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Abstract

The stress-induced chaperone protein Hsp70 enables the initiation and progression of many
cancers, making it an appealing therapeutic target for development. Here we show that cancer cells
resistant to Hsp70 inhibitors in vitro remain sensitive to them in vivo, revealing the pathogenic
significance of Hsp70 in tumor stromal cells rather than tumor cells as widely presumed. Using
transgenic mouse models of cancer, we found that expression of Hsp70 in host stromal cells was
essential to support tumor growth. Furthermore, genetic ablation or pharmacological inhibition of
Hsp70 suppressed tumor infiltration by macrophages needed to enable tumor growth. Overall, our
results illustrate how Hsp70 inhibitors mediate the anti-cancer effects by targeting both tumor cells
and tumor stromal cells, with implications for the broad use of these inhibitors as tools to ablate
tumor-associated macrophages that enable malignant progression.

Introduction

Levels of the heat shock protein Hsp70 (HspA1A) have been implicated in cancer (1-5).
Genetic ablation of Hsp70 facilitated oncogene-induced senescence in Her2-positive breast
cancer (6), (7), (3), which defines effects of Hsp70 on cancer initiation. Using PyMT model
of breast cancer it was demonstrated that Hsp70 also has profound effects on metastasis (8).
The requirements for Hsp70 for cancer, prompted development of this protein as a drug
target, and a number of Hsp70 inhibitors have been developed (see ref (2) for review).

Since micro-environment is emerging as a critical factor in tumor initiation and progression
(9), (10), it is possible that Hsp70 expression in stroma may also be important for cancer
development. For example, cancer-associated fibroblasts (CAF) can facilitate invasion and
metastasis (9), and the importance of CAF for tumor development was linked to heat shock
transcription factor Hsf1 (11). Tumor Associated Macrophages (TAM) can also supply
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cancer with EGF and angiogenic factors (12),(13), thus promoting invasion and metastasis
(14), (12,15).

Given a critical role of stroma in cancer, several drugs have been developed which target
tumor microenvironment (10,16), but our options to target CAF or TAM are still limited.
Here we demonstrate that stromal Hsp70 is critical for tumor development and that stromal
macrophages can be effectively targeted by our Hsp70 inhibitor series.

Materials and methods

Cell cultures

B16F10, MCF-7, HelLa, E0771 were from ATCC. Cells were obtained between 2003 and
2010. Cell authentication by ATCC is done by STR profiling. All cells were cultivated in
Dulbecco’s modified Eagle’s medium supplemented with 10% FBS at 37 C and 5% CO,.
Cell survival was determined by CellTiter 96 Aqueous One Solution Assay (Promega)
according to manufacture instructions. Cells were seeded in 96-well plates, incubated with
different concentration of JG98 for 24 hr.

Macrophage isolation and cultivation

Bone marrow macrophages were isolated from wild type (C57BL6, Jackson lab), or Hsp70
knockout mice. Macrophages were grown in DMEM/F12 containing 10% FBS and 20%
L-929 conditioned medium to form a monolayer of macrophages for 5 d.

Macrophages migration assays

A. “Wound healing” assay—Macrophages were seeded on a 6-well plate (0.25x10°
cells/well), and 5 d later cell monolayer was scratched using p200 tip. Cells were treated
with JG-98 or left untreated, and “wound healing” was recorded 24 h later. For
quantification, pictures were taken of three random fields along the scratch, and identical
rectangles with width corresponding to the width of original scratch were drawn in these
fields. Cells migrated into the areas of these rectangles were counted, and data were
normalized to the number of cells migrated in control scratch without JG-98 treatment.

B. Transwell assay—Macrophages were plated (2x10* cells/well) on transwell insert
(8uM pore size) of 24 well-plate in 200 uL macrophage media supplemented with 1%FBS
with or without JG-98. Bottom chamber was filled with the same media supplemented with
10%FBS. Migrated cells were counted under microscope, and data were normalized to the
number of cells migrated in control transwell without JG-98 treatment.

Mice and tumors

For allograft tumors, B16F10 melanoma cells or E0071 carcinoma were injected s.c. into
mouse right flanks either in PBS (0.5x10° or 1x10° cells, B16F10) or Matrigel at 1:1 ratio
(1x108 cells, E0071). For tumor xenografts, MCF7 and HeLa cells were mixed at a 1:1 ratio
with Matrigel, and 1x10° cells were injected s.c. into both left and right flanks female NCR
nude mice (Taconic). JG-98 was injected i.p. at dose of 7 mg/kg every other day. Tumor
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growth was monitored using caliper and calculated according to the formula L x W2 x /6,
where L is length and Wis width.

