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Abstract
Despite the prevalence of anemia in cancer, recombinant erythropoietin (Epo) has declined in use
because of recent Phase III trials showing more rapid cancer progression and reduced survival in
subjects randomized to Epo. Since Epo receptor (EpoR), Jak2, and Hsp70 are well-characterized
mediators of Epo signaling in erythroid cells, we hypothesized that Epo might be especially
harmful in patients whose tumors express high levels of these effectors. Because of the
insensitivity of immunohistochemistry for detecting low level EpoR protein, we developed assays
to measure levels of EpoR, Jak2 and Hsp70 mRNA in formalin-fixed paraffin-embedded (FFPE)
tumors. We tested 23 archival breast tumors as well as 136 archival head and neck cancers from
ENHANCE, a Phase III trial of 351 patients randomized to Epo versus placebo concomitant with
radio-therapy following complete resection, partial resection, or no resection of tumor. EpoR,
Jak2, and Hsp70 mRNA levels varied >30-fold, >12-fold, and >13-fold across the breast cancers,
and >30-fold, >40-fold, and >30-fold across the head and neck cancers, respectively. Locoregional
progression-free survival (LPFS) did not differ among patients whose head and neck cancers
expressed above- versus below-median levels of EpoR, Jak2 or Hsp70, except in the subgroup of
patients with unresected tumors (n = 28), where above-median EpoR, above-median Jak2, and
below-median Hsp70 mRNA levels were all associated with significantly poorer LPFS. Our
results provide a framework for exploring the relationship between Epo, cancer progression, and
survival using archival tumors from other Phase III clinical trials.
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Introduction
Anemia is common in cancer patients and likely represents an independent poor prognostic
factor for survival [1]. Safety concerns associated with transfused blood elevated
erythropoietin (Epo) to a mainstay treatment in oncology. However, recent Phase III clinical
trials testing new uses for Epo, including targeting higher hemoglobin levels and treating
anemia not caused by chemotherapy, showed that Epo reduced cancer survival times.
Venous thromboembolism is a well documented risk of Epo [2], however the adverse
outcomes in these trials were attributed mainly to accelerated tumor progression [3–7].

Whether Epo can indeed stimulate cancer progression is the subject of an intense
controversy [8], and preclinical models have generated conflicting results (reviewed by
Arcasoy [9]). Central to the controversy is whether tumor progression reflects an “off-
target” interaction between Epo and Epo-responsive tumor cells and/or tumor blood vessels.
At issue is whether tumors (or tumor blood vessels) can expropriate signaling pathways
known to confer Epo responsiveness in erythroid cells. Epo receptor (EpoR) mRNA and
protein are detectable in tumor cells, albeit at levels much lower than in erythroid cells
[10,11]. Notably, a recent study showed that a neuroblastoma cell line expressing fewer than
50 Epo binding sites per cell can still be protected from apoptosis in response to Epo [12].
Thus, the pertinent unanswered question is whether even low-level expression of EpoR or
other effectors of Epo-signaling can promote cancer progression in patients treated with
Epo.

A direct approach to examining this issue would be to characterize archival tumor specimens
from patients who had enrolled in Phase III clinical trials of Epo versus placebo, testing
whether randomization to Epo was especially harmful in those patients whose tumors
expressed higher levels of EpoR and/or downstream effectors of Epo signaling. A previous
study employing this approach characterized 154 archival tumors from ENHANCE, a Phase
III trial of 351 patients randomized to Epo versus placebo concomitant with radiotherapy
following complete resection, partial resection, or no resection of head and neck cancer [13].
Tumors were evaluated using a commercially available polyclonal antibody raised against a
human EpoR peptide (C20), that also cross-reacts with non-EpoR proteins, including heat
shock protein 70 (Hsp70) family members [14]. A significant association between Epo
assignment and reduced LPFS was observed among patients with C20-positive tumors (p = .
003, n = 104) that was not observed in patients with C20-negative tumors. However, the
aforementioned cross-reactivity between C20 and non-EpoR proteins obscured the
interpretation of this finding.

