these 15 upregulated HSPs in 9 paired tissues by qPCR, including NAT,
lymphatic metastasis-positive BCa tissues (LN+ CA), and
metastatic lymph nodes tissues (LN+). Notably, HSF1 was
the most significant gene upregulated in LN+ CA and
LN+, compared with NAT (Figure 1A-B). Subsequently, we
investigated the protein levels of HSF1 in two independent
cohorts from Sun Yat-sen Memorial Hospital and Sun Yatsen University Cancer Center by immunohistochemistry
(IHC). We found that the expression of HSF1 was lowest in
NAT and gradually increased from non-metastatic tumors,
LN-metastatic tumors, and metastatic lymph nodes in
cohort 1 (Figure 1C-D and Supplementary Figure S1B-C).
Consistent results were also observed in cohort 2 and tissue
microarray (termed cohort 3) (Figure 1E and Supplementary Figure S1D). Analysis of the RNA sequencing statistic
in Lee BCa cohort obtained from the Oncomine database
showed that HSF1 expression was higher in LN-positive

IHC. Statistical significance was assessed through one-way analysis of variance (ANOVA). (F) HSF1 mRNA expression in LN- CA and LN+
CA of the Lee cohort from the Oncomine database. (G, H) Comparison of HSF1 expression in non-muscle-invasive BCa (NMIBC) and
muscle-invasive BCa (MIBC) tissues in (G) cohort 1 and (H) cohort 2. Statistical significance was evaluated using two-tailed t tests in (F-H).
The error bars mean standard deviations of the expression values of HSF1 in each group. (I-N) Kaplan-Meier curves for (I) overall survival
(OS) and (J) disease-free survival (DFS) of BCa patients with high (H-score ≥ 150) vs. low expression of HSF1 (H-score < 150) in cohort 1 (OS,
HR = 3.680, 95% CI = 1.730 - 7.827; DFS, HR = 2.904, 95% CI = 1.442 - 5.846); (K, L) cohort 2 (OS, HR = 2.908, 95% CI = 1.496 - 5.654; DFS, HR
= 3.515, 95% CI = 1.916 - 6.447). The (M) OS and (N) DFS from the TCGA BLCA cohort were obtained from GEPIA. *P < 0.05 and **P < 0.01.
Abbreviations: BCa, bladder cancer; HSF, heat shock transcription factor; HSP, heat shock protein; NAT, normal adjacent tissue; LN+ CA,
lymphatic metastasis-positive BCa; LN– CA, lymphatic metastasis-negative BCa; LN+, metastatic lymph node (LN+); NMIBC,
non-muscle-invasive BCa; MIBC, muscle-invasive BCa; IHC, immunohistochemistry; TCGA, The Cancer Genome Atlas; BLCA, bladder
cancer; qPCR, quantitative real-time polymerase chain reaction
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F I G U R E 2 HSF1 promoted bladder cancer (BCa) cells migration and invasion in vitro and lymphatic metastasis in vivo. (A) Western
blotting analysis of HSF1 expression levels in scramble, HSF1-sh1, HSF1-sh2 and HSF1-sh+HSF1 BCa cells. The HSF1-sh+HSF1 BCa cells
were generated by transfecting an shRNA-resistant synonymous mutant of HSF1 in HSF1-sh1 BCa cells. (B-D) Representative images of
wound healing assays in (B) UM-UC-3 and (C) T24 cells showing cell migration after knockdown or re-expression of HSF1; (D) a histogram
showing cell migration distance. (E) Representative images of migration assays of UM-UC-3 and T24 cells showing cell migratory capacity
after knockdown or re-expression of HSF1, and (F) histogram analysis of the number of migratory cells. (G) Representative images of
UM-UC-3 and T24 cells showing cell invasion after silencing or restoration of HSF1, and (H) histogram analysis of the numbers of invasive
cells. (I) Representative bioluminescence images and, (J) histogram analysis of popliteal metastatic lymph nodes (LNs) in the popliteal LN
metastasis model generated by different groups of cells (n = 6 per group). (K) Representative image of the popliteal LN metastasis model. (L)
Representative image of dissected popliteal LNs and (M) histogram analysis of LNs volumes (n = 6 per group). (N) Representative images
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BCa tissues than in LN-negative tissues (Figure 1F). Meanwhile, we also found that HSF1 was upregulated in muscleinvasive BCa (MIBC) compared with non-muscle-invasive
BCa (NMIBC) in cohort 1-3 (Figure 1G-H and Supplementary Figure S1E), as well as in high-grade (HG) BCa compared with lower-grade (LG) BCa (Supplementary Figure
S1F-G). Kaplan-Meier survival analysis of cohort 1, 2 and
TCGA BLCA cohorts revealed that patients with high HSF1
expression had shorter overall survival (OS) and diseasefree survival (DFS) (Figure 1I-N). Moreover, univariate
and multivariate Cox regression analyses confirmed that
high HSF1 expression in BCa tissues was an independent
prognostic factor for shorter OS and DFS (Supplementary Tables S4-7). Taken together, these data indicated that
HSF1 expression was not only associated with lymphatic
metastasis status, tumor stage and advanced grade but also
an independent indicator of poor prognosis in BCa.

