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Abstract

Purpose Expression of the carboxyl PTHrP region of
parathyroid hormone-related protein (PTHrP) is a posi-
tive prognostic indicator in women with lung cancer, but
amino PTHrP is a negative indicator in other lung cancer
patients. This project investigated whether PTHrP could
be expressed as predominantly amino PTHrP or carboxyl
PTHrP in individual lung carcinomas. It also assessed
domain-specific effects on cancer progression and patient
survival.

Methods PTHrP immunoreactivities were analyzed ver-
sus survival in a human lung cancer tissue microarray
(TMA). Growth was compared in athymic mice for iso-
genic lung carcinoma xenografts differing in expression of
amino and carboxyl PTHrP domains.

Results In the TMA, 33 of 99 patient tumors expressed
only one PTHrP domain, while 54 expressed both. By
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Cox regression, the hazard ratio for cancer-specific mor-
tality (95% confidence interval) was 2.6 (1.28-5.44) for
amino PTHrP (P=0.008) and 0.6 (0-2.58) for carboxyl
PTHrP (P=0.092). Xenografts of H358 lung adenocarci-
noma cells that overexpressed amino PTHrP grew twice as
fast as isogenic low PTHrP tumors in athymic mice, but
growth of tumors expressing amino plus carboxyl PTHrP
was not significantly different than growth of the control
tumors. In summary, the presence of amino PTHrP signi-
fies worse prognosis in lung cancer patients. In mouse xen-
ografts, this effect was abrogated if carboxyl PTHrP was
also present.

Conclusion Amino PTHrP and carboxyl PTHrP can
vary independently in different lung carcinomas. Carboxyl
PTHrP may temper the stimulatory effect of amino PTHrP
on cancer progression.

Keywords Neuroendocrine and other endocrine factors -
Molecular diagnosis and prognosis - Biochemical markers -
Carcinoma, non-small cell lung - Oncogenes - Tumor
suppressor proteins

Introduction

Parathyroid hormone-related protein (PTHrP) has prom-
inent roles in cancer pathology, fetal development, and
the function of many normal tissues. PTHrP can have
an impact on several factors related to cancer progres-
sion, such as apoptosis, tumor growth, and angiogenesis
(Akino et al. 2000; Bakre et al. 2002; Chen et al. 2002;
Isowa et al. 2010; Luparello et al. 1997). The protein’s
action can be stimulatory or inhibitory in different situ-
ations. Diversity and variability in PTHrP effects is not
surprising because it is a multifunctional pro-hormone
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with biologically active amino-terminal, carboxyl
PTHrP-terminal, and mid-molecule domains (Orloff
et al. 1996; Philbrick et al. 1996). Furthermore, the pri-
mary structure of PTHrP includes multiple single- and
multi-basic cleavage sites. Post-translational processing
depends on context and can produce a diverse collec-
tion of daughter peptides that can vary among tissues and
even among tumors with the same histology (Orloff et al.
1994).

In lung cancer, PTHrP is conceptually linked with
hypercalcemia of malignancy, but effects on cancer pro-
gression have also been recognized. We published two
studies with different groups of patients that suggested
that carboxyl PTHrP was a positive prognostic indica-
tor for women with non-small cell lung cancer (NSCLC)
(Hastings et al. 2006; Montgrain et al. 2011). Interest-
ingly, a study from another research group proposed that
amino PTHrP was associated with shorter overall survival
times in patients of both sexes with NSCLC (Monego
et al. 2009), contrary to the finding for carboxyl PTHrP.
One would not expect amino PTHrP and carboxyl PTHrP
to demonstrate opposing effects on survival if their expres-
sion was always linked. Thus, the seemingly conflicting
results from the different studies could mean that PTHrP
processing varies among individual lung cancers (Hook
et al. 2001; Orloff et al. 1994), with some lung carcinomas
expressing only the amino domain and others restricted to
the carboxyl PTHrP domain. Literature reports for human
lung carcinoma place prevalence at 50-85% for amino
PTHrP immunoreactivity and 65-85% for carboxyl PTHrP
(Asa et al. 1990; Hastings et al. 2006; Kitazawa et al.
1991; Monego et al. 2009) but data on joint expression of
the two regions are not available.