Because of the inadequacy of reagents for detecting low-level EpoR protein in archival
tumors, we measured mRNA. Most clinical tumor specimens are formalin-fixed and
paraffin-embedded (FFPE), causing RNA degradation. We therefore developed methods to
measure mRNA levels of EpoR and 16 other genes from FFPE tumors. To test whether the
adverse effects of Epo might be mediated by increased expression of other genes implicated
in Epo-responsiveness, we included Csf2rb, Jak2, and Hsp70. Csf2rb encodes the common
beta receptor (βcR), a shared signaling subunit for several cytokine receptors, that has been
suggested to enhance Epo signaling in nonerythroid cells [15]. Jak2 is a tyrosine kinase that
is an essential mediator of Epo signaling in erythroid cells [16], facilitates cell surface EpoR
expression [17], and is also implicated in Epo-mediated neuroprotection [18]. Hsp70 family
members are encoded by eight Hspa genes, perform essential roles in protein folding,
transport, and degradation [19], and promote cancer cell survival [20]. Hspa1a and Hspa1b
encode proteins with one amino acid difference, collectively referred to as the major stress
inducible Hsp70. In differentiating erythroid cells, Hsp70 accumulates in the nucleus in
response to Epo, where it shields the transcription factor Gata-1 from caspase-3-mediated
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degradation [21]. Additional markers were included to test whether the adverse effects of
Epo might depend on vascular endothelial cell representation (Cdh5, Pecam1, Vegfa), tumor
squamous epithelial cell representation (Krt5) [22], or cancer stem cells (Cd44) [23], since a
recent study suggested that Epo may increase the self-renewal capacity of CD44+ breast
cancer-initiating cells [24]. We also measured transcripts for Epo itself, and seven control
genes for normalization (see below). Our results provide a framework for investigating Epo-
induced tumor progression.

METHODS
Cell Lines

All cancer cell lines have been previously described. To prepare Ba/F3-hEpoR cells, Ba/F3
cells [25] were electroporated with pcDNA3.1-hEpoR encoding a human EpoR cDNA (a gift
from Joseph Prchal, University of Utah), selected in 1 mg/ml Geneticin (Invitrogen,
Carlsbad, CA, http://www.invitrogen.com), and maintained in 1U/ml epoetin alfa (Procrit,
Ortho Biotech, Bridgewater, NJ, http://www.orthobiotech.com). COS-hEpoR cells were
prepared by transfecting COS cells with pcDNA3.1-hEpoR using Lipofectamine 2000
(Invitrogen) and were collected 48 hours after transfection. AT-2 cells were provided by
Janet Rowley (University of Chicago) and ASE2 cells were provided by Chugai
Pharmaceuticals (Japan).

Immunohistochemistry
FFPE cell pellets were sectioned (6 micron) and slides were deparaffinized and rehydrated
through a graded ethanol series. Endogenous peroxidase activity was blocked using 0.3%
hydrogen peroxide for 8 minutes, and endogenous biotin sites were blocked using the
Avidin/Biotin Blocking Kit (Dako, Glostrup, Denmark, http://www.dako.com). Sections
were then incubated with a polyclonal goat anti-EpoR antibody (ab10653, Abcam,
Cambridge, MA, http://www.abcam.com) for 60 minutes. Primary antibodies were detected
using a biotinylated antigoat secondary antibody (Jackson ImmunoResearch, West Grove,
PA, http://www.jacksonimmuno.com) for 30 minutes followed by visualization using the
Vector Elite ABC system (Vector Laboratories, Burlingame, CA,
http://www.vectorlabs.com). Staining was visualized with 3,3′-diamino-benzidine for 7
minutes, and the sections were counterstained with hematoxylin for 2 minutes.
Concentration matched isotype controls (Jackson ImmunoResearch) were run for each cell
sample.