Histochemistry

Results

Excised tumors from mice were fixed with 4% formaldehyde; immunostaining and
quantification was performed by Premier Lab.

Stromal cells play an important role in tumor sensitivity to the Hsp70 inhibitor JG-98

In vitro toxicity experiments showed that MCF7 cells were significantly more resistant to
JG-98 than HeLa (Fig. 1A). On the other hand, when sensitivity to JG-98 was measured /n
vivo in xenograft models, tumors derived from HeLa cells were more resistant and tumors
derived from MCF7 cells (Fig. 1B,C). These sensitivity differences /in vitroand in vivo
suggested that tumor stroma may significantly contribute to the anti-tumor effect of JG-98.

To dissect the role of stroma in tumor sensitivity to JG-98, we sought to establish cancer
cells resistant to JG-98 /n vitro, and test whether these cells remain sensitive to JG-98 in
vivo due to the stromal effects. Our recent screen for genes that modulate the response of
cells to JG-98 provided the clue towards this goal, since knockdowns of ABCB1 (MDR1),
ABCC1 and ABCC2 significantly sensitized cells to the compound (data not shown),
suggesting that MDR pumps provide the resistance. Therefore, we compared responses to
JG-98 of parental HelL a cells and HeLa overexpressing MDRL1. Since JG-98 is fluorescent,
its accumulation in cells was monitored microscopically after treatment with 0.3uM JG-98,
and washing out the excess of the compound. Lower levels of JG-98 were accumulated in
HelLa/MDR1 compared to parental HeLa cells (Fig. 1D). In line with this observation, Hel.a/
MDRL1 cells were significantly more resistant to JG-98 compared to the parental line (Fig.
1D).

To investigate effects of JG-98 on tumor growth /17 vivo, xenograft tumors were established
from these cell lines. Surprisingly, JG-98 had profound growth inhibitory effects on both
control HeLa-derived xenografts (Fig. 1C) and HeLa/MDR1 xenografts (Fig. 1E). Effects on
HeLa/MDR1 tumors were apparently stronger than effects on parental HeLa tumors,
probably because of the overall slower tumor growth (Fig. 1E). Therefore, JG-98 can inhibit
growth of tumors derived even from JG-98 resistant cells, indicating that its effects on host
cells significantly contribute to anti-cancer activities of this class of Hsp70 inhibitors.

JG-98 inhibits infiltration of macrophages into tumors

To address what types of stromal cells are affected by JG-98, tumors from control and drug-
treated mice were immunostained for markers of macrophages (F4/80 antibody), fibroblasts
(SMA-1 antibody) and endothelial cells (CD-31 antibody). JG-98 treatment significantly
reduced the number of macrophages in tumors (Fig. 2A,B), while fibroblasts and endothelial
cells were not affected (Figs. 2B and S1).

Therefore inhibition of Hsp70 by JG-98 may affect macrophage migration, resulting in
reduced infiltration into tumors. To address this possibility, mouse bone marrow
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macrophages were treated with JG-98 for 16 h, mRNA isolated from control and treated
cells, and global gene expression analysis was assessed by microarray (GEO Series
GSEB82311). Among downregulated genes, we identified genes specifically implicated in the
macrophage migration, including MAP3KS8 (17), CXCR4 (18), and FOXM1 (19) (Fig. 2C
and S2). In addition, gene set enrichment analysis has identified that the RHO signaling
pathway was also suppressed (Fig. 2D). Among 36 components of the pathway, 15 were
significantly downregulated (Table S1).Therefore, inhibition of Hsp70 affects multiple
pathways implicated in migration of macrophages, and ability of the latter to infiltrate
tumors might be defined by cumulative defects in these pathways.

To evaluate effects of Hsp70 inhibition, macrophages were treated with JG-98, and their
migration was assessed by “would healing” and transwell assays. In both assays JG-98
significantly suppressed macrophage migration (Figs. 2E). Importantly, effects on migration
were seen even at 300 nM concentration while toxicity was observed only at concentrations
3 UM (Fig. 2E). Therefore, inhibition of Hsp70 has a profound effect on migration of
macrophages and their infiltration into tumors.

