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Introduction

Understanding the early processes that promote metastasis 
in animal models of tumor progression relies upon the ability 
to detect small numbers of disseminated cancer cells in distant 
organs. Similarly, accurately evaluating therapeutic responses to 
experimental interventions in vivo is dependent upon the ability 
to determine residual tumor burden. In pre-clinical mouse 
models, cancer cells are nowadays detected by visual inspection 
or palpation at anatomically assessable sites. This method has 
poor sensitivity, as it requires a large tumor mass to be appreciable 
by inspection. Furthermore, such evaluations cannot be easily 
performed for reduced numbers of malignant cells residing in 
hardly accessible anatomical locations such as the intra-osseous, 

intra-cranial, or intra-thoracic compartments. Other cell tracking 
methods such as fluorescence or bioluminescence tagging allow 
for the real-time and non-invasive tracking of a small number of 
cancer cells in vivo. Fluorescent proteins also serve as markers 
for downstream ex vivo analysis including flow cytometry or 
immunofluorescence (IF) microscopy-based histology. However, 
these methods require cancer cells to be manipulated biochemically 
or genetically in order to incorporate fluorescent dyes or express 
fluorescent proteins. These manipulations can potentially create 
undesirable confounding effects on the biology of either cancer 
and host cells. Although the quantification of tumor burden can 
be accomplished by flow cytometry, this technique often requires 
fairly laborious procedures that render it inappropriate for the 
analysis of a large number of samples. Alternatively, the presence 
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The preclinical development of anticancer drugs including immunotherapeutics and targeted agents relies on the 
ability to detect minimal residual tumor burden as a measure of therapeutic efficacy. Real-time quantitative (qPCR) 
represents an exquisitely sensitive method to perform such an assessment. However, qPCR-based applications are 
limited by the availability of a genetic defect associated with each tumor model under investigation. Here, we describe 
an off-the-shelf qPCR-based approach to detect a broad array of commonly used preclinical murine tumor models. In 
particular, we report that the mRNA coding for the envelope glycoprotein 70 (gp70) encoded by the endogenous murine 
leukemia virus (MuLV) is universally expressed in 22 murine cancer cell lines of disparate histological origin but is silent 
in 20 out of 22 normal mouse tissues. Further, we detected the presence of as few as 100 tumor cells in whole lung 
extracts using qPCR specific for gp70, supporting the notion that this detection approach has a higher sensitivity as 
compared with traditional tissue histology methods. Although gp70 is expressed in a wide variety of tumor cell lines, it 
was absent in inflamed tissues, non-transformed cell lines, or pre-cancerous lesions. Having a high-sensitivity biomarker 
for the detection of a wide range of murine tumor cells that does not require additional genetic manipulations or 
the knowledge of specific genetic alterations present in a given neoplasm represents a unique experimental tool for 
investigating metastasis, assessing antitumor therapeutic interventions, and further determining tumor recurrence or 
minimal residual disease.
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Figure 1. MuLV genomic structure and primer design for the detection of gp70-coding transcripts. The annealing sites of both of the primer pairs used in 
this study (gp70–1 and gp70–2) are indicated relative to sequence coding for the bioactive, H-2Ld-restricted peptide SPSYVYHQF (AH1, residues 423–431), 
which localizes near the 3′-end of the murine leukemia virus (MuLV) envelope (env) gp70-coding gene. These primer pairs, gp70–1 and gp70–2, result in 
a PCR product that is 110 and 103 base pairs in length, respectively.�

Figure 2. Relative expression levels of gp70-coding transcripts in mouse cancer cell lines and normal tissues. (A and B) Quantitative reverse-transcriptase 
PCR (qPCR) assays were performed using the gp70–1 primer pair (see also Figure 1) and results were combined to assess the relative amount of gp70-
coding transcripts in a panel of common murine cancer cell lines (A) and normal mouse tissues (B). Gene expression was quantified by the 2-ΔΔCt method 
using cytochrome c1 (Cyc1) as housekeeping gene for normalization. The expression levels of gp70 in ALL302 cells was used as a reference for both 
neoplastic cells (A) and normal tissues (B). Relative gp70 mRNA levels are plotted on the Y-axis in logarithmic scale in panel (A) and in linear scale in panel 
(B). Asterisks denote samples with undetectable gp70 expression.�
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of residual cancer cells in tissues can be determined ex vivo using 
immunohistochemistry (IHC) on tissue sections. However, 
this method is neither sensitive nor quantitative, and typically 
requires the expertise of an excellent histopathologist for proper 
evaluation. Furthermore, the detection of non-fluorescent cancer 
cells requires the a priori knowledge of tumor-specific antigens, 
as well as the availability of antibodies against these diagnostic 
targets.

Among the methods currently available to detect a malignant 
outgrowth, the molecular analysis and quantification of tumor-
specific biomarkers by real-time quantitative PCR (qPCR) 
offers a high throughput coupled to extraordinary sensitivity. 
Despite its superior rapidity and sensitivity as compared with 
other traditional methods, the ability of qPCR to quantify 
disease burden is limited by the availability of molecular markers 
specifically expressed by tumor model under investigation. Few 
exceptions to this technical limitation include (1) tumors that 
express viral proteins such as human papillomavirus (HPV)-
associated cervical cancers, hepatitis C virus (HPC)-associated 
liver adenocarcinoma, or Epstein-Barr virus (EBV)-associated 
lymphoma; and (2) neoplasms bearing well-characterized 
genetic alterations. Thus, the lack of a common tumor-specific 
biomarker limits the applicability of qPCR-based approaches to 
the detection of disease burden in most of commonly employed 
murine cancer models. With this in mind, the discovery of an 
off-the-shelf and simple qPCR-based biomarker that is shared 

by a broad array of rodent tumor models would greatly benefit 
investigators.