3.2
HSF1 promoted BCa cell migration
and invasion in vitro and lymphatic
metastasis in vivo
To investigate the roles of HSF1 in lymphatic metastasis of
BCa, we first detected the expression of HSF1 in different
BCa cells. To silence or regain the expression of HSF1 with
higher efficiencies, as well as providing reliable conclusion
through validating the function of HSF1 in two cell lines,
we chose the two cell lines with moderate HSF1 expression,
UM-UC-3 and T24, to perform further functional assays
(Supplementary Figure S2A-B) and transfected two independent siRNAs to knockdown HSF1 in BCa cells (Supplementary Figure S2C-D). We found the migration speed
and number of migrated cells were significantly inhibited
in HSF1-silenced BCa cells by wound healing and transwell assays (Supplementary Figure S2E-I). Meanwhile, as
shown in Supplementary Figure S2J-K, BCa cells’ invasion was markedly decreased after silencing HSF1. To further confirm the role of HSF1 in BCa cells, we performed
functional assays in these four groups of BCa cells: scramble, two HSF1-knockdown cells using shRNAs, and HSF1restoration cells using an shRNA-resistant synonymous
mutant of HSF1 after shRNA transfection (Figure 2A).
Consistently, the in vitro migration experiments revealed
that HSF1 knockdown markedly inhibited the migration
speed and number of migrated BCa cells, while HSF1
restoration greatly reversed these effects (Figure 2B-F).
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Furthermore, the invasive capability of BCa was significantly suppressed by HSF1 knockdown but mostly rescued
by HSF1 restoration (Figure 2G-H).
Next, we established popliteal LN metastasis models
with stable HSF1-knockdown and HSF1-restored UMUC-3 cells expressing firefly luciferase. Silencing of
HSF1 significantly decreased the luminescence of footpads and popliteal LNs, while HSF1 restoration ameliorated this effect (Figure 2I-J). In addition, the volumes
of the popliteal LNs were significantly smaller in the
HSF1-silenced group and significantly enlarged in HSF1restored mice compared to the corresponding control mice
(Figure 2K-M). We also used hematoxylin-eosin (H&E)
staining and IHC for luciferase to confirm the presence of
metastasis in LNs. As shown in Figure 2N and O, there was
a significant decrease in the rate of lymphatic metastasis
from 100.0% in the control to 33.3% in the HSF1 knockdown group, and returned to 100% after re-expression of
HSF1. Moreover, the survival of mice harboring HSF1knockdown tumors was much longer than those in the
control or HSF1 restoration group (Figure 2P). Collectively,
these findings indicated that HSF1 facilitated the migration
and invasion in vitro, as well as the lymphatic metastasis in
vivo of BCa cells.

3.3
HSF1 enhanced BCa cell
proliferation in vitro and tumor growth in
vivo
Previous studies showed that metastatic tumor cells in
LNs served as a major source of lymphangiogenic factors to accelerate lymphangiogenesis [2]. Therefore, the
growth of the metastatic tumor cells in LN was another
key factor in promoting lymphatic metastasis [30]. Interestingly, the metastatic UM-UC-3 cells in the LNs enucleated from the popliteal LN metastasis models derived by
the HSF1-knockdown cells exhibited lower expression of
the proliferation marker Ki67 than either control or HSF1restored group (Supplementary Figure S3), suggesting that
HSF1 may participate in BCa cells proliferation. Therefore,
we conducted MTT and colony formation assays in stable
HSF1-knockdown and HSF1-restored BCa cells. As shown
in Figure 3A-C, silencing of HSF1 significantly reduced
the proliferation of BCa cells, whereas restoration of HSF1
alleviated this effect. Notably, no difference in cells viability was observed after seeding for 48 hours, indicat-

obtained by hematoxylin-eosin (H.E.) staining and immunohistochemistry (IHC) confirming the LN status of the experimental animals (n =
6 per group). (O) LN status percentages in all groups (n = 6 per group). (P) Kaplan-Meier survival analysis of mice that were inoculated with
control, HSF1-silenced and HSF1-restored UM-UC-3 cells. The error bars stand for the standard deviations of three independent experiments.
* P < 0.05 and ** P < 0.01. Abbreviations: BCa, bladder cancer; LN, lymph node; H.E., hematoxylin-eosin; IHC, immunohistochemistry
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F I G U R E 3 HSF1 enhanced bladder cancer (BCa) cells proliferation in vitro and tumor growth in vivo. (A) Cell viability was evaluated in
scramble, HSF1-sh1, HSF1-sh2 and HSF1-sh+HSF1 UM-UC-3 and T24 cells by MTT assays. (B) Colony formation assays were performed in
HSF1 knockdown and HSF1 re-expressing UM-UC-3 and T24 cells, and (C) a histogram analysis of the numbers of colonies. (D, E) Flow
cytometry analysis of (D) UM-UC-3 and (E) T24 cells in which HSF1 had been stably silenced or restored compared with control cells. The
percentages (%) of the cell population at different stages of the cell cycle are illustrated in the panels. (F, G) Measurement of the cell
population in S phase by ethynyl deoxyuridine (EdU) assays and a histogram analysis of the numbers of EdU-positive cells. Blue, nuclei; red,
S-phase cells. Scale bars: black, 100 μm. The error bars mean the standard deviations of three independent experiments. (H) Representative
image of the subcutaneous tumors in the control, HSF1 knockdown, and HSF1 restoration groups. (I) The growth of the tumors in the control,
HSF1 knockdown, and HSF1 restoration groups were measured every 3 days, and tumor growth curves were calculated. The mean ± standard
deviation (SD) of the tumor volumes measured in 6 mice is shown. (J) Histogram showing the tumor weights in the control, HSF1
knockdown, and HSF1 restoration groups after surgical dissection. (K) Immunohistochemical staining showing HSF1 and Ki67 expression in
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ing that the differences in migratory and invasive abilities observed in migration and invasion assays of BCa cells
were caused by the intrinsic metastatic behaviors of cancer cells. Furthermore, flow cytometry assays showed that
the cells were arrested in G0/G1 phase after silencing HSF1
and were reversed in HSF1-restored cells (Figure 3D-E
and Supplementary Figure S4A-B). The results of EdU
assays confirmed that HSF1 directly regulated the proportion of cells in the S phase (Figure 3F-G and Supplementary Figure S4C-D). However, no difference in the apoptosis rate between HSF1-knockdown cells and the control
group was observed (Supplementary Figure S4E-F). Therefore, HSF1 might promote BCa cells proliferation by regulating the expression of genes involved in cell cycle transition instead of cell apoptosis.
Next, we implanted stable HSF1-silenced and HSF1restored UM-UC-3 cells subcutaneously into nude mice.
Knockdown of HSF1 significantly slowed tumor growth
compared with the control, while HSF1 restoration
markedly accelerated tumor growth. The sizes and weights
of the tumors in the HSF1-silenced group were smaller
than those in the control group and the HSF1-restored
group (Figure 3H-J). Further, the tumors that originated from the HSF1 knockdown cells exhibited the lowest expression of Ki67, but HSF1 re-expression restored
Ki67 expression (Figure 3K-M). Collectively, these results
revealed that HSF1 fostered BCa cells proliferation in vitro
and tumor growth in vivo.