Flow Cytometric Detection of Cell Surface EpoR
Adherent cell lines were lifted for 15 minutes using 0.02% ethyl-enediaminetetraacetic acid
in phosphate buffered saline (PBS), washed with PBS, and filtered through a 70 μm strainer.
Cells were blocked for 15 minutes at room temperature in fluorescence-activated cell sorting
(FACS) buffer (PBS, 0.1% bovine serum albumin (BSA), 0.02% sodium azide) containing
250 μg/ ml human immunoglobulin G (IgG) (Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com). A murine monoclonal antihuman EpoR-phycoerythrin (PE)
antibody (FAB307P, R&D Systems, Minneapolis, MN, http://www.rndsystems.com) was
then added to 5 μg/ml and cells were incubated for 30 minutes on ice. Cells were also
stained with two different murine IgG2b-PE iso-type control antibodies (IC0041P, R&D
Systems or 555058, BD Biosciences, Franklin Lakes, NJ, http://www.bdbiosciences.com).
After staining, cells were washed, resuspended in FACS buffer, and analyzed by flow
cytometry (FACS-Canto, BD Biosciences). Dead cells were excluded from analyses of
adherent cells by inclusion of 3.75 μg/ml 7-aminoactinomycin D. For determination of EpoR
staining relative to each isotype control, the mean fluorescence value obtained for three
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replicate isotype control staining reactions was subtracted from the mean fluorescence value
obtained for three replicate anti-EpoR staining reactions.

Signal Transducer and Activator of Transcription 5 Phosphorylation
REH (acute lymphoblastic leukemia) and U266 (myeloma) cells were washed twice, starved
for 5 hours in Roswell Park Memorial Institute media (RPMI), 0.5% BSA, and stimulated
for 15 minutes with either 10 U/ml epoetin alfa (Procrit, Ortho Biotech), or vehicle (Procrit
buffer: 2.5 mg/ml human albumin, 1.3 mg/ml sodium citrate, 8.2 mg/ml sodium chloride,
0.11 mg/ml citric acid, 1% benzyl alcohol). For Epo antagonist control reactions, a 225
amino acid recombinant soluble human EpoR extracellular domain (R&D Systems) was
added to 2.25 μg/ml. Cells were then fixed in 2% paraformaldehyde (10 minutes, 37°C),
washed, permeabilized with 90% methanol in PBS (30 minutes, 4°C), washed, resuspended
in FACS buffer, and stained for 20 minutes at room temperature with an Alexa Fluor 647
anti-phospho- signal transducer and activator of transcription 5 (STAT5) phosphotyrosine
464 (PY464) antibody (1:5 dilution, 612599, BD Biosciences). Cells were then washed,
resuspended in FACS buffer, and analyzed by flow cytometry (FACS-Canto, BD
Biosciences).

Tumor Samples
Permission was obtained from the University of Washington Institutional Review Board to
study primary tumors. Breast tumors were from an established repository (Department of
Defense grant DAMD 17-02-1-0691) that stores tissues donated by women undergoing
surgery for breast cancer (invasive cancer or in situ disease) as FFPE tissue and as snap-
frozen tissue. FFPE head and neck tumors were obtained from the local Pathology
Department and from ENHANCE, a previously reported [3] multicenter Phase III trial of
epoetin beta in 351 patients receiving radiotherapy for head and neck cancer. All
ENHANCE samples were among 154 tumors previously examined using the polyclonal C20
anti-EpoR antibody (Santa Cruz Biotechnology, Santa Cruz, CA, http://www.scbt.com) [13].
One hundred thirty-six of the 154 tumors were sent as four micron FFPE sections on
deidentified, coded glass slides to the University of Washington for mRNA analysis by an
investigator blinded to clinical outcomes.