Using a combination of high performance liquid 
chromatography and tandem mass spectrometry, we have 
previously identified an immunodominant, H-2Ld-restricted 
bioactive nanomeric peptide, AH1, containing the sequence 
SPSYVYHQ (Fig.  1). This peptide is derived from envelope 
glycoprotein 70 (gp70) of endogenous murine leukemia virus 
(MuLV), and is expressed by BALB/c-derived CT26 colorectal 
carcinomas.1,2 Here, we report that the mRNA coding for MuLV 
gp70 is expressed by a wide array of murine tumors of disparate 
histological origin and elicited by a variety of oncogenic agents. 
Furthermore, our results demonstrate that the gp70-coding 
mRNA can be harnessed for quantifying cancer cells in vivo with 
high sensitivity. Our findings identify a common tumor-specific 
biomarker that will aid ongoing pre-clinical studies of neoplastic 
mechanisms and anticancer therapies in syngeneic murine cancer 
models.

Results

The mRNA coding for the MuLV envelope protein gp70 is 
expressed in a wide array of murine tumor cell lines

MuLV gp70 is an endogenous viral envelope glycoprotein 
encoded in the mouse genome that is transcriptionally silent in 
normal tissues. We have previously shown that the expression 
of gp70 is reactivated in a few cancer cell lines including CT26 

Table 1. gp70 expression levels in murine tumor cell lines

Cell Line Type Origin Mean* SD* Ref.

ALL302 Leukemia 33.81 0.05

4T07 Breast cancer Breast 16.47 0.09 13

4T1 Breast cancer Breast 16.26 0.15 13

67NR Breast cancer Breast 14.79 0.14 13

A17 Cervical cancer Cervix 27.14 0.16 7

B16 F0 Melanoma Skin 16.00 0.07 11

B16 F10 Melanoma Skin 15.49 0.14 11

CT26 Colon carcinoma Colon 15.35 0.01 12

EL4 Lymphoma T lymphocyte 24.23 0.07 14

ICN1 T-cell acute lymphoblastic leukemia Thymocytes 25.15 0.12 15

K7 Osteosarcoma Bone 14.24 0.09 8

K7M2 Osteosarcoma Bone 14.49 0.03 8

MM1 Medulloblastoma Cerebellum 28.16 0.12 9

NBL 947.4 Neuroblastoma Neural crest 33.00 0.23 16

NBL 975A2 Neuroblastoma Neural crest 27.24 0.25 16

NIH-3T3 Fibroblast Embryo n.d. 19

P0 Cervical cancer Cervix 29.49 0.17 7

P815 Mastocytoma Mast Cell 18.55 0.07 10

RMS 76–9 Rhabdomyosarcoma Muscle 14.07 0.16 17

RMS M3–9-M Rhabdomyosarcoma Muscle 18.17 0.03 18

Detailed Ct values from different quantitative real-time PCR assays for the detection of gp70–1 expression in murine tumor cell lines. *n = 3; n.d., non detectable.�
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colorectal cancer and B16 melanoma cells.1 Other investigators 
have demonstrated the presence of MuLV-encoded molecules in 
murine lymphomas and leukemias as well as in Simian Virus 40 
(SV40)-transformed NIH-3T3 cells.3-6 To assess gp70 expression 
(at the transcriptional level) among other common murine cancer 
cell lines, we performed quantitative reverse transcription PCR 
(qPCR) on a total of 44 murine samples, using 2 primer sets: 
a first one (gp70–1) designed to amplify a 110-bp fragment of 
the gp70-coding mRNA located near the AH1-coding sequence 

and the second one (gp70–2) spanning 
the AH1-coding sequence (Fig. 1). We 
tested 22 mouse cell lines (including 
A17, P0, K7, K7M2, MM1, P815, B16 
F0, B16 F10, CT26, 4T1, 4T07, 67NR, 
ALL302, EL4, ICN1, NBL 975A2, 
RMS 76–9, RMS M3–9-M, and 
NIH-3T3 cells), and 25 normal mouse 
tissue samples.7-19 Twenty-two out of 
the 25 normal tissues were obtained 
from BALB/c mice and included 
bone, brain, cerebellum, cervix, colon, 
cortex, eye, heart, kidney, liver, lung, 
lymph node, mammary gland, ovary, 
pancreas, skin, small intestine, spleen, 
stomach, testis, thymus, and thyroid 
specimens. Three additional samples 
were derived from C57BL/6 mice, and 
including lung, spleen, and inguinal 
lymph node specimens. Prior to qPCR 
analysis, samples were subjected to 
standard, non-quantitative RT-PCR 
to assess the presence of the gp70-
coding mRNA. All tumor cell lines 
tested in this manner (A17, B16, K7, 
K7M2, MM1, P0, and P815 cells) 
showed a 698-bp amplification product 
corresponding to the gp70-coding 
mRNA. Conversely, this amplification 
product was undetectable in all normal 
tissue samples, with the exception of 
the cerebellum and testis, for which 
faint bands were detected (data not 
shown). We subsequently performed 
high sensitivity qPCR assays using the 
gp70–1 primer set on a larger panel of 
cancer cell lines (A17, P0, K7, K7M2, 
MM1, P815, B16 F0, B16 F10, CT26, 
4T1, 4T07, ALL302, EL4, 67NR, 
ICN1, NBL 975A2, RMS 76–9, RMS 
M3–9-M, and NIH-3T3 cells) and 
normal tissues. With the exception 
of non-transformed NIH-3T3 
fibroblasts, all murine cancer cell lines 
tested expressed variable but generally 
abundant levels of the gp70-coding 
transcripts (Table 1; Figure  2). This 