3.4
Identification of HSF1 target genes
in BCa cells
To further identify the underlying mechanisms of HSF1
in lymphatic metastasis, we performed genome-wide RNA
expression profile screening in HSF1-knockdown and control UM-UC-3 and T24 cells (Figure 4A). Considering
that HSF1 was associated with specific transcriptome during malignancy progression [11], we mainly focused on
the downregulated protein-coding genes with fold change
smaller than 0.6 after silencing HSF1 in both BCa cell
lines. We found that the expression of 60 genes were significantly decreased (Figure 4B), and we further verified
the 14 cancer-related genes in control and HSF1-silenced
UM-UC-3 and T24 cells via qPCR. As shown in Supplementary Figure S5A-B, lymphoid enhancer-binding factor
1 (LEF1), matrix metallopeptidase 9 (MMP9), C-C motif
chemokine ligand 20 (CCL20) and E2F transcription fac-
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tor 2 (E2F2) were four of the most significantly altered
genes. Additionally, previous studies reported that LEF1,
MMP9 and CCL20 were involved in cancer metastasis [38,
55, 56], while E2F2 was necessary for cell cycle progression
[31]. We also found that patients with high LEF1, MMP9,
CCL20 and E2F2 expression showed poor prognosis in the
Hoglund BCa cohort (Supplementary Figure S5C). Hence,
these four genes were chosen for further study. We confirmed the secreting level of CCL20 through ELISA and
the protein levels of LEF1, MMP9 and E2F2 by Western blotting. These genes were downregulated in HSF1silenced BCa cells and their expression were regained after
HSF1 restoration (Figure 4C-D). We then analyzed the
expression of HSF1, LEF1, MMP9, CCL20 and E2F2 in
tissue microarrays by IHC and found a positive correlation between HSF1 expression and these four target genes
(Figure 4E-I). Similarly, the protein levels of LEF1, MMP9,
CCL20 and E2F2 were markedly decreased in the HSF1silenced xenograft tumors and re-increased in the HSF1restored group (Supplementary Figure S5D-I).
To investigate how HSF1 regulates the expression of
these genes, we analyzed the promoter regions of the four
target genes using the JASPAR program (http://jaspar.
genereg.net) to predict potential HSF1 binding sites (Supplementary Figure S6A-D). Further, ChIP-qPCR assays
indicated that silencing HSF1 decreased the enrichment
of HSF1 on one of the target promotors, while negative
control IgG showed no differences (Figure 4J and Supplementary Figure S6E). Dual-luciferase reporter assays
revealed that the luciferase activities driven by the binding
sites of target genes were significantly decreased in HSF1knockdown HEK-293T cells but increased after HSF1 overexpression. Point mutations of the binding sequences abrogated these effects (Figure 4K). Thus, these results showed
that HSF1 directly targeted the promoters to regulate the
transcription of LEF1, MMP9, CCL20 and E2F2.

3.5
HSF1 interacted with PRMT5 to
promote metastasis and proliferation of
BCa cells
Given that HSF1 was a transcription factor that bonded
to specific proteins to regulate transcription [32], we performed Co-IP to identify the binding proteins of HSF1 in
BCa cells. Intriguingly, we found an overtly differential
band between 70 and 100 kDa after silver staining, and
it was identified as PRMT5 by MS (Figure 5A and Sup-