ENHANCE Trial Design
Patient selection, treatment, follow-up, evaluation, and baseline characteristics were
described previously [3,13]. Briefly, the main inclusion criteria were squamous cell
carcinomas of the head and neck, scheduled definitive or postoperative radiotherapy, and a
decreased blood hemoglobin (<13g/dl, men; <12g/dl, women) at randomization. Patients
were randomly assigned to 300 IU/kg epoetin beta or placebo three times per week starting
10 to 14 days before radiotherapy, continuing throughout. Prior to randomization, patients
were stratified by resection status: 1) complete resection; 2) incomplete resection; or 3)
unresected disease. Iron (III) saccharate (200 mg) was administered intravenously once
weekly to patients with <25% transferrin saturation. Epoetin beta was stopped if hemoglobin
increased more than 2 g/ dl within 1 week or when targets were reached (≥15 g/dl, men; ≥14
g/dl, women) and resumed when hemoglobin fell below target. Locoregional cancer control
and survival was assessed at 3-month intervals by an independent oncologist blinded to
treatment assignment. The primary endpoint was locoregional progression-free survival
(LPFS). Locoregional progression was noted if the tumor recurred or increased by 25%.
Baseline serum Epo levels were determined prior to treatment.
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Quantitative Reverse Transcriptase Polymerase Chain Reaction
RNA was extracted from cancer cell lines using the RNeasy Mini Kit (Qiagen, Valencia,
CA, http://www.qiagen.com) and from FFPE tumor sections using the Absolutely RNA
FFPE kit (Strata-gene, La Jolla, CA, http://www.stratagene.com). On-column Dna-seI
digestion was performed to remove genomic DNA. First strand cDNA was synthesized with
random hexamer primers and Superscript III reverse transcriptase (RT) (Invitrogen), the
latter omitted for no-RT control reactions. Next, cDNA targets were amplified using
Taqman probes and a 7900HT thermal cycler (Applied Biosystems, ABI, Foster City, CA,
http://www.applied-biosystems.com). With the exception of certain intronless members of
the Hsp70 family and the candidate reference gene 18s, all probes recognized exon junctions
to prevent genomic DNA amplification (supporting information Table 1). Cycle threshold
(Ct) values were determined with the Sequence Detection Software (ABI). A coefficient of
variance <4% for triplicate Ct determinations was considered acceptable. Where indicated in
the text, preamplification of cDNA was performed with the Taqman pre-amplification
multiplex system (ABI). Preamplification uniformity (lack of bias) for each Taqman probe
was tested by calculating ΔCt values for data obtained with both unamplified and
preamplified cDNA, where ΔCt = mean Ct for target gene – mean Ct for reference gene.
This was performed using several ENHANCE samples which contained sufficient RNA,
erythroid ASE2 cells [26], and a universal human total RNA standard (Stratagene).
Uniformity comparisons (ΔCt preamplified –ΔCt unamplified) were considered acceptable
to a tolerance of variation of 1.5 cycles per manufacturer’s instructions (ABI). Relative
quantification was determined using the comparative Ct method, 2−ΔCT where ΔCt = mean
Ct for target gene – mean Ct for reference gene. Reference gene stability was evaluated
using the Genorm algorithm [27].

Statistical Analysis
The number of patients included in the analysis of LPFS for each marker depended upon the
number of samples yielding sufficient RNA for quantitative reverse transcriptase
polymerase chain reaction (RT-PCR). This varied for each marker as a function of the
expression level of that gene. Our analyses included all available data for each marker. For
LPFS analyses, patients were stratified into above-median or below/equal-median mRNA
expression levels. This stratification was done separately for the total population and within
each resection stratum for every gene. LPFS was evaluated with the Kaplan-Meier survival
estimation. The log-rank test was implemented to test the null hypothesis that the
distribution of survival times between patients treated with Epo versus placebo was equal.
The STATA statistical software package was used for all analyses (version 10.0, Stata
Corporation, College Station, TX, http://www.stata.com). Statistical tests were two-sided
and considered significant at p ≤ 0.05. For patients in the placebo group stratified by
endogenous serum Epo, ≤11 U/l was defined as low, whereas >11 U/l was defined as high,
based on a previous study [28]. Spearman’s correlation coefficients were calculated for C20
staining status (measured as a dichotomous variable) versus EpoR or Hsp70 mRNA levels
(measured as a continuous variable). In cell line studies, Spearman’s correlation coefficients
were calculated for EpoR mRNA versus surface protein levels.