analysis also confirmed that the murine cerebellum and testis 
have detectable levels of gp70-coding transcripts while the rest 
of murine normal tissues express gp70 to nearly undetectable 
levels (Table 2; Figure 2). Similar results were obtained with the 
gp70–2 primer set, spanning the region of the gp70 mRNA that 
encodes the bioactive AH1 peptide (Fig. S1, black bars). Nine 
human cancer cell lines (1 of cervical and 8 of osteal origin) tested 
negative for the presence of gp70-coding transcripts, confirming 
that the expression of MuLV is mouse-specific (data not shown).

Figure 3. Sensitivity of the qPCR-based detection of gp70-coding transcripts from limiting amounts 
of cancer cells in total lung extracts. (A and B) Various numbers (100, 101, 102, 103, 104, 105, and 106) 
of murine colon carcinoma CT26 (A) or metastatic osteosarcoma K7M2 (B) cells were added to 
homogenized mouse lung tissue. Following reverse transcription, the gp70–1 primer pair (see also 
Figure 1) was used for quantitative reverse-transcriptase PCR (qPCR) assays. gp70 mRNA levels were 
then quantified by and the 2-ΔΔCt method using the cytochrome c1 (Cyc1) as housekeeping gene for 
normalization. Relative gp70 mRNA levels are plotted on the Y-axis in logarithmic scale. The coefficient 
of determination, R2, was > 0.97 in both cases.�
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Sensitivity of gp70-dependent, qPCR-based detection of 
cancer cells in whole lungs

In order to determine the sensitivity of our qPCR-based 
approach to detect the gp70-coding mRNA as a marker of 
murine cancer cells, we performed titration experiments by 
spiking in various amounts of either colon carcinoma CT26 or 
osteosarcoma K7M2 cells into whole lung cell extracts ex vivo. 
Replicates of whole lung extracts from naïve BALB/c mice to 
which known quantities of intact CT26 and K7M2 cells were 
added (100, 101, 102, 103, 104, 105, and 106 cells/extract) were 
collected and homogenized. Total RNA was then extracted, 
digested with DNase I to eliminate contaminating genomic 
DNA, and reverse-transcribed into cDNA. qPCR analysis of these 
spiked samples using the gp70–1 primer pair (Fig. 3) revealed an 
exponential increase of the gp70-coding mRNA in a cancer cell 
dose-dependent manner. Both K7M2 and CT26 cells contained 
high amounts of the gp70-coding transcript (Table 1; Fig. 2 ), 
such that we were able to detect a specific  qPCR signal in a whole 
lung cell extracts containing as few as 100 cancer cells (ct =30 
and 29.46, respectively) (Fig. 3A and B). When we performed 
the same ex vivo titration experiment using the mastocytoma 
cell line P815 (which express moderate levels of the gp70-coding 
mRNA; Figure 2) and whole lungs or spleens, we were able to 
detect a specific qPCR signal from tissue extracts containing a 

minimum of 104 cells (data not shown). Our results indicate that 
gp70 can be detected by qPCR with high sensitivity. This method 
should be amenable for detecting the presence of relatively low 
amounts of cancer cells in vivo, especially in those tumor models 
that express abundant levels of gp70-coding transcripts.

Sensitivity comparison of bioluminescence and gp70 
detection in vivo

To directly compare the efficacy of qPCR-, bioluminescence-, 
and histologically-based approaches for detecting the presence of 
cancer cells in vivo, we engineered paired osteosarcoma K7 (non-
metastatic) and K7M2 (metastatic) cells to express the firefly 
luciferase (Luc2). BALB/c mice (n = 3) were inoculated with 
either 106 Luc2-expressing K7 or Luc2-expressing K7M2 cells in 
the right proximal tibia. Bioluminescence imaging (BLI) was used 
to monitor the distribution of cancer cells in vivo at the following 
time points post injection: 30 min, 1 d, 5 d, 10 d, 20 d, and 28 d. 
BLI tracking showed that pulmonary metastases were detectable 
between d 10 and 21 in mice injected with either Luc2-expressing 
K7 or Luc2-expressing K7M2 cells (data not shown). By d 28, mice 
injected with metastatic Luc2-expressing K7M2 cells displayed a 
uniform and easily detectable tumor burden. In comparison, mice 
injected with non-metastatic Luc2-expressing K7 cells exhibited 
weaker and more variable BLI signals. In some animals of the 
latter group, the BLI signal was undetectable (Fig. 4A). Mice were 

Table 2. gp70 expression levels in normal mouse tissues

Normal Tissue Mean* SD*

Bone 34.62 0.09

Brain 34.43 0.11

Cerebellum 28.24 0.22

Cervix 35.93** 0.11

Colon 33.25 0.15

Cortex 35.24 0.28

Eye 33.77 0.23

Heart 31.39 0.12

Kidney n.d.