In summary, the current state of the literature suggests
that PTHrP may have a variable action as either a positive
or a negative prognostic indicator in lung cancer and that
variation in expression of amino PTHrP versus carboxyl
PTHrP could impact the hormone’s relationship with
lung cancer progression and patient survival. However,
there are no studies that have compared amino PTHrP and
carboxyl PTHrP head-to-head in the same group of lung
carcinomas. Also, no survival studies have investigated
how the two domains together or separately affect tumor
behavior and patient survival. Thus, the goals of this pro-
ject were to compare expression of amino PTHrP against
expression of carboxyl PTHrP in individual lung carci-
nomas, to evaluate how survival of lung cancer patients
varied with regard to expression of both PTHrP regions,
and to manipulate amino PTHrP and carboxyl PTHrP
expression in a mouse model of lung cancer to compare
effects on cancer cell proliferation, tumor growth, and
angiogenesis.
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Materials and methods
Experimental plan

An observational study was planned to compare the expres-
sion of amino and carboxyl PTHrP domains in human lung
cancer tissue microarrays and to evaluate what impact
those moieties had on patient survival. Two tissue micro-
arrays (TMA) from IMGENEX (IMH-305 and IMH-358,
San Diego, CA) were used because they provided tissue
from 98 patients with non-small cell lung carcinoma along
with the necessary demographic information and survival
data. The arrays were accompanied with the data necessary
for most of the independent variables, including age, gen-
der, cancer stage, tumor histology, tumor size, and lymph
node involvement. We assessed amino PTHrP and carboxyl
PTHrP immunoreactivities as additional independent vari-
ables. Dependent variables were disease-specific mortality
and overall mortality, information that was also provided
with the TMA.

To gain further insight about lung cancer PTHrP expres-
sion and effects, we evaluated archived lung carcinoma
surgical specimens from the UC San Diego Department of
Pathology. This study was a post hoc examination of sam-
ples that had been previously evaluated for carboxyl PTHrP
(Hastings et al. 2006). Specimens came from patients who
had undergone surgery at UC San Diego Medical Center
for NSCLC resection between 1987 and 1996. Archived
lung cancer tissue was available for 207 patients out of the
original group of 221 who were analyzed in the previous
study (Hastings et al. 2006). The same independent vari-
ables were used as in the tissue microarray study. Amino
PTHrP immunohistochemical staining was performed for
the post hoc study. Carboxyl PTHrP staining results were
provided by the previous research effort. The only depend-
ent variable was overall survival because disease-specific
data were not available for this group. Patient survival was
updated for 18 patients who had continued follow-up past
publication of the 2006 study. The studies were approved
by the UC San Diego and VA San Diego Healthcare Sys-
tem Institutional Review Boards. The boards’ requirement
for informed consent was waived based on institutional
criteria.

A direct comparison of the effects of amino PTHrP
and carboxyl PTHrP on the characteristics of lung carci-
noma growth was conducted with xenograft experiments
in immunocompromised mice. Xenografts were formed
with human NCI-H358 lung adenocarcinoma cells, a
line derived from an adenocarcinoma in situ (McLemore
et al. 1987), i.e., a bronchoalveolar carcinoma. Our
assays reveal that the wild-type H358 cells express only
low levels of PTHrP protein. The experimental manipu-
lation was overexpression of various PTHrP domains



J Cancer Res Clin Oncol (2017) 143:1395-1407

1397

introduced by transducing the cells with lentiviral vec-
tor containing either no PTHrP insert, full-length PTHrP
1-139, PTHrP 1-87, or PTHrP 33-139. The result was
stable, isogenic clones that expressed either low lev-
els of both PTHrP domains, high levels of PTHrP with
both amino- and carboxyl PTHrP present, high levels of
amino PTHrP alone, or high levels of carboxyl PTHrP
alone. Outcomes were established before beginning
experiments. These measures were caliper estimates
of tumor volume versus time after tumor implantation,
mouse weight versus time, microscopic mitotic fig-
ure density of tumor at completion of the experimental
period, and microscopic tumor CD31 staining indices.
Tumors were followed for 5 weeks after implantation,
shortly less than the time for tumors to reach the maxi-
mum size allowed by the local institutional animal care
and use committee (IACUC). Animal experiments were
approved by the IACUC. The study followed the United
States Public Health Service Policy on Human Care and
Use of Laboratory Animals and adhered to policies set
forth in the Guide for the Care and Use of Laboratory
Animals.