Results
EpoR mRNA and Surface Protein Levels in Cancer Cell Lines

To characterize the relation between EpoR mRNA and cell surface protein, we tested 32
human cell lines including three high EpoR-expressing positive control cell lines: UT7EPO,
ASE2, and OCIM1. For normalization of mRNA levels, we used the three most stable
reference genes (Hmbs, Hprt1, Rplp0) among a panel of seven candidates evaluated across
all cell lines as determined by the Genorm algorithm (supporting information Table 2).
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EpoR mRNA levels among the non-control lines ranged from 0.5 to 7.5% (mean 2.0%) of
the level in UT7EPO cells (Fig. 1A). For flow cytometry, we compared the fluorescent
intensity of cells stained with a monoclonal antibody directed against EpoR with the same
cells stained using two different isotype control antibodies. Surface EpoR levels among the
noncontrol lines ranged from 1.2 to 25.2% (mean 8.3%) of the level in UT7EPO cells (Fig.
1B). Among all cell lines tested there was a significant correlation between mRNA and
surface protein (r = .33, p = .03, n = 32). When positive-control UT7EPO, ASE2, and
OCIM1 cells were excluded, the significance of this correlation was maintained among
nonadherent cells (r = .58, p = .03, n = 11, Fig. 1C) but no correlation was observed when
our analysis was restricted to the adherent cell lines (r = −.19, p = .23, n = 18, Fig. 1D). Of
note, our analysis of adherent cell lines (n = 18) required additional processing steps to
generate single cell suspensions (see Methods) that were associated with significant cell
death and debris (not shown). Moreover, 16 of 18 adherent cell lines produced discordant
staining patterns for the two different isotype control antibodies (that is, average deviation in
fluorescence values obtained for anti-EpoR antibody staining relative to fluorescence values
obtained for two isotype control antibodies exceeded 5% of the mean), whereas only 5 of 11
nonadherent cell lines showed this discrepancy (p < .01) (Fig. 1B). The apparent lack of
correlation between EpoR mRNA and surface protein among the adherent cell lines likely
results from these technical limitations that preclude accurately estimating levels of EpoR on
the cell surface, but may also be influenced by post-transcriptional regulation of EpoR in
these lines. Analysis of two of the EpoR-expressing nonerythroid lines (U266 and REH)
demonstrated Epo-dependent STAT5 phosphorylation (supporting information Fig. 1),
consistent with previous

Development of a Quantitative RT-PCR Assay for EpoR mRNA in Archival Tumor Samples
Most tumors from clinical trials are preserved as FFPE tissue. We found that
immunohistochemistry with a specific antibody was not sufficiently sensitive to detect low-
level EpoR protein in FFPE tumor cell lines (supporting information Fig. 2). We therefore
tested whether EpoR mRNA could be accurately measured in FFPE tumors despite the RNA
degradation that accompanies FFPE-processing [30]. Three independent assessments of
EpoR mRNA levels from serial sections of 11 FFPE breast tumors demonstrated that our
measurements were highly reproducible, and that EpoR mRNA levels varied as much as 34-
fold (supporting information Fig. 3). To assess the validity of mRNA measurements from
FFPE primary tumors, we compared expression levels for EpoR using 23 breast tumors
which were divided and processed both as FFPE and snap-frozen tissue. Because the FFPE
and snap-frozen samples represent different pieces of the same tumor, and snap-freezing
preserves a higher degree of RNA integrity, this comparison allowed us to simultaneously
assess whether RNA degradation influences the accuracy of our measurements as well as the
uniformity with which EpoR is expressed across tumors. We also measured mRNA levels of
Jak2 and Hsp70, which participate in Epo signaling in erythroid cells [16, 21], Csf2rb,
which has been suggested to enhance Epo signaling in nonerythroid cells [15], endothelial-
associated genes (Cdh5, Pecam1, Vegfa), the squamous epithelial marker Krt5 (especially
relevant for head and neck cancer) [22], the putative cancer stem cell marker Cd44 [23], and
Epo itself. Significant correlations between FFPE and snap-frozen mRNA measurements
were observed for EpoR, Csf2rb, Jak2, Hsp70, Cd44, Krt5 and Esr1 (estrogen receptor-1,
used as a positive control) (Fig. 2). These findings suggest that single tumor sections can be
used to gauge the overall expression levels of these markers. Expression levels varied over a
wide range for each these genes (Fig. 3A). In contrast, Vegfa, Cdh5, and Pecam1 were not
significantly correlated, consistent with regional heterogeneity in tumor vascularity [31]
whereas Epo was detected in too few FFPE tumors to permit calculation of a correlation
coefficient.
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Assessing EpoR mRNA Levels in Head and Neck Cancers from ENHANCE
We assayed EpoR mRNA levels in 136 archival FFPE head and neck tumors from
ENHANCE, a subset of the 154 evaluated previously by immunohistochemistry using the
C20 antibody [13]. Since most samples consisted of only a single microscope slide with
minimal tissue, we employed a non-biased target-specific cDNA preamplification method
for all genes (supporting information Table 3). We included 7 candidate reference genes for
normalization (Hprt1, Ppia, Ipo8, Hmbs, Gapdh, Tfrc, and Rplp0). These reference genes
were included based on their stability among 16 candidates tested by the Genorm algorithm
[27] in a panel of 8 breast cancers and 8 head and neck cancers (supporting information
Table 2). Results for Hprt1 were excluded because of high or no Ct values in many samples.
For tumor samples with sufficient RNA (representing 123 different tumors), there were
strong positive correlations in Ct values among all reference genes (r ≥ 0.88 for all pairwise
comparisons, p < .001).