Liver n.d.

Lung 33.26** 0.53**

Lymph node 34.65 0.19

Mammary gland 36.11 0.15

Ovary 34.64 0.26

Pancreas n.d.

Skin n.d.

Small intestine n.d.

Spleen n.d.

Stomach n.d.

Testis 29.19 0.14

Thymus 34.18* 0.04**

Thyroid n.d.

Detailed Ct values from different quantitative real-time PCR assays for the detection of gp70–1 expression in normal murine tissues. *n = 3; **One of the 
3 Ct values was undetermined; n.d., non detectable.
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sacrificed after BLI imaging on d 28 and the right one lung was 
stored in Trizol for the quantification of gp70-coding transcripts 
by qPCR, while the left one was embedded in optimal cutting 
temperature (OCT) compound and frozen for serial sectioning 
and pathological evaluation by IHC. qPCR analysis of the 
harvested lungs for gp70 expression showed an excellent linear 
correlation (as assessed by scatter plot) with the photon emission 
from the regions of interest (ROIs) of the corresponding BLI 

images from individual animals (Fig. 4A and B ; Fig. S2). Linear 
regression analysis examining the correlation between BLI signal 
intensity and relative gp70 expression levels as measured by qPCR 
produced a fitted regression line given by the equation: BLI = 
1057.937(qPCR) + 477545.832, with a positive and significant 
coefficient of determination (R2 = 0.986; P = 0.001). Using the 
Pearson correlation coefficient, we found a significant correlation 
between the BLI signal intensity and gp70 expression levels as 

Figure  4. Comparison of gp70-specific qPCR, bioluminescence and histological methods to detect osteosarcoma cells in vivo. (A–C) BALB/c mice 
(n = 3 per group) were injected with 106 firefly luciferase (Luc2)-expressing K7 or K7M2 cells in the proximal tibia. (A) Relative expression levels of gp70-
coding transcripts as detected by quantitative reverse-transcriptase PCR (qPCR) in the whole lung tissues of individual tumor-bearing animals 28 d after 
the inoculation of cancer cells. (B) Whole mouse bioluminescence imaging (BLI) of the same tumor-bearing mice indicated above, immediately prior to 
lung harvesting (28 d after cancer cell inoculation). Red circles represent the regions of interest (ROIs) that were employed to quantify BLI signal intensity. 
(C) Histological examination of tissue sections from the lungs harvested from the same tumor-bearing animals analyzed in panels (A and B). Visible lung 
tumor nodules were scored in 15 consecutive sections of each individual lung, with “-” means no tumor detected in any of the 15 slides, and the number 
of “+” represent the maximum number of tumor nodules seen in a single slide.�
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determined by qPCR (r = 0.993; P = 0.001). Nonparametric 
correlation analysis using Spearman’s ρ confirmed a significant 
correlation between BLI signal intensity and gp70 expression levels 
monitored by qPCR (ρ = 0.900, P = 0.037) (data not shown).

In a parallel analysis, harvested lung tissues were stained with 
hematoxylin and eosin (H&E) and tumor burden was analyzed 
from 15 consecutive 10-μm sections of the same tumor-infiltrated 
lung, an approach that failed to yield good correlation with either 
the qPCR or the BLI results in individual animals (Fig. 4C). As 
expected, this histological approach had lower global sensitivity 
in detecting the presence of limiting numbers of tumor cells as 
compared with the other 2 techniques. Of note, the qPCR-based 
method readily detected the presence of tumor nodules in the 
lungs that went undetected by either BLI or histology (e.g., K7 
Luc2 #1 and K7 Luc2 #3; Fig. 4). In a separate experiment, the 
quantification of gp70 by qPCR revealed the presence of K7M2 
cells in the mouse lungs between d 7 and 14 after inoculation, 
several days prior to the moment in which the pulmonary 
metastasis could be effectively monitored by whole body BLI 
(data not shown).

gp70-specific PCR is more sensitive than flow cytometry to 
detect circulating lymphoblasts

To further demonstrate the utility of a PCR-based gp70 
detection method in vivo, we adoptively transferred green 
fluorescence protein (GFP)-tagged acute lymphoblastic leukemia 
(ALL) cells intravenously into naïve C57BL/6 mice and analyzed 
disease burden by gp70-specific PCR of flow cytometry. To this 
end, we transferred an increasing number of GFP+ murine ICN1 
lymphoblasts (5 × 102, 5 × 104, and 5 × 105 cells) from syngeneic 
donor mice transplanted with GFP-transduced bone marrow 
progenitor cells 9 weeks earlier to naïve C57BL/6 mice. All 
C57BL/6 animals receiving ICN1 lymphoblasts succumbed to 
leukemia within 3 weeks, survival time inversely correlating with 
the size of the tumor inoculum (Fig. 5A). To determine whether 
the gp70-coding transcript can be detected in the peripheral blood 
during the first 13 d of disease (sub-clinical phase), we obtained 
sequential peripheral blood samples and performed nested gp70-
specific non-quantitative PCR analysis using the gp70–1 primer 
set upon an initial amplification with flanking gp70–3 primers 
(Fig.  5B). We were able to detect gp70-coding transcripts in 
the peripheral blood of mice inoculated with different doses of 
lymphoblasts. The detection sensitivity on d 4 following tumor cell 
injection was 100% at the lowest inoculation dose of 500 cancer 
cells (Fig.  5C). In stark contrast, conventional flow cytometry 
failed to detect GFP+CD8+ lymphoblasts in the peripheral blood 
of tumor-bearing mice until 24–48 before their death (Fig. 5D), 
and despite the fact that tumor infiltration in the liver, spleen, bone 
marrow, and lymph nodes was evident at autopsy (data not shown). 
These results further underscore the sensitivity and specificity of 
detecting the MuLV gp70-coding mRNA as a biomarker of disease 
burden in pre-clinical murine tumor models.