tumors. (L) Histogram showing the H-scores in the control, HSF1 knockdown and HSF1 re-expression groups. The error bars represent the
standard deviations of values in each group (n = 6). (M) Pearson correlation analysis between HSF1 and Ki67 expression. * P < 0.05 and ** P <
0.01. Abbreviations: BCa, bladder cancer; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; EdU, ethynyl deoxyuridine
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F I G U R E 4 Identification of the target genes of HSF1 in bladder cancer (BCa) cells. (A) Heatmap showing mRNA levels in UM-UC-3 and
T24 cells transfected for 48 hours with control or small interfering RNAs (siRNAs) targeting HSF1. Red and blue represent the log2 fold
change of upregulation and downregulation of the genes expression, respectively. (B) Venn diagram showed the overlapping protein-coding
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plementary Figure S7A-B). Further, Co-IP and Western
blotting experiments confirmed the interaction between
endogenous HSF1 and PRMT5 in wild-type UM-UC-3 and
T24 cells (Figure 5B). Meanwhile, there was a positive
correlation between HSF1 and PRMT5 expression in the
TCGA BLCA cohort (Figure 5C). Immunofluorescence
(IF) assays also showed that HSF1 and PRMT5 colocalized in the nuclei of BCa cells (Figure 5D). To identify
the precise domain(s) of HSF1 responsible for its interaction with PRMT5, we generated four HSF1 truncations
(Figure 5E) and separately transfected them with PRMT5.
The Co-IP assay showed that PRMT5 bounded specifically
to the DNA-binding domain (DBD) of HSF1 (Figure 5F).
These results jointly confirmed that HSF1 interacted with
PRMT5 in BCa cells.
Previous studies have demonstrated that PRMT5 promoted the lymphatic metastasis and proliferation of laryngeal carcinoma [33]. Similarly, the migration, invasion and
proliferation of BCa cells were markedly attenuated by
knockdown of PRMT5 in vitro (Figure S7C-J). Meanwhile,
silencing PRMT5 could also inhibit the expression of LEF1,
MMP9, CCL20 and E2F2 (Figure 5G-J). In conclusion,
HSF1 interacted with PRMT5 to enhance the migration,
invasion and proliferation of BCa cells in vitro.
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tional activation mediated by H3R2me1 and H3R2me2s
was recognized by WDR5, resulting in the recruitment
of the SET1/MLL complex and H3K4me3 [35]. Interestingly, as shown in Figure 6C and D, high enrichment of
WDR5 and H3K4me3 on the promoters of these genes were
observed. Knockdown of WDR5 also decreased the expression of these four target genes (Figure 6E-G). Moreover,
our ChIP-qPCR results showed that silencing of HSF1 or
PRMT5 significantly decreased the occupancy of the promoters of LEF1, MMP9, CCL20 and E2F2 by H3R2me1,
H3R2me2s, WDR5, H3K4me3 and Pol-II, but no differences by IgG, compared with control cells. Intriguingly, we
found that on the promoters of target genes, the knockdown of HSF1 abolished the binding of both HSF1 and
PRMT5 (Figure 6H-K, and Supplementary Figure S8C-G),
while silencing PRMT5 only abrogated the occupancy of
PRMT5 but not HSF1 (Figure 6L-O, and Supplementary
Figure S8H-L). These results indicated that HSF1 recruited
PRMT5 to the promoter of target genes to enhance their
expression. Taken together, HSF1 upregulated the expression of LEF1, MMP9, CCL20 and E2F2 via PRMT5-WDR5mediated histone modifications.

3.7
HSF1 facilitated EMT of BCa cells in
a LEF1-dependent manner
3.6
HSF1 regulated LEF1, MMP9, CCL20
and E2F2 expression via
PRMT5-WDR5-mediated histone
modifications
PRMT5 was a key factor in transcriptional activation
or repression depending on diverse histone methylation
modifications [34]. To determine how PRMT5 regulated
LEF1, MMP9, CCL20 and E2F2 expression, we screened
several substrates that have been reported to be methylated by PRMT5. ChIP-qPCR showed increased enrichment of H3R2me1 and H3R2me2s, but not H3R8me2s or
H4R3me2s, on the promoters of LEF1, MMP9, CCL20 and
E2F2 (Figure 6A-B and Supplementary Figure S8A-B).
Additionally, a previous study revealed that transcrip-

LEF1 was shown to be involved in EMT to accelerate cancer metastasis [36]. Silencing of LEF1 significantly inhibited the migratory and invasive ability of BCa cells (Supplementary Figure S9). Then, we overexpressed LEF1 in HSF1silenced BCa cells (Supplementary Figure S10A). Intriguingly, the migratory and invasive behaviors inhibited by
HSF1 repression were mainly rescued by LEF1 overexpression (Supplementary Figure S10B-E). Further, overexpressing LEF1 increased both LN volumes and metastatic rate in
HSF1-knockdown cells in vivo (Figure 7A-C and Supplementary Figure S10F-I).
To further clarify whether LEF1 participates in EMT,
we measured the expression of E-cadherin, N-cadherin
and vimentin in LEF1-silenced BCa cells. Interestingly, the