We tested normalization of EpoR values with each of the reference genes and assessed the
extent to which relative quantification values might be influenced by RNA abundance/
integrity. Specifically, a phenomenon was reported by Cronin et al. in which greater age of
FFPE blocks (and the lower RNA abundance/integrity) was associated with higher relative
quantification values even after normalization [32]. This effect was attributed to differential
degradation of target versus endogenous control gene transcripts and was reduced by
minimizing the size and range of target and control gene assay amplicon sizes. In our data
set, higher reference gene Ct values (less RNA abundance/integrity) were indeed associated
with higher relative EpoR quantification upon normalization to Ppia levels as evidenced by
the strong positive correlation between Ppia Ct values and normalized EpoR relative
quantification values (supporting information Fig. 4A). Similar results were obtained for
normalization with Gapdh, Rplp0, Ipo8 or Tfrc. Whereas a similar pattern of normalized
EpoR expression within subgroups of tumor samples with similar amounts of RNA
abundance/integrity was observed, the overall systematic effect of RNA abundance/integrity
on normalization would have precluded comparisons among all patients. Consistent with
Cronin et al., this systematic effect was alleviated upon normalization to Hmbs, which had
the shortest amplicon size among all reference gene assays tested (64 bp) (supporting
information Fig. 4B). Five samples with low RNA abundance/integrity produced relative
quantification values greater than mean +1 standard deviation and were omitted. For 30
tumors, EpoR mRNA levels could not be determined relative to other samples because of
undetermined endogenous control gene (Hmbs) and/or EpoR Ct values. Among the
remaining 101 tumors, we observed a >30-fold range of EpoR mRNA, and expression levels
also varied widely for the other genes examined (Fig. 3B).

mRNA Levels and Locoregional Progression-Free Survival
We evaluated LPFS within each resection stratum for patients with tumors expressing
above- versus below-median levels of each marker (determined separately for each stratum).
Significant associations between transcript level, Epo treatment and adverse outcome were
observed only in the no resection stratum (n = 28) (Table 1). Significantly poorer LPFS was
observed for Epo-treated subjects with above-median but not below-median levels of EpoR
(Fig. 4A) or Jak2 (Fig. 4B) (EpoR: above-median p = .02, n = 14, below-median p = .8, n =
14; Jak2: above-median p = .04, n = 17, below-median p = .34, n = 18). In addition, we
found a significant association between Epo treatment, poor outcome, and below-median but
not above-median levels of Hsp70 family members in aggregate (Fig. 4C) (Hsp70 below-
median p = .01, n = 20, above-median p = .38, n = 19) and individually (supporting
information Table 4). The significance of these associations was not further increased by
dichotomizing mRNA at higher thresholds (that is, highest 10% vs. the rest) (not shown).
Combinations of above-median EpoR, above-median Jak2, and below-median Hsp70 did
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not increase the significance of the association between treatment assignment (Epo versus
placebo) and LPFS compared to each marker individually (not shown).

We also compared Epo-treated patients with above-median EpoR expression to Epo-treated
patients with below-median expression in the no resection stratum (see bracket below the
graphs in Fig. 4A). A trend toward worse LPFS in Epo-treated patients with above-median
levels of tumor EpoR mRNA was not significantly different from patients whose tumors
expressed below-median EpoR mRNA (p = .13, n = 11). Analogous comparisons for Jak2
and Hsp70 mRNA levels also showed no significant differences among Epo-treated patients.

