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Background: Several micro-environmental and cell-intrinsic stimuli cause tumor cells to
undergo endoplasmic reticulum (ER) stress in vivo. The occurrence of an ER stress response
has been associated with tumor progression and angiogenesis. Recently, we found that pharma-
cological induction of ER stress in B lymphoma cells upregulates the transcription of several
pro-inflammatory cytokines.

Results: Here, we show that transgenic adenocarcinoma of the mouse prostate (TRAMP) C1
murine prostate cancer cells induced to undergo ER stress in vitro activate the transcription of
interleukin 6 (IL-6), interleukin 23p19 (IL-23p19), and tumor necrosis factor o (TNF-o). Further-
more we show that TRAMP C1 tumors growing in vivo spontaneously experience ER stress and
that transcription of IL-6, IL-23p19, and TNF-o correlates with the in vivo ER stress response.
Conclusions: These results suggest that an ER stress response in prostate cancer cells activates
a program of pro-inflammatory cytokine transcription. A possible implication of this finding is
that cancer cells may use the ER stress response to modify their microenvironment.
Keywords: unfolded protein response, tumorigenesis, inflammation

Background

The endoplasmic reticulum (ER) is the initial checkpoint for the biosynthesis, folding,
assembly, and modification of membrane-bound and secreted proteins in all eukaryotic
cells. Stimuli that cause the accumulation of un/misfolded proteins in the ER lumen
result in a condition known as ER stress.! Eukaryotic cells have evolved a set of
intracellular signaling pathways known collectively as the unfolded protein response
(UPR) that facilitates cellular adaptation to ER stress. In mammalian cells, the UPR is
initiated by three ER membrane-bound sensors (inositol-requiring protein 1o (Irelav),
Activating transcription factor 6 (Atf6), protein kinase-like endoplasmic reticulum
kinase (PERK)), which in unstressed cells, are maintained in an inactive state through
association with the ER chaperone molecule Grp78.2 When a cell experiences ER stress,
Grp78 disassociates from each of the three sensor molecules to preferentially bind
un/misfolded proteins, causing each sensor to activate downstream signaling cascades,
which ameliorate ER stress via several mechanisms, including selective translation
inhibition and upregulation of genes that encode enzymes that aid in protein folding,
maturation, and degradation.? Involved in this homeostatic/regulatory cascade are two
target genes Myd116 (growth arrest and DNA damage-inducible protein (Gadd34))
and C/EBP homologous protein (CHOP) that are associated with translational recovery
and apoptosis, respectively.!
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Tumor cells in vivo are continuously exposed to ER stress
in their microenvironment through hypoxia, low nutrient
supply, and low pH. Tumor-intrinsic causes of ER stress
include oxidative stress, defective glycosylation, and defects
in calcium homeostasis.* Evidence suggests that the ability
to mount the UPR confers upon tumors a growth advan-
tage. Primary human tumor cells of many different origins,
including breast,’ lung,® liver,” colon,® and prostate,’ have
been shown to upregulate various elements of the ER stress
response, including GRP78. In primary human melanoma
specimens, the level of GRP78 positively correlates with
tumor progression.!® Conversely, Grp78 hemizygous mice
crossed with MMTVPyVT heterozygous transgenic mice
display significantly decreased tumor proliferation, survival,
and angiogenesis compared to Grp78+*, PyT mice.!! Addi-
tionally, the inactivation of ER stress signaling by mutations
of PERK, or by the introduction of a dominant-negative
PERK, in human colon cancer cells, results in tumors that
are smaller, grow less rapidly, and display abnormal angio-
genic ability, as compared to their normal counterparts when
implanted into mice.'>!?