PTHrP immunohistochemistry

The human lung cancer TMA displayed formalin-fixed
lung carcinoma surgical samples, each represented as a
2 mm core sectioned at a thickness of 4 pM. The manu-
facturer supplied one slide for each array already stained
with hematoxylin and eosin.

Amino PTHrP was probed with rabbit polyclonal anti-
body T4512 (Bachem, Inc., Torrance, CA, USA). Sepa-
rate slides were stained for carboxyl PTHrP with antibody
9H7 directed against an epitope within residues 119-127
of PTHrP. The two antibodies were the same as those
used in the previous amino PTHrP and carboxyl PTHrP
studies (Hastings et al. 2006; Monego et al. 2009). Sec-
tions were incubated with primary antibody for 1 h at
room temperature. Staining was produced with a standard
ABC alkaline phosphatase method using the Vector Red
kit from Vector Laboratories (SK-5100, Burlingame, CA,
USA). Sections were counterstained with methyl green,
as described previously (Hastings et al. 2006). Optimal
antibody dilution was established by testing T4512 and
9H7 over the range of 10-20 pg IgG/ml on pilot TMA
slides and larger lung carcinoma sections from known
PTHrP-positive tumors. Concentrations were selected
that generated well-defined intracellular reaction product
with limited background. For negative controls, the pri-
mary antibody was omitted or preadsorbed with a 100-
fold excess of PTHrP. Interassay controls were known
PTHrP-positive lung carcinomas.

Slide evaluation

A practicing surgical pathologist (SM) examined the
Imgenex TMA in a blinded fashion. He assessed tissue
preservation, staining quality, and PTHrP immunoreactiv-
ity. Quality control points included intracellular localiza-
tion of immunoreactivity, minimal non-cellular debris, and
absence of high background staining except at tissue edges.
Uneven staining, excessive debris, and loss of adhesion to
the slide were considerations to repeat staining on addi-
tional slides. Necrotic areas were avoided when evaluating
immunoreactivity.

TMA immunoreactivity was quantitated by H-score. The
H-score is based on two parts, an evaluation of intensity on
a 0 to 3+scale and an estimation of the percentage of cells
staining at each intensity level (Hirsch et al. 2003; Lee et al.
2010). The H-score is calculated as the sum of the products
of intensity score times staining percentage. Thus, the score
can range from 0 to 300.

Amino PTHrP staining of the archived UC San Diego
surgical specimens was graded on a binary scale based
on the presence or absence of immunoreactivity in excess
of background levels. This metric was used to match the
assessment performed for carboxyl PTHrP in the previous
investigation. The carboxyl PTHrP staining in the previ-
ously stained specimens had faded with time, which pre-
cluded updating the PTHrP assessment to H-scores.

Cell culture

The NCI-H358 cell line (ATCC, Manassas, VA) has been
authenticated by ongoing examination of morphology,
assessment of growth rate, and measurement of PTHrP.
Cells were grown in RPMI-1640 plus 10% fetal bovine
serum at 37°C in a humidified atmosphere of 5% carbon
dioxide, 95% air. All cell lines were tested for mycoplasma
infection using the MycoAlert kit (Lonza, Basel, Switzer-
land) within the last year and verified free of infection. Via-
bility measured with Trypan blue staining prior to manipu-
lations and experiments was >98%.

PTHrP lentiviral vectors

Mammalian expression plasmids for human prepro PTHrP
1-87 in the pCMVS5 vector (Addgene), PTHrP 1-139, and
PTHrP 33-139 had been generated previously (Tsigelny
et al. 2005) in the pci-Neo vector (Promega). After verify-
ing identity and integrity by sequencing, the PTHrP 1-87
insert was excised with restriction enzymes BglIl and
Smal, then recloned into the BamH1 and Pmel sites down-
stream of the CMV promoter in the HIV1 vector plasmid
pHIV1-CMV-RSV-Neo (Yam et al. 2002). Similarly, the
PTHrP 1-139 and PTHrP 33-139 sequences were isolated
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by Nhel and NotI digestion and inserted distal to the CMV
promoter in the same vector. Lentiviral vectors were grown
by transient transfection of 293T cells. Cells in 150 mm
dishes were co-transfected by polyethyleneimine method
with each HIV1 vector plasmid, pLP1 and pLP2 (Invitro-
gen), and pCMV-G (Yee et al. 1994). Conditioned media
were collected at day 1, 2, and 3 post-transfection, filtered
through a 0.45 uM filter, and concentrated by centrifuga-
tion in a Sorvall GS-3 rotor at 7000 rpm for 16 h at 4°C.
The resulting pellets were suspended in 10 mM Tris HCI
buffer, pH 7.8, containing 1 mM MgCl,, and 3% sucrose.
Vectors were produced by Dr. Atsushi Miyanohara of the
UC San Diego Vector Laboratory.