Discussion

In the current study, we describe a simple and sensitive method 
to detect and quantify low quantities of commonly employed 

murine cancer cells in vivo. This qPCR-based detection method 
relies on an endogenous murine leukemia retrovirus antigen, 
MuLV gp70. The gp70-coding gene is transcriptionally silent 
in the majority of non-transformed mouse tissues, but we found 
it to be uniformly expressed in virtually all mouse cancer cell 
lines commonly utilized for experimental aims. Specifically, 
we analyzed a total of 44 murine samples, surveying 22 mouse 
cancer cell lines and 22 normal tissues. We detected gp70-coding 
transcripts in all transformed cell lines but not in the non-
cancerous, immortalized NIH-3T3 fibroblasts. Different mouse 
cancer cell lines expressed gp70-coding transcripts at varying 
levels. The same analysis performed on RNA derived from 
normal mouse tissues revealed little to no gp70 expression, with 
the exception of the cerebellum and testis.

We propose that gp70 may serve as a useful tumor biomarker 
for the quantification of disease burden in most, if not all, of 
commonly employed mouse tumor models. Harnessing this 
biomarker requires neither the a priori knowledge of any additional 
tumor-specific molecular alteration, nor the introduction of 
exogenous genetic markers for tracking cancer cells in tissue 
samples. qPCR-based detection methods are inherently more 
sensitive and adapt for quantitative purposes than traditional 
tumor burden monitoring methods such as visual inspection, 
palpation, BLI, fluorescence in situ hybridization (FISH), 
cytofluorometry, IHC, and tissue histology. Therefore, measuring 
gp70 expression at the transcriptional level may allow for the 
rapid and precise determination of residual tumor burden in vivo 
when evaluating the pre-clinical efficacy of multiple anticancer 
drugs, including immunotherapeutics and molecularly targeted 
agents.

The steps leading to the reactivation of gp70 expression in 
the course of oncogenic transformation in mice are currently 
unknown. The reactivation of gp70 was not caused by tissue 
inflammation alone, as the same qPCR analyses on spontaneous, 
pre-cancerous adenomatous polyps from in mice lacking SMAD 
family member 4 (Smad4) and cyclin-dependent kinase inhibitor 
1B (Cdkn1b) specifically in the T-cell lineage failed to detect 
gp70-coding transcripts (data not shown). Similarly, activated T 
cells (data not shown) and immortalized NIH-3T3 cells did not 
express gp70 to detectable levels, even though prior studies have 
shown that these cells reactivate MuLV upon transformation 
with SV40.6 Clearly, the expression of gp70 in murine cell lines 
is restricted to transformed cells with a tumorigenic potential. 
Our study also demonstrates the successful application of gp70-
specific qPCR to identify small pulmonary metastases below the 
detection limits of BLI-based and histological methods (Fig. 4). 
Moreover, we observed a strong correlation (Pearson correlation 
coefficient r = 0.993, P = 0.001) between BLI data on pulmonary 
metastases and gp70 expression levels as measured by qPCR. As 
expected, both qPCR- and BLI-based methods are more sensitive 
than the histological assessment of disease burden on a series 
of tissue sections. Thus, our detection protocol allows for the 
sensitive and specific detection of low amounts of mouse cancer 
cells in preparations from normal tissues ex vivo. Due to the 
apparent expression of gp70 in the non-transformed cerebellum 
and testis, one limitation of our detection method is that it cannot 
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be used to monitor tumor burden at this anatomical locations. 
Another consideration is that the sensitivity of our current qPCR-
based method is strongly dependent on the relative expression 
levels of the gp70-coding transcripts in a given cancer cell line. As 
our titration curve demonstrates, gp70-coding transcripts from 
as few as 100 tumor cells spiked into the whole lung cell extract 
can be detected when such cells express high gp70 levels. When 
the same titration was performed using mouse mastocytoma 
P815 cells, which express gp70 at a much lower levels than either 

CT26 or K7M2 cells, the detection threshold increased to 104 
cells. In such cases, it may be possible to increase the detection 
sensitivity of our method by performing a nested PCR.