Since Virchow’s original suggestion of a link between
inflammation and tumorigenesis, the idea that inflammation
in the tumor microenvironment serves as a potent driver of
tumor progression has been validated by epidemiological and
molecular evidence. For instance, gastrointestinal carcinogen-
esis is associated with Helicobacter pylori infection, and lung
cancer correlates with exposure to smoking and asbestos.'*!3
Tumor necrosis factor oo (TNF-or) produced by stromal cells
causes adjacent hepatocytes to undergo transformation into
malignant cells via nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-xB) activation'® and, conversely,
deletion of NF-kB in hepatocytes reduces the incidence of
liver tumors.'” An additional source of inflammation in the
tumor microenvironment is infiltrating leukocytes, most
notably, tumor-associated macrophages.'s2

Recently, ER stress has been linked both to several inflam-
matory diseases and cancer.* Support for the idea that ER
stress signaling activates an inflammatory program comes
from evidence demonstrating that signaling through each of
the three ER stress sensors can activate NF-kB, a master regu-
lator of inflammation.?'"> Previous work from this laboratory
suggested a link between ER stress and the transcription of
pro-inflammatory cytokines in vitro. Notably, genome-wide
array of RNA of murine B lymphoma cells subjected to
ER stress induced by thapsigargin, a canonical ER stressor,
showed increased transcription of pro-inflammatory cytokines,
including interleukin (IL)-6, IL-23p19, and TNF-o..?* Here

we present evidence that prostate cancer cells undergoing
ER stress in vitro or in vivo also activate a program of pro-
inflammatory cytokine transcription.

Results and discussion

We used quantitative PCR (qPCR) to analyze the effect of
thapsigargin on murine transgenic adenocarcinoma of the
mouse prostate (TRAMP) C1 prostate cancer cells in vitro.
As expected, cells exposed to thapsigargin (0.3 uM) upregu-
lated the ER stress-responsive genes Grp78, Gadd34, and
CHOP relative to vehicle-treated cells (Figure 1A). IL-6 and
IL-23p19 transcript levels also increased 26- and 53-fold,
respectively, over vehicle-treated cells at the latest time
point measured (Figure 1B). TNF-o. transcript increased
at 8 hours and declined thereafter. Increased transcription
of TNF-a was observed but its kinetics in vitro seems to
follow a pattern inverse to that of Grp78, Gadd34, and
CHOP (Figure 1, data not shown), suggesting that it may
be regulated differently than IL-6 and IL-23p19 by UPR
signaling.

Corroborating these data, we observed an increase in
intracellular IL-6 protein in TRAMP-C1 cells treated for
18 hours with thapsigargin (data not shown). Taken together,
these data suggest that induction of ER stress in prostate can-
cer cells activates a program of pro-inflammatory cytokine
transcription. It should be pointed out that we observed the
same phenomenon in diverse tumor cell lines representative
of melanoma, ovarian cancer, and T- and B-cell lymphoma
(Gonzalo Almanza, unpublished data).

To corroborate this notion and assess whether a similar
phenomenon would occur spontaneously in vivo, we uti-
lized a heterotopic tumor transplant model. Briefly, 5 x 10°
TRAMP CI1 cells were injected subcutaneously into syn-
geneic C57BL/6 mice, and the tumors excised 7 days later
to assess the activation of ER stress markers and cytokine
transcription by qPCR. All but one tumor showed increased
expression of the ER stress marker Grp78 (data not shown)
and tumor IL-6, IL-23p19, and TNF-a expression highly cor-
related with Grp78 expression (Figure 2). These data suggest
that TRAMP C1 tumors undergo spontaneous ER stress in
vivo and upregulate the transcription of pro-inflammatory
cytokine genes.

Admittedly, the exact source of these cytokines was not
determined and is presently unknown. However, since in vitro
cultured TRAMP C1 cells activate the transcription of IL-6,
IL-23p19, and TNF-o under ER stress, we argue that ER-
stressed tumor cells are a likely source of these cytokines
in vivo. A contribution by tumor-associated myeloid cells® to
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Figure | TRAMP CI cells activate pro-tumor inflammatory cytokines during ER stress in vitro. TRAMP C1 cells were treated with thapsigargin (Tg) or vehicle control for the
indicated times and assayed for (A) ER stress marker expression, and (B) pro-inflammatory cytokine transcription, by qPCR. Data columns indicate the mean fold difference
in transcript level between Tg- and vehicle-treated TRAMP CI cells. Error bars represent standard error of the mean (sem.) of 2 independent experiments.

the observed transcriptional activation of IL-6, [L-23p19, and
TNF-0 cannot be formally excluded; however, since the accu-
mulation of myeloid cells in tumors on day 7 post-implantation
(as was the case in this study) is negligible, if any,”® we maintain
that the present results can be explained on the basis of tumor
cells being the source of pro-inflammatory cytokine transcrip-
tion. Future experiments based on cell sorting, coupled with

phenotype characterization, will be needed to precisely assess
the role of other cells in tumors in vivo.