H358 lung cancer cells that had been maintained for
no more than 5 passages since purchase were transfected
with each of the three lentiviral PTHrP vectors or with
empty vector. Exponentially growing cells at 70% conflu-
ency were incubated with 4 pg/ml hexadimethrine bro-
mide plus lentivirus at a concentration of 2 x 10> infectious
units/1 x 10° cells in fresh media for 18 h at 37°C and then
replenished with fresh media. Transfection efficiency with
a lentiviral EGFP clone was 75%. Transfected clones were
selected with G418 and expanded. PTHrP expression was
verified by immunoassay. Cells followed for 4 weeks in
culture produced constant levels of the ectopic PTHrP over
that period.

PTHrP immunoassay

Conditioned media and cell extracts were assayed by
region-specific immunoassays for PTHrP (Deftos 2001;
Montgrain et al. 2007). Amino PTHrP was measured with
a two site fluorescent assay using a monoclonal antibody
1A5 against PTHrP 15-34 for capture, a rabbit polyclonal
antibody recognizing PTHrP 1-5 for detection, and human
PTHrP 1-34 as standard. The assay has a broad linear
range from 8 to 5000 pg/ml, in molar terms roughly 107!2
to 10~ M. Carboxyl PTHrP was measured by radioimmu-
noassay using a rabbit polyclonal antibody raised against
PTHrP 129-139 peptide in a three-day non-equilibrium
format, as described previously (Montgrain et al. 2007).
The tracer, tyr-PTHrP 109-138, was radioiodinated with
the chloramine-t method, and the standard curve was con-
structed with unlabeled human PTHrP 109-141. The mini-
mum level of detection is 1-7 pmol/L, while the intra- and
interassay variations are approximately 7-12%. The assays
have been validated by measurements of various PTHrP
standards (epitope size peptides up to full-length proteins,
peptides lacking, or including the target sequence) and
related non-PTHrP proteins (calcitonin, PTH, and chro-
mogranin). The assays do not cross-react with other pro-
teins. Furthermore, the assays accurately track changes in
PTHrP concentration caused by adding known quantities
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of exogenous peptide to lung cancer cell lysates or tissue
homogenates (Brandt et al. 1991; Deftos et al. 1993). Sam-
ples were assayed in triplicate in multiple dilutions that
paralleled the corresponding standard curve.

Cell proliferation assay

H358 cells were plated in 96-well plates at a density suf-
ficient to result in 1500 adherent cells/well after 18 h in
culture. The media was replenished at that point and cells
were allowed to proliferate for 0, 2, 4, or 6 days. Cell num-
ber was assayed at these time points based on 1 h uptake of
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS), as previously
described (Montgrain et al. 2015). Absorbance of biore-
duced compound was read at 490 nm. Standard curves
relating signal to cell number were constructed for each
cell line and time point. Results are reported based on cell
number.

Mouse xenograft model

Human lung cancer cells were harvested from subconflu-
ent cultures by brief trypsinization, washed in medium and
phosphate-buffered saline, and then suspended in serum-
free iced medium with 250 ug/mL Matrigel at a density of
2% 10* cells/uL. Viability was >95% by Trypan blue stain-
ing. Cells were kept on ice until flank implantation. Female
athymic mice at 5 weeks of age were lightly anesthetized,
and 1x10° cells in 50 pl were injected subcutaneously in
one flank through a 25-gauge needle. Female mice were
selected to be able to detect the action of carboxyl PTHrP
in the event that female gender was necessary to observe
the effect (Hastings et al. 2006; Montgrain et al. 2011).
Mice were weighed weekly and tumor width and lengths
were measured with calipers under light anesthesia. Ani-
mals were euthanatized at 5 weeks after implantation, close
to the period at which the area of control tumors reaches
1 cm?, the institutional limit. At that time, tumors were
measured, dissected from the flank, fixed in 2% buffered
paraformaldehyde, and embedded in paraffin for assess-
ment of proliferation and angiogenesis markers. Animal
studies were approved by the local institutional animal care
and use committee.