We obtained similar results by using different primer pairs that 
hybridize next to sequence encoding the AH1 peptide (residues 
423–431), a H-2Ld-restricted, immunodominant tumor-
associated antigen derived from the polycistronic gp70-coding 
mRNA and previously shown to be actively expressed by CT26 
colorectal carcinoma cells.1 In this prior study, the adoptive 

Figure 5. The qPCR-based detection of gp70-coding transcripts is more sensitive than flow cytometry to identify T lymphoblasts in the peripheral blood. 
(A–D) C57BL/6 mice (n = 3 per group) received 5 × 102, 5 × 104, or 5 × 105 green fluorescence protein (GFP)-expressing ICN1 acute lymphoblastic leukemia 
(ALL) cells and their peripheral blood was collected for subsequent analyses at various time points. (A) Kaplan–Meier survival curves of C57BL/6 mice 
receiving the indicated number of ALL cells. (B) Map of gp70-coding sequence, demonstrating the annealing sites for the gp70–3 and gp70–1 primer 
sets employed for the nested PCR-based detection of gp70-coding transcripts in the peripheral blood of tumor-inoculated mice. (C) Detection of gp70-
coding transcripts by nested PCR in mice inoculated with the indicated number of ALL cells i.v. 4 d earlier. (D) Serial monitoring of mice receiving the 
indicated number of ALL cells for the appearance of a GFP+CD8+ cell population (corresponding to ALL cells) in the peripheral blood. Pre-inoculation ALL 
cells (tumor only) were analyzed for comparative purposes.�
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transfer of activated, AH1-specific CD8+ T cells was sufficient 
to eradicate established CT26 tumors in vivo, confirming the 
essential role that AH1 – and by extension gp70 – plays in cancer 
immunosurveillance. One important question originating from 
our study is whether the abundance of gp70-coding transcripts 
correlates with the expression and presentation of gp70-derived 
antigens as targets for tumor-specific CD8+ or CD4+ T cells. 
One determinant of this phenomenon would be the availability 
of proteasome machinery within cancer cells, allowing them 
to process and load AH1, or other gp70-derived peptides, onto 
the peptide-binding groove of MHC class I and II molecules. 
One additional factor that may influence how gp70 expression 
impacts cancer immunosurveillance is the expression levels of 
MHC molecules and other immunomodulatory molecules by 
individual cancer cells.

Regarding the translational applications of our current 
finding, exogenous viral infections contribute to roughly 
15–20% of all human cancers.20 For viruses such as the human 
T-lymphotropic virus 1 (HTLV-1), HPV, human herpesvirus-8 
(HHV-8), and hepatitis B and C virus (HBV and HCV), 
the association between infection and oncogenesis of tumor 
progression is well established. However, such correlation is not 
as well established for other viruses including SV40, BK virus 
(BKv), John Cunningham virus (JCV), human endogenous 
retroviruses (HERVs), human mammary tumor virus (HMTV), 
and Torque teno virus (TTV). HERVs (which constitutes 
about 8% of human DNA) are thought to originate from the 
integration of exogenous retroviruses into the human germline 
genome.21 Despite the absence of selective pressures on the host 
to retain the proviral genome in its intact form, retroviral genes 
persist and accumulate mutations over time.22 Similar to what 
we have observed in our current study with murine retrovirus, 
HERV genes are transcriptionally silent in normal tissues but 
have been found to be re-expressed in several human neoplasms, 
including breast cancer, prostate cancer, lung adenocarcinoma, 
ovarian cancer, and melanoma.23-29 Therefore, HERV gene 
products could also serve as potential tumor-specific biomarkers 
for qPCR-based detection.30 In addition, recent findings suggest 
that retroviral gene products are capable of acting as tumor-
associated antigens involved in both T-cell and B-cell responses 
in breast cancer patients.31 Several drugs aimed at inhibiting 
HERV-K expression are currently under evaluation in clinical 
trials as novel therapies for non-Hodgkin lymphoma and multiple 
sclerosis (source www.clinicaltrials.gov).

In summary, we have developed a sensitive, specific, and 
technically simple qPCR-based technique to detect and quantify 
a widely expressed tumor-restricted biomarker in vivo and in 
vitro. The discovery of a near-to-ubiquitous tumor marker that 
can be detected with high sensitivity without prior knowledge 
of tumor-specific genetic alterations provides a unique tool that 
can be used in many pre-clinical applications. These include the 
study of metastatic dissemination in vivo, the assessment of the 
therapeutic efficacy of multiple anticancer agents, the detection 
of disease recurrence and/or assessment of residual disease. 
Moreover, considering that gp70 gene products (such as the 
bioactive AH1 peptide) are exclusively expressed by cancer cells 

irrespective of the nature of the oncogenic driver, these retroviral 
molecules may represent potential targets for the development of 
novel pan tumor-specific immunotherapeutic approaches.