genes which were downregulated in UM-UC-3 and T24 cells after silencing HSF1. (C) The CCL20 secretion level was determined by ELISA,
and (D) the protein levels of LEF1, MMP9, and E2F2 were detected by Western blotting in scramble, HSF1-sh1, HSF1-sh2 and HSF1-sh+HSF1
BCa cells. (E) Representative immunohistochemistry (IHC) images of HSF1, LEF1, MMP9, CCL20 and E2F2 in BCa tissues, and Pearson
correlations between the expression levels of HSF1 and (F) LEF1, (G) MMP9, (H) CCL20 and (I) E2F2 in 60 BCa tissues in microarrays. (J)
Chromatin immunoprecipitation (ChIP) -qPCR analysis of negative control IgG and HSF1 enrichment at the promoters of HSF1 target genes
in UM-UC-3 and T24 cells. (K) Relative luciferase activities associated with the wild-type (Wt) and site-mutation (Mut) of the HSF1 binding
sequences on target genes promoters in HSF1 knockdown and overexpressing HEK-293T cells. The error bars represent the standard
deviations of three experiments independently. * P < 0.05, ** P < 0.01. Abbreviations: BCa, bladder cancer; siRNAs, small interfering RNAs;
ChIP, chromatin immunoprecipitation; qPCR, quantitative real-time polymerase chain reaction; Wt, wild-type; Mut, site-mutation; ns, not
statistically significant
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F I G U R E 5 HSF1 regulated target genes expression by interacting with PRMT5. (A) Co-immunoprecipitation (Co-IP) was performed in
T24 cells using anti-HSF1 antibody or negative control IgG followed by silver staining. The red arrows show the positions of HSF1 (above) and
PRMT5 (below). (B) Co-IP and Western blotting analysis showing the interaction between endogenous HSF1 and PRMT5. (C) Pearson
correlations between the expression of HSF1 and PRMT5 in the TCGA BLCA cohort. (D) Representative immunofluorescence (IF) images of
HSF1 and PRMT5 colocalization in the nuclei of bladder cancer cells. Blue, nuclei; green, HSF1; red, PRMT5. Scale bars: black, 20 μm. (E)
HSF1-truncated mutants used in this study. (F) HEK-293T cells were transfected with HA-PRMT5 and Flag-HSF1 or Flag-HSF1-truncations as
indicated. Cell lysates were immunoprecipitated with anti-HA antibody, and protein levels were analyzed by Western blotting with the
indicated antibodies. (G, H) Quantification of LEF1, MMP9, CCL20, and E2F2 mRNA expression by qPCR after PRMT5 knockdown in (G)
UM-UC-3 and (H) T24 cells. (I) Western blotting assay of the protein levels of LEF1, MMP9, and E2F2, and (J) ELISA measuring CCL20
secretion in PRMT5-silenced UM-UC-3 and T24 cells. The error bars mean the standard deviations of three experiments independently. * P <
0.05 and ** P < 0.01. Abbreviations: Co-IP, Co-immunoprecipitation; TCGA, The Cancer Genome Atlas; BLCA, bladder cancer; qPCR,
quantitative real-time polymerase chain reaction

16

HUANG et al.

F I G U R E 6 HSF1 regulated target genes expression via PRMT5-WDR5 axis-mediated histone methylation. (A-D) Chromatin
immunoprecipitation (ChIP) -qPCR analysis of (A) H3R2me1, (B) H3R2me2s, (C) WDR5, and (D) H3K4me3 enrichment on the promoters of
LEF1, MMP9, CCL20 and E2F2 in UM-UC-3 and T24 cells. (E) Quantification of LEF1, MMP9, CCL20 and E2F2 mRNA expression by qPCR
after WDR5 knockdown in UM-UC-3 and T24 cells. (F) Western blotting assay of the protein levels of LEF1, MMP9, and E2F2, and (G) ELISA
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expression of E-cadherin was elevated, while N-cadherin
and vimentin were decreased after silencing of LEF1, suggesting inhibition of EMT (Supplementary Figure S11A).
Additionally, as shown in Figure 7D and Supplementary
Figure S11B, EMT was aborted after downregulation of
HSF1 but was regained in HSF1-overexpressing cells. We
also performed IHC assays of footpad tumor tissues and
found a negative correlation between HSF1 and E-cadherin
levels, as well as a positive correlation between HSF1 and
N-cadherin, vimentin levels, respectively (Supplementary
Figure S11C-F). Meanwhile, inhibition of the EMT by HSF1
silencing was greatly recovered after overexpression of
LEF1 (Figure 7E, F, and Supplementary Figure S11G, H).
We also found that the increase in E-cadherin, together
with the attenuation of N-cadherin and vimentin levels,
in the footpad tumors from the HSF1-silenced group was
reversed in tumors from the LEF1-overexpressing group
(Figure 7G). These data indicated that HSF1 facilitated
migration and invasion of BCa cells via LEF1-dependent
EMT.

3.8
HSF1 increased macrophage
infiltration via CCL20
A previous study showed that CCL20 promoted ovarian
cancer cell migration [37]. However, after knockdown of
CCL20 in BCa cells, we found no difference in migration between CCL20-silenced and control cells in vitro
(Supplementary Figure S12A-D), indicating that CCL20
might influence lymphatic metastasis independent of
autocrine signaling. Considering that CCL20 was reported
to promote metastasis by recruiting tumor-associated
macrophages (TAMs) [38], we used various concentrations
of recombinant human CCL20 (rhCCL20) to recruit fresh
human peripheral monocytes. Interestingly, rhCCL20
treatment increased the number of migrated monocytes in
a dose-dependent manner (Figure 7H and Supplementary
Figure S12E). Next, we collected conditioned medium
(CM) from HSF1-silenced and HSF1-restored BCa cells
and used it to recruit monocytes. The results showed
that the migratory ability of monocytes exposed to HSF1silenced CM was weaker than that of monocytes exposed
to control CM, while HSF1-restored CM significantly
reversed this effect. The effect of HSF1 re-expressing CM
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on monocyte recruitment was largely attenuated by adding
a neutralizing anti-CCL20 antibody to about 20%. These
results indicated that CCL20 contributed to HSF1-induced
monocyte recruitment (Figure 7I and Supplementary
Figure S12F). Combined with the previous conclusion that
CCL20 increases macrophages infiltration in vivo [39], we
hypothesized that tumoral secretion of CCL20 mediated by
HSF1 might recruit TAMs in BCa. Consequently, as shown
in Figure 7J-L, the number of TAMs in the BCa tissues was
positively correlated with HSF1 and CCL20 expression.
Furthermore, we analyzed the immune cell infiltration
data of the TCGA BLCA cohort and found that the M2
macrophages infiltration rate was significantly higher in
groups with HSF1 high-expressing BCa (Figure 7M). The
expression of C-C motif chemokine receptor 6 (CCR6,
specific receptor of CCL20) was positively correlated with
the expression of the M2 macrophages markers CD163
molecule (CD163), CD204 molecule (CD204), CD206
molecule (CD206), and the secreted factors interleukin-6
(IL-6), interleukin-10 (IL-10) and transforming growth
factor beta 1 (TGF-β) in the TCGA BLCA cohort (Supplementary Figure S12G-L), indicating that the TAMs
recruited by BCa cell-derived CCL20 might be M2
macrophages. Taken together, our results suggested that
HSF1 accelerated the infiltration of TAMs, especially M2
macrophages, in a CCL20-dependent manner.