The tumorigenic nature of IL-6, IL-23, and TNF-¢?7*°
as well as of other molecules released by tumor cells and
tumor infiltrating immune cells under ER stress,*® makes it
plausible to suggest that one of the mechanisms by which
ER stress aids tumor growth is by mediating the release of
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Figure 2 TRAMP CI cells forming tumors in vivo undergo ER stress and transcriptional activation of pro-inflammatory cytokine genes. TRAMP CI cells (5 x 10°) were
injected subcutaneously into 12- to 14-week-old male C57BL/6 mice. Seven days after injection, tumors were surgically excised, mechanically disassociated, and assayed for
Grp78 and pro-inflammatory cytokine transcription, by qPCR. Data points refer to individual tumors, and indicate the fold modulation in transcript level between tumor
samples and spleen cells from tumor-bearing mice. Correlation was sought using a two-tailed Pearson correlation test. *P = 0.05, **P < 0.05.
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these molecules, which in turn shape the immune landscape
of the microenvironment to favor tumor progression. It will
be interesting to see whether tumor cells under ER stress can
influence surrounding immune cells, such as macrophages.
In light of the fact that IL-6 and IL-23 have been shown to
be involved in the differentiation and maintenance of the
Th17 lineage,®" it is also possible that ER stress mediated
IL-6 and IL-23 production by tumor cells may enable them
to modulate CD4" T-cells in their microenvironment.

Methods
Cells

TRAMP C1 cells were originally obtained through the
courtesy of Dr Andrew Weinberg (Providence Portland
Medical Center) and grown in complete RPMI-1640 medium
supplemented with 10% fetal calf serum. Cells were treated
with thapsigargin (Alexis Biochemicals) initially dissolved
in 100% ethanol and diluted in culture medium to a final
concentration of 0.3 LM, or an equal volume of vehicle only,
for the indicated times.

Mice and in vivo experiments

C57BL/6 Mice were purchased from Charles River and
housed at the Moores Cancer Center Animal Facility and
handled in accordance with University of California, San
Diego Animal Subjects Program Guidelines (San Diego,
CA, USA). For tumor inoculation, 5 x 10° TRAMP C1 cells
were injected subcutaneously into the flank of 12—14 week
old, male, wild-type C57BL/6 mice. Mice were sacrificed
7 days after tumor injection when ~4 mm tumors were
visible. Tumors were surgically excised and mechanically
dispersed into cell suspensions. Spleen cells from tumor
bearing mice C57BL/6 mice were similarly prepared and
used as controls.

Quantitative RT-PCR

RNA was isolated from cell suspensions using the Nucleopsin
RNA II Kit (Macherey-Nagel). Genomic DNA was digested
by on-column treatment with DNase. Concentration and
purity of RNA was determined by analysis on a NanoDrop
spectrophotometer (Thermo Scientific). cDNA was obtained
using the High Capacity cDNA Synthesis kit (Applied Bio-
systems) and quantitative PCR was performed in triplicate
on an ABI StepOne system using TagMan reagents. Target
gene expression was normalized to B-actin, and analyzed
using the — AACt relative quantification method. Validated
FAM-labeled mouse IL-23p19, IL-6, TNF-q., Ddit3 (CHOP),
Myd116 (Gadd34), Hspa5 (Grp78), and VIC-labeled mouse

B-actin TagMan primer/probe sets (Applied Biosystems)
were used.

Statistical analysis

Statistical analysis was performed using two-tailed Pearson
correlation test with 95% confidence with the aid of Graph-
Pad Prism software (GraphPad Software, Inc., California,
USA).