Relationship to Endogenous Erythropoietin Levels
If exogenous Epo can stimulate tumor progression, endogenous Epo might also stimulate
tumor progression. The ENHANCE study documented single-time-point pretreatment serum
Epo levels [3], and we obtained these results for 147 of the 154 patients reported previously
[13] from the trial sponsor. Confining analyses to subjects enrolled in the placebo group, we
did not find an association between LPFS and baseline hemoglobin level or LPFS and
baseline serum Epo level (not shown). Additionally, baseline hemoglobin levels and serum
Epo levels did not correlate (not shown). Finally, we tested whether elevated endogenous
Epo levels were associated with LPFS in subjects with above-median versus below-median
levels of EpoR, Jak2 or Hsp70 mRNA. Because of the small number of patients available,
we combined the incomplete and no resection strata into a new category called “residual
tumor.” However, there was no association between endogenous Epo level and LPFS based
on tumor EpoR, Jak2 or Hsp70 mRNA levels (supporting information Table 5).

Correlations with C20 Staining
The tumors we evaluated were among the 154 previously characterized using the C20
antibody [13], which was raised against a human EpoR sequence but cross-reacts with other
proteins, including Hsp70 family members [14]. Notably, we found no significant
correlation between C20 status and EpoR mRNA (r = −0.11, p = .26, n = 100), or Hsp70
family member mRNA in aggregate (r = 0.06, p = .54, n = 122) or individually (supporting
information Fig. 5).

Discussion
As one of the most prominent drugs in oncology, the unexpected association between Epo
and increased cancer death rates has created concern and uncertainty. One of the central
questions is whether Epo induced “off-target” signaling in tumors or tumor blood vessels
can hasten cancer progression. Preclinical models may bring insight to this issue, however
definitive answers can only come from studies in humans. The substantial challenge
presented by the very low level of EpoR present in nonerythroid cells is counter-balanced in
part by an extensive body of literature surrounding Epo signaling in erythroid cells. Using
this knowledge, we developed methods to characterize human tumors for their potential
competency to respond to Epo. Since existing reagents for detecting EpoR protein in tumor
sections are insufficiently sensitive and specific [14], we measured mRNA. Laying the
foundation for this effort, we show that EpoR mRNA levels can be estimated despite the
extensive RNA degradation that accompanies FFPE processing and, barring results of
adherent cell lines that are difficult to accurately assess by flow cytometry, we show that
EpoR mRNA levels appear to reasonably estimate levels of EpoR cell surface protein.

We found a >30-fold range of EpoR mRNA across a series of breast cancers and head and
neck cancers. This finding does not necessarily contradict a previous study documenting the
lack of significant differences in EpoR mRNA levels between tumors and normal tissues
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[33]. A preferential susceptibility to Epo-induced signaling in malignant versus normal
tissue is not a prerequisite for a direct effect of Epo on tumors, for example, a heritable basis
for variation in EpoR expression levels has been proposed in swine [34]. Measurements of
total tumor EpoR mRNA levels cannot distinguish the cellular origin of the EpoR transcript,
and the extent to which the various cell types within tumors might respond to Epo and
contribute to tumor progression remains undetermined. Future efforts directed at laser
capture microdissection of various cell types from tumor samples will help resolve this
issue. Wide variations in Jak2, Hsp70, and Csf2rb mRNA levels were also found across our
series of breast cancers and head and neck cancers.

We used these tools to hunt for an association between Epo exposure, a tumor’s inferred
competency to respond to Epo based on mRNA levels of Epo-associated signaling
molecules and patient outcomes. The ideal testing grounds for this effort are the archival
tumors of patients who were randomized in clinical trials of Epo versus placebo and whose
outcomes are known. For this first study, we examined available tumors from ENHANCE
[3]. Above-median levels of mRNA for EpoR, and its tethered signaling intermediate Jak2,
emerged as candidate predictors of reduced LPFS in unresected patients treated with Epo
compared to placebo. In contrast, we found no significant association between Csf2rb, Krt5,
or Cd44 mRNA levels and outcome. Since Hsp70 mediates Epo signaling in erythroid cells
[21] and is detected by the C20 antibody [14], we predicted correlations between Hsp70
mRNA levels, Epo and LPFS analogous to those observed with EpoR and Jak2. To the
contrary, we found a strong association between below-median levels of all Hsp70 family
members, Epo treatment and poor outcome. Importantly, we did not find a correlation
between EpoR mRNA levels and prior staining of the same tumors using the C20 antibody
[13]. These findings are consistent with the interpretation that the C20 staining does not
correlate with EpoR expression [14]. Confirmation of C20 staining as a predictor of tumor
susceptibility to Epo may lead to the identification of other proteins involved in Epo
responsiveness.