3.9
Pharmacological inhibition of HSF1
blocked lymphatic metastasis of BCa cells
with no significant toxicity
To determine the value of HSF1 in translational applications, we investigated the role of KRIBB11, a pharmacological inhibitor of HSF1, in lymphatic metastasis. As
shown in Figure 8A, BCa cell viability was suppressed
in a dose-dependent manner by KRIBB11 treatment. The
half-maximal inhibitory concentration (IC50 ) was approximately 12 μmol/L, which was similar to that in myeloma
[16]. The expression of HSF1, LEF1, MMP9, CCL20 and
E2F2, and EMT were significantly inhibited after treatment with KRIBB11 (Figure 8B-C). Moreover, Co-IP assays
revealed that the binding between HSF1 and PRMT5
was abolished by KRIBB11 (Supplementary Figure S13A).
We also performed ChIP-qPCR and found that KRIBB11

measuring CCL20 levels in WDR5-silenced UM-UC-3 and T24 cells. (H-K) ChIP-qPCR analysis of HSF1, PRMT5, WDR5, H3R2me1,
H3R2me2s, H3K4me3 and RNA polymerase-II (Pol-II) status at the (H) LEF1, (I) MMP9, (J) CCL20 and (K) E2F2 promoters in HSF1-silenced
UM-UC-3 cells. (L-O) ChIP-qPCR analysis of PRMT5, HSF1, WDR5, H3R2me1, H3R2me2s, H3K4me3 and Pol-II enrichment at candidate
HSF1 target genes promoters in PRMT5-silenced UM-UC-3 cells. The error bars represent the standard deviations of three independent
experiments. * P < 0.05 and ** P < 0.01. Abbreviations: ChIP, chromatin immunoprecipitation; qPCR, quantitative real-time polymerase chain
reaction; Pol-II, RNA polymerase-II; ns, not statistically significant
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reduced the recruitment of HSF1 on the promoter of target
genes, in line with PRMT5, H3R2me1, H3R2me2, WDR5
and H3K4me3 in BCa cells (Supplementary Figure S13B-I).
Next, we performed metastasis assays and found that
KRIBB11 blocked the wound healing, migration and invasion of BCa cells in vitro (Supplementary Figure S14A-G).
We further generated popliteal LN metastasis models and
intraperitoneally injected KRIBB11 every 2 days (Supplementary Figure S14H). Consistent with the in vitro
data, the relative luminescence measured by IVIS and
the volume of popliteal LNs were significantly smaller
in the KRIBB11-treated group than in the control group
(Figure 8D-F). The lymphatic metastatic rate decreased
from 100.0% in the vehicle group to 33.3% in the KIRBB11
group (Figure 8G and Supplementary Figure S14I). Meanwhile, the expression of Ki67 in LNs from the KRIBB11
group was significantly lower than that in the vehicle
group (Supplementary Figure S14J-K). Notably, there was
no significant difference between these two groups in
body weight, liver or kidney functions (Supplementary
Figure S15A-F). Histological analysis using H&E staining revealed no histological alterations in the liver, kidney, lung, heart or spleen after treatment of KRIBB11
(Supplementary Figure S15G). Based on these results, we
concluded that KRIBB11 prevented lymphatic metastasis
of BCa cells by harmlessly blocking the transcription of
metastatic genes induced by HSF1.

3.10
KRIBB11 inhibited tumor growth
of BCa
Considering that HSF1 promoted proliferation, we performed MTT and colony formation assays in BCa cells
treated with KRIBB11. Similar to our previous results
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of silencing HSF1, KRIBB11 significantly suppressed the
proliferation of UM-UC-3 and T24 cells (Supplementary
Figure S16A-C). Flow cytometry and EdU assays revealed
that KRIBB11 restricted the transition from G0/G1 to S
phase (Supplementary Figure S16D-I). Next, we intraperitoneally injected KRIBB11 into subcutaneous xenografts
carrying UM-UC-3 cells and found that KRIBB11 significantly inhibited tumor growth (Figure 8H-K, and Supplementary Figure S16J).
We further determined the efficiency of KRIBB11 in
BCa PDX models. PDX models were relevant preclinical models that could represent the intrinsic molecular
subtypes of cancers and were widely used to evaluate
therapeutic approaches for malignancies [40]. We performed intraperitoneal injection of KRIBB11 in PDX models derived from two patients with lymphatic metastasis.
As expected, injection of KRIBB11 significantly repressed
tumor growth and expression of Ki67 compared to the
vehicle group (Figure 8L-O and Supplementary Figure
S17). Thus, KRIBB11 showed promising inhibition of BCa
growth.