Conclusion

This report shows that murine prostate cancer cells under-
going ER stress initiate a program of pro-inflammatory
cytokine transcription. TRAMP C1 cells treated in vitro with
a canonical inducer of ER stress upregulate transcription of
IL-23p19 and IL-6 concomitantly with upregulation of ER
stress markers. It also shows that TRAMP C1 tumors in vivo
spontaneously upregulate markers of ER stress which is
strongly correlated with the transcription of IL-6, IL-23p19,
and TNF-c.

Acknowledgment
The authors are thankful to Dr Xochitl Cortez-Gonzalez for
helpful discussion.

Disclosure
The authors report no conflicts of interest in this work.

References

1. Harding HP, Calfon M, Urano F, et al. Transcriptional and translational
control in the Mammalian unfolded protein response. Annu Rev Cell
Dev Biol. 2002;18:575-599.

2. Schroder M, Kaufman RJ. ER stress and the unfolded protein response.
Mutat Res. 2005;569:29-63.

3. Zhang K, Kaufman RJ. From endoplasmic-reticulum stress to the
inflammatory response. Nature. 2008;454:455-462.

4. Ma Y, Hendershot LM. The role of the unfolded protein response
in tumour development: friend or foe? Nat Rev Cancer. 2004;4:
966-977.

5. Fernandez PM, Tabbara SO, Jacobs LK, et al. Overexpression of the
glucose-regulated stress gene GRP78 in malignant but not benign human
breast lesions. Breast Cancer Res Treat. 2000;59:15-26.

6. Uramoto H, Sugio K, Oyama T, et al. Expression of endoplasmic
reticulum molecular chaperone Grp78 in human lung cancer and its
clinical significance. Lung Cancer. 2005;49:55-62.

7. Shuda M, Kondoh N, Imazeki N, et al. Activation of the ATF6, XBP1
and grp78 genes in human hepatocellular carcinoma: a possible involve-
ment of the ER stress pathway in hepatocarcinogenesis. J Hepatol. 2003;
38:605-614.

8. Xing X, Lai M, Wang Y, et al. Overexpression of glucose-regulated
protein 78 in colon cancer. Clin Chim Acta. 2006;364:308-315.

9. Daneshmand S, Quek ML, Lin E, et al. Glucose-regulated protein
GRP78 is up-regulated in prostate cancer and correlates with recurrence
and survival. Hum Pathol. 2007;38:1547-1552.

10. Zhuang L, Scolyer RA, Lee CS, et al. Expression of glucose-regulated
stress protein GRP78 is related to progression of melanoma. Histopa-
thology. 2009;54:462-470.

102 submit your manuscript

Dove

Journal of Inflammation Research 2010:3


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Tumor ER stress response activates pro-inflammation

11.

20.

21.

Dong D, Ni M, Li J, et al. Critical role of the stress chaperone GRP78/
BiP in tumor proliferation, survival, and tumor angiogenesis in
transgene-induced mammary tumor development. Cancer Res. 2008;68:
498-505.

. Acharya MR, Sparreboom A, Venitz J, Figg WD. Rational development

of histone deacetylase inhibitors as anticancer agents: a review. Mol
Pharmacol. 2005;68:917-932.

. Blais JD, Addison CL, Edge R, et al. Perk-dependent translational

regulation promotes tumor cell adaptation and angiogenesis in response
to hypoxic stress. Mol Cell Biol. 2006;26:9517-9532.

. Balkwill E, Mantovani A. Inflammation and cancer: back to Virchow?

Lancet. 2001;357:539-545.

. Schwartsburd PM. Chronic inflammation as inductor of pro-cancer

microenvironment: pathogenesis of dysregulated feedback control.
Cancer Metastasis Rev. 2003;22:95-102.

. Pikarsky E, Porat RM, Stein I, et al. NF-kappaB functions as a tumour pro-

moter in inflammation-associated cancer. Nature. 2004;431:461-466.