Mouse tissue processing and analysis

Tumor sections were cut at a thickness of 5 uM, mounted
on glass slides, and deparaffinized through a graded etha-
nol series. Histologic and morphologic characteristics were
assessed on slides stained with Harris hematoxylin and
eosin Y. These slides were examined for mitotic bodies as
a measure of tumor cell proliferation. Briefly, slide identity
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was masked and an evaluator counted and summed mitotic
bodies in 50 adjacent fields across the tumor at 40x mag-
nification. At this magnification, all 50 fields were filled
with tumor. Additional slides were stained by immunohis-
tologic methods for CD31, a vascular endothelial marker
to assess tumor angiogenesis. Antigen retrieval was per-
formed by soaking slides overnight in a 60 °C Tris—EDTA-
1%Tween20 bath adjusted to 9.0 pH. CD31 staining used
rabbit polyclonal antibody ab28364 (abcam, Cambridge,
MA, USA) diluted 1/50 and a goat anti-rabbit [gG H&L
Alexa Fluor 488 secondary antibody (abcam ab150081)
diluted 1/200. CD31 was evaluated on 30-adjacent 40x
magnification images of each slide. A binary threshold was
adjusted to highlight the fluorescent region and the area of
CD31 staining was measured with Image] (NIH).

Data analysis

Categorical data were tabulated as frequencies and percent-
ages, and continuous variables were reported as medians.
Relationships between categorical variables were ana-
lyzed with the chi-squared test with the Yates continuity
correction, while continuous data were compared among
groups by Wilcoxon rank test, Mann—Whitney U score,
or Kruskal-Wallis test. The impact of amino PTHrP and
carboxyl PTHrP H-score and other covariates on survival
was performed with Cox proportional hazards regres-
sion (StatView 5.0.1, SAS Institute, Cary, NC, USA) (R
Development Core Team 2004). Proliferation of cultured
cells, growth of tumor xenografts, xenograft mitotic body

Fig. 1 Histograms of H-scores
for PTHrP immunoreactivity

in TMA lung cancer speci-
mens. The upper panels show
univariate histograms for amino
PTHTP staining on the left and
carboxyl PTHrP on the right.
Both histograms include a
preponderance of tumors scor- 0
ing 0 and broad distribution of

tumors with scores above 50.

Thus, low staining was defined

as a score of 50 or below for

each PTHrP epitope. The bot-

tom graph shows amino PTHrP

and carboxyl PTHrP staining

for patients divided on the basis

of high and low tumor staining

for each epitope. The largest

group had significant staining

for both domains, but tumors in

some patients were restricted

to amino PTHrP or carboxyl

PTHrP immunoreactivity alone

50
amino PTHrP H-score

count

density, xenograft CD31 staining index, and weight of
tumor-bearing mice were compared as a function of expres-
sion of amino and carboxyl PTHrP domains, alone or
expressed together, by analysis of variance (Prism, Graph-
Pad Software, San Diego, CA, USA). The level for statisti-
cal significance was 0.05.

Results

Amino and carboxyl PTHrP expression in human lung
carcinomas TMA

Median H-scores (interquartile gap) were 120 (40-180)
for amino PTHrP and 140 (33-200) for carboxyl PTHrP
(P <0.13). Histograms of H-scores showed that the most
common result was a score of 0 in sections stained for
amino PTHrP and also in those stained for carboxyl
PTHrP. A broad distribution of tumors had scores for
either epitope above 50 (Fig. 1a). The histograms dem-
onstrate a valley separating the tumor sections into
populations with scores of 50 or less and those scoring
greater than 50. Thus, a 50 score was selected as the cut-
off for each epitope to separate specimens into those with
high and low immunoreactive staining. When individual
tumor amino PTHrP immunoreactivity was compared to
the corresponding carboxyl PTHrP staining, discordance
in scores was found in 32 patients, a third of the popula-
tion. Tumors had high H-scores only for amino PTHrP
in 15 patients, and high carboxyl PTHrP staining alone
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250 O

50 100 150 200 250
carboxyl PTHrP H-score

60
45
30
15 .
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0 amino
low PTHrP

high
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in 17 patients. Amino and carboxyl PTHrP were more
likely to be expressed together than separately. In all, 53
patients had high H-scores for both epitopes and 14 had
both scores low (Fig. 1b), significantly greater numbers
than expected if amino PTHrP immunoreactivity and
carboxyl PTHrP immunoreactivity were truly independ-
ent (X? 4.44, P=0.031).