4

DISCUSSION

HSF1 has been studied for decades and shown to be essential for carcinogenesis and tumor growth. However, only
two studies have reported that HSF1 was clinically associated with lymphatic metastasis[41, 42], and the underlying mechanisms remain unknown. Herein, we revealed
that HSF1 was overexpressed in BCa with lymphatic metastasis and was an independent predictor of poor prognosis in BCa patients. Mechanistically, HSF1 upregulated the
expression of a series of oncogenes in BCa cells via histone
methylation mediated by the PRMT5-WDR5 axis, which

F I G U R E 7 HSF1 facilitated epithelial-mesenchymal transition (EMT) in bladder cancer (BCa) cells depending on LEF1 and increased
macrophages infiltration via CCL20. (A) Representative image and (B) histogram analysis of the dissected popliteal lymph nodes (LNs)
volumes from scramble, HSF1-sh1 and HSF1-sh+LEF1 groups (n = 6 per group). Statistical significance was calculated by one-way analysis of
variance (ANOVA). The error bars mean standard deviations of values in each group. (C) The percentage of LN status in all groups (n = 6 per
group). (D) Western blotting analysis of the protein expression of LEF1 and EMT markers in scramble, HSF1-sh1, HSF1-sh2 and
HSF1-sh+HSF1 BCa cells. (E) Western blotting analysis of the protein expression of LEF1, HSF1 and EMT markers in scramble, HSF1-sh1 and
HSF1-sh+LEF1 BCa cells. (F) Representative immunofluorescence (IF) images showing N-cadherin expression in scramble, HSF1-sh1 and
HSF1-sh+LEF1 BCa cells. Blue, nuclei; green, N-cadherin. Scale bars: black, 20 μm. (G) Representative immunohistochemistry (IHC) images
showing E-cadherin, N-cadherin and vimentin expression in footpad tumors of the indicated groups. Scale bars: black, 50 μm. (H) Histogram
showing the numbers of migratory monocytes treated with various concentrations of recombinant human CCL20 (rhCCL20), and (I)
histogram showing the numbers of migratory monocytes after treatment with conditioned medium (CM) from UM-UC-3 cells with indicated
treatment. The error bars stand for the standard deviations of three independent experiments. (J, K) Pearson correlation analysis of the
relationship between HSF1, CCL20 expression and macrophage infiltration determined by anti-CD68 from 60 BCa tissues in microarrays. (L)
Representative IHC images of HSF1, CCL20 and CD68 staining in BCa tissues in microarrays. (M) Demonstration of different immune cells of
BCa tissues with high vs. low HSF1 expression by QUANTISEQ in the TCGA BLCA cohort (Wilcox text). * P < 0.05, ** P < 0.01.
Abbreviations: EMT, epithelial-mesenchymal transition; BCa, bladder cancer; LN, lymph node; rhCCL20, recombinant human CCL20; CM,
conditioned medium; TCGA, The Cancer Genome Atlas; BLCA, bladder cancer; ns, not statistically significant
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facilitated BCa cells EMT and metastatic BCa cells proliferation in LNs. Meanwhile, HSF1 enhanced the secretion
of CCL20 from BCa cells to promote macrophages infiltration. Blocking HSF1 by KRIBB11 significantly prevented
BCa cells lymphatic metastasis harmlessly (Figure 8P).
Taken together, these findings could contribute to better understanding lymphatic metastasis and be used to
develop new strategies for its early diagnosis and precision
treatment in BCa.
Lymphatic metastasis of cancer cells begins with detachment from the primary tumor, travel through lymphatic
vessels, and settlement and growth in LNs [30]. Therefore,
targeting multi-functional molecules could have more
advantages in preventing the metastasis of cancer cells.
Herein, we found that HSF1 played key roles in many steps
of lymphatic metastasis. It not only induced the EMT via
LEF1 and dissolved the cell-matrix via MMP9 [43] but also
accelerated the proliferation of metastatic cells via E2F2, a
proto-oncogene that facilitates tumor cell proliferation by
regulating the G1-to-S phase transition [44].
In terms of the tumor microenvironment (TME), we
found that HSF1-mediated CCL20 secretion in BCa cells
was responsible for TAMs recruitment. TAMs, a special
group of macrophages that infiltrate tumor tissues and
populate the microenvironment of solid tumors, have been
extensively studied and serve as prominent metastasis
promoters in the TME [45]. In this study, we identified
a positive correlation between HSF1 expression and M2
macrophages infiltration intensity and a positive correlation between CCR6 expression and M2 markers expression in the TCGA BLCA cohort. Combined with our previous work showing that M2 TAMs facilitated lymphangiogenesis to enhance lymphatic metastasis by secreting
vascular endothelial growth factor C (VEGF-C) [28] and
a previous report which showed that TAMs mediated the
metastasis of BCa cells through C-X-C motif chemokine
ligand 8 (CXCL8) [46], we speculated that overexpression
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of HSF1 in BCa cells increased M2 TAMs recruitment in
a CCL20-dependent manner, resulting in the promotion
of lymphatic metastasis. Previous studies also proved that
cancer cells-derived CCL20 recruited TAMs to accelerate
tumor progression in pancreatic and colon cancer [38, 39,
47]. However, recruitment of regulatory T (Treg) cells and
T helper type 17 (Th17) cells, both of which are involved
in tumor immune evasion, are also the main characteristics of CCL20 [47]. Additionally, in vivo experiments to
confirm the roles of HSF1 in TAMs, Tregs and Th17 cells
recruitment and identification of key molecules that polarize the TAMs recruited by HSF1-mediated CCL20 secretion
remain a major aim of our future research.
Previous studies showed that the key factors influencing
the HSF1-mediated transcriptome were molecules that
bind cooperatively with HSF1 on target genes promoters.
Upon stress condition, transcriptional activation of HSPs
by HSF1 depends on cooperation with chromatin modulators and transcription elongation factors [48]. However,
the molecules that cooperate with HSF1 in tumor progression might be cancer-specific. They could be epigenetic
modulators or elongation factors [5]. For example, the
HSF1- MORC family CW-type zinc finger 2 (MORC2) complex increases the recruitment of the polycomb repressive
complex 2 (PRC2), especially enhancer of zeste homolog
2 (EZH2), to the Arg kinase-binding protein 2 (ArgBP2)
promoter, thereby increasing the trimethylation of histone
H3 at lysine 27 (H3K27me3) levels and transcriptionally
repressing the expression of ArgBP2 [49]. In this work, we
identified a specific interaction between HSF1 and PRMT5
in BCa cells. PRMT5, a member of the methyltransferase
family, transfers methyl groups to arginine residues in
target proteins. Emerging studies report that PRMT5
participates in transcriptional programs by epigenetically
modifying four arginine residues in histones, namely
H4R3, H2AR3, H3R8 and H3R2. Of those, H4R3me2s
and H3R8me2s are mostly associated with transcriptional