Materials and Methods

Cancer cell lines and tissue sample collection
A panel of 22 mouse cancer cell lines was obtained from various 

sources and analyzed for gp70 expression by qPCR. Murine 
cervical cancer TC1P0 cells and their aggressive derivatives 
TC1A17 (both haplotype H-2b), were a generous gifts from 
Dr TC Wu at Johns Hopkins. Murine medulloblastoma MM1 
cells derived from PTCH1+/--Trp53−/− mice (H-2b) were a gift 
from Dr Greg Plautz at the Cleveland Clinic. BALB/c-derived 
osteosarcoma K7 (parental; H-2d) and K7M2 (metastatic; H-2d) 
cells were obtained from Dr Chand Khanna at the National 
Cancer Institute. Spontaneously arising murine breast cancer 
4T1 (highly metastatic), 4T07 (invasive but non-metastatic), 
and 67NR (non-metastatic) cells, from BALB/c mice (H-2d), 
were obtained from Dr John Letterio at Case Western Reserve 
University. Syngeneic neuroblastoma NBL 947.4 and NBL 
975A2 cells (from C57BL/6 mice; H-2b) were obtained from 
Dr Remis Orentis at the National Cancer Institute. Mouse 
rhabdomyosarcoma RMS 76–9 and RMS M3–9-M cells derived 
from C57BL/6 mice (H-2b) were obtained from Dr Crystal 
Mackall at the National Cancer Institute. P815 mastocytoma 
(H-2d) (ATCC #TIB-64), poorly metastatic B16 F0 melanoma 
cells (H-2b) (ATCC CRL#6322), highly metastatic B16 F10 
melanoma cells (ATCC CRL#6475), as well as N-nitroso-
N-methylurethane-induced CT26 colorectal carcinoma cells 
(H-2d) (ATCC CRL#2638), lymphoma EL4 cells (H-2b; ATCC 
#TIB-39), and NIH-3T3 fibroblasts (ATCC CRL#1658) were 
obtained from ATCC. ALL302 is a T-cell leukemia cell line 
derived from Smad3−/− C57BL/6 mice (H-2b) and was obtained 
from Dr John Letterio at Case Western Reserve University. ICN1 
T-cell ALL cells (H-2b) were derived in our lab from a C57BL/6 
mouse transplanted with bone marrow progenitors that had been 
transduced with a lentiviral construct coding for the intracellular 
portion of Notch1 (ICN1). Additionally, a panel of 25 various 
normal murine tissues representing 22 different organs (including 
bone, brain, cerebellum, cervix, colon, cortex, eye, heart, kidney, 
liver, lung, lymph node, mammary gland, ovary, pancreas, skin, 
small intestine, spleen, stomach, testis, thymus, and thyroid) 
were obtained from BALB/c mice. Three additional tissues 
samples (from lymph nodes, spleen and lung) were obtained from 
C57BL/6 mice for mRNA isolation and qPCR analysis.

Tumor cell constructs and in vitro culture conditions
All cell lines were passaged and maintained in RPMI 1640 

medium (Thermo Scientific #SH30027.01) supplemented with 
10% fetal bovine serum (FBS) (Gemini Bio Products #900–108), 
1% penicillin/streptomycin (Thermo Scientific #SV30010), 
100 mM sodium pyruvate (Thermo Scientific #SH3023901), 
and 1% non-essential amino acids (Cellgro #25–025Cl). For 
bioluminescence imaging, murine osteosarcoma lines K7 
and K7M2 cells were transduced with 1 μL of 108 TU/mL 
Luc2-coding lentiviral particles, according to manufacturer’s 
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recommendation (LentiFire by In Vivo Imaging Solution #48). 
Luciferase-expressing K7 and K7M2 cells were selected and 
maintained in media containing 5 μg/mL puromycin.

RNA isolation
Tumor samples were homogenized in Trizol (Life Technologies 

#15596–026) with the Bullet Blender (Next Advance) and 0.9–2 
mm stainless steel beads (Next Advance #SSB14B). Total RNA 
from cell lines and normal tissues was extracted using Trizol and 
subsequently purified using RNeasy columns (Qiagen #74106), 
according to manufacturer’s instructions. Total RNA was extracted 
from the peripheral blood using the RNeasy kit upon red blood 
cell (RBC) lysis using the ACK Lysis buffer (Lonza #10–548E). 
RNA was treated with DNase I (Life Technologies #18068–015) 
to remove contaminating genomic DNA and retro-transcribed 
using SuperScriptIII (Life Technologies #18080051) to form 
cDNA. RNA concentrations were determined by conventional 
spectrophotometry (NanoDrop Technologies).

Primer design and qPCR analysis
The 3 primer pairs for the detection of gp70 (gp70–1F: 

AAAGTGACAC ATGCCCACAA, gp70–1R: CCCCAAGAGG 
CACAATAGAA; gp70–2F: TGACCTTGTC CGAAGTGACC, 
gp70–2R: TAGGACCCAT CGCTTGTCTT; and gp70–3F: 
ATCACCCTCT GTGGACTTGG, gp70–3R: GAGACGTATA 
GGCGCAATCC) and the primer pair for the detection of the 
housekeeping gene cytochrome c1 (Cyc1F: CTGCCACAGC 
ATGGATTATG and Cyc1R: GGTCATTGTC AC 
AGCACCAC) were designed using Primer3 (http://bioinfo.
ut.ee/primer3-0.4.0/) with the murine leukemia virus retroviral 
envelope glycoprotein gene (GenBank: DQ359272.1) as 
reference sequence. Designed primers were aligned against the 
corresponding genome sequence using BLAT (http://genome.
ucsc.edu/cgi-bin/hgBlat, assembly Dec.2011 (GRCm38/mm10) 
to confirm specificity. Primers were synthesized by Integrated 
DNA Technologies (IDT). qPCR reactions were performed on 
Applied BioSystem 7300 using cycling conditions as follows: 
50 °C for 2 min, 95 °C for 10 min, and then 40 cycles of 95 °C 
for 15 s, 60 °C for 1 min. The qPCR reactions were performed 
using SYBR Green chemistry (Life Technologies # 4309155) 
with the primers listed above and analyzed using gp70 Ct values 
of tumor and tissue samples normalized to Ct values for Cyc1. 
Quantification results were compared using the ALL302 cell 
line as a reference. Relative quantification was accomplished by 
using the 2-ΔΔCt method.32 According to our titration curve in 
which we spiked known amounts of cancer cells in whole lung, 
samples with Ct values > 30 were considered non-detectable. 
Nested RT-PCR was accomplished by 2 separate and consecutive 
reactions using gp70–3 as outer primer set and gp70–1 as inner 
primer set. The RT-PCR was performed using recombinant 
Taq DNA polymerase (Life Technologies #10342020). Cycling 
conditions were as follows: 94 °C for 3 min followed by 35 (outer 
primer set) or 25 cycles (inner primer set) of 94 °C for 45 s, 55 °C 
for 30 s, 72 °C for 1 min and 30 s. The reaction was incubated 
for an additional 10 min at 72 °C.