Knockout of Hsp70 in host suppresses infiltration of macrophages and tumor growth

Results described above indicate that chemical inhibition of Hsp70 in tumor stroma cells
significantly contributes to the tumor control. Because of possible off-target effects of the
pharmacological agent, we sought to test the role of stromal Hsp70 in tumor support in
genetic experiments. We used WT and Hsp70 knockout (KO) mice as recipients of allogenic
tumor cells. Since these mice are not immune compromised, we had to utilize mouse cancer
cells compatible with this strain, e.g. B16 melanoma cells. Cells, developed visible tumors in
almost 100% of WT animals within 6-8 days (Table 1). However, when injected in
Hsp70KO mice, these same cells did not produce tumors within at least 2 months (the period
of observation) (Table 1). Therefore, host cells must carry active Hsp70 gene to allow
development of allograft tumors with B16 melanoma. Similarly, Hsp70KO block tumor
development with another syngeneic EQ771 breast carcinoma line (Table 1). Therefore the
ability to form allograft tumors at least with these cancer lines depended on the presence of
Hsp70 in host cells, which was consistent with the data obtained with JG-98 and HelLa
xenograts.

We further tested if the absence of Hsp70 in host cells suppresses macrophage infiltration in
forming tumors at the injection sites. B16 melanoma cells (10 million in matrigel) were
injected into WT and Hsp70KO animals. Mice were sacrificed every other day after
injection and tissue in the injection site was isolated, fixed and sectioned. As expected, in the
WT animals the cells gave rise to tumors, while in the Hsp70 knockout animals cancer cells
steadily disappeared from the injection site, and by day 9 became practically undetectable
(not shown). Infiltration of macrophages in the mass of injected cells was assessed by
immunostaining with F4/80 antibodies. While massive infiltration was seen in the WT
animals by day 5 following injection, much lower number of macrophages migrated into the
cancer cell mass in the Hsp70KO (Fig. 3A). Therefore, Hsp70KO impairs macrophage
infiltration, similar to JG-98 treatment. Notably, unlike in WT animals, there was a rim of
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macrophages surrounding tumors in Hsp70KO (Fig. S3) indicating that Hsp70KO affects
macrophage infiltration into the tumor rather than macrophage number.

Following experiments with JG-98, we evaluated effects of the genetic ablation of Hsp70 on
in vitro migration of macrophages isolated from WT and Hsp70KO mice. The knockout led
to a significant suppression of macrophage migration in /n vitro wound healing and
transwell assays (Figs. 3B and 3C). Therefore, genetic ablation of Hsp70 has a profound
effect on suppression of migration of macrophages and their infiltration into tumors, which
corresponds to the effect of Hsp70 inhibitor JG-98.

There have been multiple attempts to target stroma for cancer treatment, since targeting
stroma provide benefits due to different sensitivity of stromal cells to drugs compared to
cancer cells, and since targeting stroma reduces chances to develop drug resistance due to
selection of resistant clones (20). Recently drug targeting TAM and CAF have been
developed (21, 14,16), but our arsenal of treatments is still very limited.

Here we provide evidence that targeting Hsp70 in stroma can suppress tumor growth. This
effect was associated with inhibition of infiltration of macrophages into the tumor site. Of
note, effects of Hsp70 knockout are limited to certain cancer models, e.g. allografts of B16
melanoma and EQ771 breast tumor. On the other hand, in the PyMT model breast tumors
emerged in Hsp70KO (though grew slower than in WT), and similarly in the model of Ras-
transformed fibroblasts tumors emerged and grew (22), suggesting that in these models the
requirement for TAM is less strict.

Previously we and others demonstrated inhibition of migration of tumor cells and metastasis
in Hsp70KO (8). Here, we found that similarly Hsp70 is critical for migration of
macrophages. These effects were associated with inhibition of important pathways, e.g. p38,
FoxM1, Rho and probably other pathways. Regulation of these pathways by Hsp70 may also
involve a co-chaperone Bag3 (4). Interestingly, JG-98 blocks Hsp70-Bag3 interaction (23),
suggesting, that Bag3 may also be involved in suppression of macrophage motility. This
possibility is consistent with previous finding that Bag3 depletion suppresses cells’
migration (24). By inhibiting macrophage motility, JG-98 series of compounds may affect
immune functions in the organism, which requires focused investigation.

A dramatic evidence for the importance of Hsp70 in stroma for tumor development came
from the experiment with HeL a cells clone resistant to the Hsp70 inhibitor JG-98. Despite
the resistance /n vitro, when xenograft tumors established with these cells demonstrated high
sensitivity to JG-98. Therefore effects on stroma significantly contribute to the anti-tumor
effects of this Hsp70 inhibitor. This finding is highly important because it demonstrates that
intrinsic cancer cells’ resistance to this compound cannot protect tumors, and therefore
development of resistance due to the clonal selection is very unlikely. Accordingly, this class
of compounds could be effective against cancers with high probability of selection of
resistant clones due to amplification of MDR1, like lung cancer. This novel strategy of
targeting macrophages could have a wide range of applications. For example, it could target
macrophages to suppress the restoration of vasculature following radiation therapy (25), and
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thus could be effectively combined with radiation or other chemotherapies. Overall, this
work describes requirements of Hsp70 in stromal macrophages for tumor development, and
suggests a series of chemical compounds that target this system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Tumor stroma contributesto the anti-cancer effect of JG-98
A. Sensitivity of cancer cell lines to JG-98 cell in culture. MCF7 and HeLa cells were