F I G U R E 8 Pharmacological inhibition of HSF1 blocked lymphatic metastasis and tumor growth in bladder cancer (BCa). (A) Viability
of UM-UC-3 and T24 cells after KRIBB11 treatment. The cells were treated with the indicated concentrations of KRIBB11 for 48 hours, and
viability was measured using the MTT assay. (B) Western blotting analysis of the protein levels of HSF1, LEF1, MMP9, E2F2, and EMT
markers in BCa cells treated with the indicated concentrations of KRIBB11 for 48 hours. (C) ELISA of CCL20 expression in BCa cells treated
with the indicated concentrations of KRIBB11 for 48 hours. The error bars mean the standard deviations of three independent experiments.
(D) Representative images of bioluminescence and dissected popliteal lymph nodes (LNs) and (E, F) histogram analysis of the
bioluminescence and LN volumes (n = 6 per group). (G) Percentages of LN status in the indicated groups (n = 6 per group). (H)
Representative image of the subcutaneous tumors of vehicle and KRIBB11 groups. (I) Tumor growth curves and (J, K) histogram analyses of
tumor weights and Ki67 H-scores in the two indicated groups (n = 6 per group). (L) Representative image of the subcutaneous tumors in BCa
patient-derived xenograft (PDX) models after treatment with vehicle or KRIBB11. (M) Tumor growth curves and (N, O) histogram analysis of
tumor weights and Ki67 H-scores in PDX models after the indicated treatments. The error bars mean the standard deviations of values in each
group (n = 6). (P) Illustrative model showing the underlying mechanism by which HSF1 promoted lymphatic metastasis and proliferation in
BCa via a PRMT5-WDR5-dependent transcriptional program. The image was created using BioRender.com. * P < 0.05, ** P < 0.01.
Abbreviations: BCa, bladder cancer; LN, lymph node; H.E., hematoxylin-eosin; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; PDX, patient-derived xenograft
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repression, whereas methylation of H3R2 generally
causes transcriptional activation. Moreover, methylation
of H3R2 recruits the WDR5/MLL co-activator complex
to yield H3K4me3 [50]. Herein, we reported abundant
enrichment of H3R2me1, H3R2me2s, together with WDR5
and H3K4me3 on the promoters of HSF1 target genes
in BCa cells. Taken together, our results revealed the
critical mechanism by which HSF1 enhanced target genes
expression through PRMT5-WDR5-mediated histone
methylation.
Previously, we identified several key factors that regulate
BCa cells’ metastatic ability [23, 26] and lymphangiogenesis [51]. However, subsequent transformation of these
findings into clinical use was unsatisfactory. Although
RNA interference (RNAi)-based cancer treatment showed
promising clinical value, safe and efficacious delivery of
RNA payloads and targetability of these agents remains
a major challenge [52]. In this respect, small molecular
inhibitors are more promising, and an increasing number
of molecular inhibitors are evaluated in clinical trials
for use against tumors [53]. In the present study, we
demonstrated that KRIBB11 could inhibit the expression
of HSF1 and targeting HSF1 through KRIBB11 significantly prevented lymphatic metastasis of BCa cells in
vivo with no significant side effects. Further application
of KRIBB11 in PDX models also showed a significant
decrease in tumor growth, providing reliable evidence for
further clinical use of HSF1 inhibitors. Consistent with
our results, KRIBB11 also shows significant inhibition
of myeloma growth in vivo [16]. Notably, KRIBB11 was
reported to inhibit the expression of HSP70 under heat
shock by preventing the recruitment of positive transcription elongation factor b (p-TEFb) to the HSP70 promoter
[54]. Theoretically, targeting HSF1 by KRIBB11 not only
inhibited the expression of LEF1, MMP9, CCL20 and
E2F2 by downregulating HSF1 but could also block the
recruitment of other co-activator to the promoters of HSPs
and decrease their expressions, such as HSP70 and HSP90.
Considering that HSP70 and HSP90 were overexpressed
and played key roles in BCa, targeting HSF1 by KRIBB11
was a multipotent and promising therapeutic strategy for
BCa patients and may shed light on the novel treatment
of lymphatic metastasis of BCa.

precise role of HSF1 in BCa may accelerate the development of diagnostic approaches and therapeutic strategies
for BCa patients with lymphatic metastasis.
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