. LuoJL, Maeda S, Hsu LC, et al. Inhibition of NF-kappaB in cancer cells

converts inflammation- induced tumor growth mediated by TNFalpha
to TRAIL-mediated tumor regression. Cancer Cell. 2004;6:297-305.

. Erroi A, Sironi M, Chiaffarino F, et al. IL-1 and IL-6 release by tumor-

associated macrophages from human ovarian carcinoma. /nt J Cancer-.
1989;44:795-801.

. Greten FR, Eckmann L, Greten TF, et al. IKKbeta links inflammation

and tumorigenesis in a mouse model of colitis-associated cancer. Cell.
2004;118:285-296.

Kortylewski M, Xin H, Kujawski M, et al. Regulation of the 1L-23
and IL-12 balance by Stat3 signaling in the tumor microenvironment.
Cancer Cell. 2009;15:114-123.

Kaneko M, Niinuma Y, Nomura Y. Activation signal of nuclear factor-
kappa B in response to endoplasmic reticulum stress is transduced via
IRE1 and tumor necrosis factor receptor-associated factor 2. Biol Pharm
Bull. 2003;26:931-935.

Journal of Inflammation Research

Publish your work in this journal

The Journal of Inflammation Research is an international, peer-reviewed
open-access journal that welcomes laboratory and clinical findings on the
molecular basis, cell biology and pharmacology of inflammation including
original research, reviews, symposium reports, hypothesis formation and
commentaries on: acute/chronic inflammation; mediators of inflamma-

22. Deng J, Lu PD, Zhang Y, et al. Translational repression mediates
activation of nuclear factor kappa B by phosphorylated translation
initiation factor 2. Mol Cell Biol. 2004;24:10161-10168.

23. Kitamura M. Biphasic, Bidirectional Regulation of NF-kappaB by
Endoplasmic Reticulum Stress. Antioxid Redox Signal. 2009:11:
2353-2364.

24. Wheeler MC, Rizzi M, Sasik R, et al. KDEL-Retained Antigen in B
Lymphocytes Induces a Proinflammatory Response: A Possible Role
for Endoplasmic Reticulum Stress in Adaptive T Cell Immunity.
J Immunol. 2008;181:256-264.

25. Mantovani A, Sica A, Allavena P, et al. Tumor-associated mac-
rophages and the related myeloid-derived suppressor cells as a
paradigm of the diversity of macrophage activation. Hum Immunol.
2009;70:325-330.

26. Yang L, DeBusk LM, Fukuda K, et al. Expansion of myeloid immune
suppressor Gr'CD11b* cells in tumor-bearing host directly promotes
tumor angiogenesis. Cancer Cell. 2004;6:409—421.

27. Naugler WE, Karin M. The wolf in sheep’s clothing: the role of
interleukin-6 in immunity, inflammation and cancer. Trends Mol Med.
2008;14:109-119.

28. Mumm JB, Oft M. Cytokine-based transformation of immune sur-
veillance into tumor-promoting inflammation. Oncogene. 2008;
27:5913-5919.

29. LangowskiJL, Zhang X, Wu L, et al. IL-23 promotes tumour incidence
and growth. Nature. 2006;442:461-465.

30. Flowers MT, Keller MP, Choi Y, et al. Liver gene expression analysis
reveals endoplasmic reticulum stress and metabolic dysfunction in
SCD1-deficient mice fed a very low-fat diet. Physiol Genomics. 2008;
33:361-372.

31. Korn T, Oukka M, Kuchroo V, Bettelli E. Th17 cells: effector T cells
with inflammatory properties. Semin Immunol. 2007;19:362-371.

Dove

tion; cellular processes; molecular mechanisms; pharmacology and novel
anti-inflammatory drugs; clinical conditions involving inflammation.
The manuscript management system is completely online and includes a
very quick and fair peer-review system. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

Submit your manuscript here: http://www.dovepress.com/journal-of-inflammation-research-journal

Journal of Inflammation Research 2010:3

submit your manuscript 103

Dove


http://www.dovepress.com/journal-of-inflammation-research-journal
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 2: 
	Nimber of times reviewed: 