Whether these tentative associations are reflective of underlying tumor biology is unknown,
and the interpretation of our findings must be tempered by several limitations. First,
contrasting the disparate outcomes of subjects randomized to Epo versus placebo, mRNA
levels were not associated with significant differences in LPFS when restricting our analysis
to patients in the Epo-treated group (see the brackets beneath the Kaplan Meier plots in Fig.
4). Thus, differences in LPFS associated with above- versus below-median mRNA levels
cannot be accounted for entirely by differences in outcomes in response to Epo. Similarly,
we found no association between these markers and adverse outcome in the presence of
elevated levels of endogenous Epo in patients enrolled in the placebo arm of ENHANCE.
Second, the statistically significant associations that we observed were confined to patients
with unresected tumors, and did not extend to patients with incomplete or complete
resection of their tumors. This discrepancy might be explained by the prediction that, absent
resection, a larger amount of tumor would be available for Epo stimulation. In support of
this interpretation, the original ENHANCE trial also did not find an association between Epo
treatment and worse outcomes in patients with completely resected tumors [3]. Third, the
small number of patients with unresected tumors also precludes further stratification to
adjust for potential baseline imbalances or confounding clinical characteristics. Fourth, in
view of the exploratory nature of our hypothesis, we did not adjust for multiple
comparisons. This increases the likelihood that the observed significant p values represent
false positives [35]. Most importantly, our findings are constrained by lack of access to
additional tumors from other Phase III clinical trials of Epo. Because these were large
multicenter trials lacking centralized tumor repositories, obstacles to obtaining these tumors
likely can only be surmounted by the trial sponsors. Tapping this little explored resource
using the methods described here may bring new insight to Epo and cancer progression.
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Figure 1.
EpoR mRNA and surface protein levels in cancer cell lines. (A): EpoR mRNA levels were
determined by quantitative reverse transcriptase polymerase chain reaction. The mRNA
level of each cancer cell line is plotted relative to the level in control UT7EPO cells. Error
bars represent the standard deviation of results obtained upon normalization to Hmbs, Rplp0,
and Hprt1. (B): Differences between the mean fluorescent intensities of cells stained with a
phycoerythrin (PE)-conjugated monoclonal anti-EpoR antibody versus each of two different
PE-conjugated murine IgG2b-PE isotype controls are depicted. Results are plotted relative to
UT7EPO cells. Error bars depict standard deviations of the differences. (C): The rank order
of mRNA and protein expression is plotted for all nonadherent cell lines, excluding the
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positive control lines UT7EPO, ASE2, and OCIM1. (D): The rank order of mRNA and
protein expression is plotted for all adherent cell lines. Spearman’s rank order correlation
coefficients are indexed above the graphs in (C) and (D).
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Figure 2.
Analysis of concordance in mRNA measurements between snap frozen and formalin-fixed
paraffin-embedded (FFPE) breast tumors. Twenty-three breast tumors are ranked for their
level of mRNA expression of the indicated genes (normalized to Hmbs expression). Results
using RNA extracted from snap frozen (y-axis) versus FFPE (x-axis) pieces of the same
breast tumor are shown. Spearman’s rank order correlation coefficients are indexed above
each graph.
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Figure 3.
Range of mRNA levels in primary tumors. Relative quantification values are shown as fold
differences, with the value from the lowest-expressing tumor assigned a value of 1. Numbers
at the bottom of each graph indicate the number of tumors for which data were obtained.
(A): Results for breast tumors. (B): Results for head and neck tumors from ENHANCE.
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Figure 4.
Effects of exogenous Epo on LPFS with stratification by mRNA status. Outcomes in
response to Epo versus placebo are shown in Kaplan-Meier plots. The log-rank p value is
two sided. Comparisons of outcomes of patients randomized to Epo are indexed below the
brackets. (A): Results for EpoR. (B): Results for Jak2. (C): Results for Hsp70. Hsp70
mRNA measurements reflect the cumulative expression of all eight family members.
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