Tumor implantation studies
Eight-week old female BALB/c mice (Jackson Laboratory 

#000651) were housed and handled according to approved 

IACUC protocol (Protocol number: 2013–0097) and CWRU 
Animal Resource Center guidelines. Six animals were injected 
with either 106 Luc2-expressing K7 cells (3 mice) or 106 Luc2-
expressing K7M2 cells (3 mice) in the right proximal tibia. Hair 
was removed from the chest area by shaving with a hair clipper, 
and BLI was performed with the Xenogen IVIS-200 apparatus 
(Caliper Life Sciences) at the following time points: pre-injection 
and 30 min, 1 d, 5 d, 10 d, 21 d, and 28 d after tumor injection to 
follow tumor dissemination and growth. All BLI acquisitions were 
performed after a 200ul intra-peritoneal injection of 15 μg/mL 
Beetle D-luciferin Potassium Salt (Promega #E1602) 5 min prior 
to imaging. The animals were anesthetized with 2% isoflurane 
in O

2
 at a rate of 2 L/min to achieve adequate sedation during 

imaging. All images were acquired with an 18.4 cm field of view, 
medium binning factor, and f/stop of 1. The exposure times ranged 
from 10 s to 3 min depending on the bioluminescence of primary 
tumors or metastatic lesions. The emitted light was detected with 
the IVIS Imaging System, digitized, and electronically displayed 
as a pseudo-color overlaid onto a gray-scale animal image. ROIs 
were drawn around tumor sites and quantified as maximum flux 
(photons per sec (s) per cm2 per steradian (sr) [p/s/cm2/sr]) within 
a uniform, oval region of interest using the Living Image 2.5 
software (Caliper). On d 28, animals were euthanized using CO

2
 

asphyxiation. The left lung was inflated with OCT compound, 
excised, embedded in OCT compound, and stored at -80 °C 
for histological evaluation. The right lung was excised and stored 
immediately in Trizol at -80 °C for qPCR analysis.

For detection of minimal T-ALL cells in vivo, various 
quantities (5 × 102, 5 × 104, and 5 × 105) of GFP+CD8+ ICN1 
T-ALL cells were transferred intravenously into 6–9 week old 
naïve C57BL/6 mice (Jackson Laboratory #000664) on d 0. 
Mice were monitored daily for survival to generate Kaplan-Meier 
curves. Blood samples (approximately 80 μL) were collected 
via tail-vein bleed twice weekly in order to analyze the presence 
of GFP+/CD8+ T-lymphoblasts by flow cytometry for gp70 
expression by qPCR or nested PCR.

Histological evaluations
A total of 15 serial 10-μm thick, OCT-embedded lung 

cryosections were stained with H&E (IHCWORLD #IW-
3100), according to supplier recommendation. Tumor nodules 
were enumerated manually and scored as follows: “-,” no tumor 
nodule in 15 serial sections; “+,” maximum of 1 tumor nodule 
in any one of 15 serial sections; “++,” maximum of 2 tumor 
nodules in any one of 15 serial sections; “++++,” ≥ 3 tumor 
nodules in any one of 15 serial sections.

Flow cytometry
Peripheral blood was collected from the tail vein in ACD 

buffer (136 mM glucose, 75 mM trisodium citrate, 4.2 mM 
citric acid monohydrate). RBCs were lysed in ACK lysis 
buffer, and peripheral blood mononuclear cells were then 
resuspended in FACS buffer (0.1% BSA in PBS, 5 mM EDTA). 
Cells were incubated with FACS blocking buffer (10% mouse 
serum in FACS buffer) and stained with anti-CD8 antibodies 
(eBioscience, clone 53.6–7). Ten thousand events were 
examined on an Accuri C6 flow cytometer (BD Accuri) and 
analyzed using Accuri C6 flow cytometry software.
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Statistical analyses
Pearson’s correlation coefficients were used to delineate 

the simple linear regression and correlation analysis between 
gp70 expression levels as determined by qPCR and BLI signal 
intensity. As a confirmatory non-parametric correlation analysis, 
Spearman’s ρ was employed, when indicated. All statistical 
analyses were performed using the IBM SPSS Statistics software 
(IBM Corporation). All statistical tests were 2-sided, and P values 
lower than 0.05 were considered significant.
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