treated with indicated concentrations of JG-98, and their viability was measured. Data
shown are means+/— SEM of triplicates, here and below *p<0.05, **p<0.01, ***p<0.001 by
Student t-test. B. C. Sensitivity of MCF7 (B) and HeL a cells (C) to JG-98 Jjn vivo. Xenograft
tumors were established in nude mice. When tumors reached 100mm3 JG-98 was
administered. Data shown are means +/— SEM for 10 tumors per group (B) or 6 tumors per
group (C). D. Expression of MDR1 leads to resistance of cells to JG-98. Upper panel:
Intracellular fluorescence of JG-98 in HelL a cells and HeLa/MDR1 cells. Lower panel:
Sensitivity to JG-98 of HeLa and HeLa/MDRL1. Cells were treated with indicated
concentrations of JG-98, and cell viability was measured. Data shown are means+/— SEM of
triplicates. E. Sensitivity of Hel.a and HeLa/MDR1 cells to JG-98 in vivo. When xenograft
tumors reached 100mm3, JG-98 was administered. Data shown are means +/— SEM for 5
tumors per group.
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Fig. 2. JG-98 treatment reduces infiltration of macrophagesinto tumors
A. JG-98 suppresses macrophage infiltration. Tumors established with HeLa/MDR1 cells

were collected from control and JG-98-treated animals on day 6 after the start of drug
administration, sectioned and stained with F4/80 antibodies. Brown color (arrows) indicates
macrophages. B. Quantification of infiltration of macrophages, endothelial cells and

fibroblasts in tumors. The sections were stained with F4/80, anti-CD31 (endothelium) and
SMA (fibroblasts) antibody. Quantification was done in 4 fields from 3 tumors each. Data
shown are mean of pixels per field +/-SD. C. Treatment of macrophages with JG-98 affects
genes that regulate migration. RNA was isolated from macrophages that were treated with
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1uM JG-98 or left untreated, and gene expression was assessed by microarrays. Genes
related to motility/migration among 100 top hits are shown. The figure presents data from
three independent experiments. Color coding show False Discovery Rate (FDR), which is
the estimated probability that a gene with a given normalized enrichment score represents a
false positive finding. In other words, blue colors reflect statistically significant
downregulation of each gene compared to red colors. D. Enrichment profile of the RHO
signaling pathway according to Gene Set Enrichment Analysis. Enrichment plot reflects
FDR in a gene set. For more detailed explanation see http://software.broadinstitute.org/
gsea/doc/GSEAUserGuide TEXT.htm E. Effects of JG-98 on macrophage migration.
Macropahges were treated with indicated concentrations of JG-98, and migration was
measured by the “wound healing” and transwell assays as described in Materials and
Methods. Data shown are means +/— SEM of triplicates.
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Fig. 3. Hsp70 knockout in host cells suppressesinfiltration of macrophagesin tumors
A. Hsp70 knockout in host suppresses macrophage infiltration into the tumor cell injection

sites. WT and Hsp70KO mice were injected s.c. with 10° B16 melanoma cells in matrigel.
On day 5 post-injection, the material at the injection site was collected, sliced and stained for
the presence of macrophages with F4/80 antibodies Macrophages are in brown color and
their number was quantified as in Fig. 2A. B and C. Hsp70KO suppress migration of
macrophages. Bone marrow macrophages were isolated from WT and Hsp70KO mice and
their migration was monitored by the “wound healing” (B) and transwell (C, left panel)
assay as described in Fig. 2E. C. Left panel — picture of cells migrated in transwell assay,
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right panel — quantification of the transwell migration. Data shown are means+/SEM of
triplicates.

Cancer Res. Author manuscript; available in PMC 2017 October 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Gabai et al.

Table 1

Emergence of allogenic tumors in Hsp70 knockout mice

WT | K/O | Chi- squared test
Exp 1: B16 melanoma (0.5x10%cells in PBS) 6/6 | 0/6 | P<0.001
Exp 2: B16 melanoma (0.5x108 in PBS) 7/8 | 0/8 | P<0.001
Exp 3 E0771 breast carcinoma (0.5x10 in matrigel) | 4/6 | 0/6 P<0.02
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