Demographics, cancer data, and tumor PTHrP
expression

Over three-quarters of the patients represented in the
TMA were male (Table 1). Age ranged from 26 to 81
years and averaged 58 +1 years. Lung cancer histology
was squamous cell carcinoma in half the patients, ade-
nocarcinoma in 36%, and large cell or poorly differenti-
ated histology in the remainder. The majority of patients
had stage 1 or 2 disease. Tumor diameter was less than
or equal to 3 cm in over 80% of the patients and 42%
had nodal involvement, N1 in 23 patients and N2 in 19.
Amino PTHrP and carboxyl PTHrP H-scores did not
vary based on sex, age, histology, stage, tumor size, or
nodal involvement.

Survival analyses

Median follow-up time was 43 months with a range of
2-149 months. During the evaluation period, 49 patients
died as a result of their lung cancer and 57 patients died
in total, representing cancer-specific mortality and over-
all mortality, respectively. High amino PTHrP stain-
ing was associated with a univariate hazard ratio of 1.70
(0.93-3.10, 95% confidence limits) for overall mortality
(P=0.087) and 2.24 (1.12-4.48) for cancer-specific mortal-
ity (P=0.022) (Table 2). In the multivariate Cox analysis,
the hazard ratio for high amino PTHrP staining was also
significantly greater than 1 for both overall mortality and
cancer-specific mortality. The hazard ratios for high car-
boxyl PTHrP staining were less than 1 but not significantly
different from unity for any of the analyses. Stage was also
a significant predictor of mortality, but age, gender, and
histology were not. Hazard ratios for overall mortality were
1.87 (0.99-3.53) and 2.59 (1.28-5.26) for stage 2 and stage
3, respectively, and for cancer-specific mortality, the ratios
were 1.88 (0.95-3.70) and 2.93 (1.38-6.20), respectively.
Since stage, tumor size, and nodal involvement correlated
with each other, stage was the only variable out of these
three included in the multivariate analysis.

Table 1 Patient demographics versus amino PTHrP and carboxyl PTHrP expression for tissue microarrays

Factor aPTHrP aPTHrP x* P value Effect size cPTHrP cPTHrP x* P value Effect size
H<50 H>50 H<50 H>50

Total no. 31 (31.3) 68 (68.7) 29 (29.3)  70(70.7)

Gender
Female 6 (28.6) 15(71.4) 0.002  0.966 0.031 9(429) 12(57.1) 1.616  0.176 0.155
Male 25(32.1) 53(67.9) 20(25.6) 58(74.4)

Age
<60 years 16 (34.8) 30 (65.2) 0229  0.521 0.070 15(32.6) 31(674) 0208 0.516 0.068
>60 years 15(28.3) 38 (71.7) 14 (26.4) 39 (73.6)

Histology
Adeno 15(429) 20(57.1) 3383 0.184 0.182 7(20.0) 28(80.0) 2.194 0.334 0.147
Squamous 13 (25.5) 38 (74.5) 16 (31.4)  35(68.6)
Large cell 3(23.1) 10 (76.69) 2(15.4) 11 (84.6)

Stage
1 10(26.3)  28(73.7) 1.096  0.578 0.105 10 (26.3)  28(73.7) 1.096  0.578 0.105
2 12 (31.6) 26 (68.4) 12(31.6) 26(68.4)
>3 9(39.1) 14 (60.9) 9(39.1) 14 (60.9)

Tumor size
<3cm 24 (29.6)  57(70.4) 0238  0.575 0.077 22(27.2)  59(72.8) 0498  0.392 0.099
>3 cm 7 (38.9) 11 (61.1) 7 (38.9) 11 (61.1)

Lymph node involvement
No 15(26.3) 42 (73.7) 0.302 0274 0.126 14 (24.6) 43(754) 0968  0.267 0.121
Yes 16 (38.1) 26 (61.9) 15(35.7) 27 (64.3)

Data are cell number (percentage for row)
aPTHrP amino PTHrP, cPTHrP carboxyl PTHrP, H H-score
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Table 2 Relationship between PTHrP immunoreactivity and mortality of patients represented in the NSCLC tissue microarray
Factor ~ Overall survival Cancer-specific survival
Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis
Hazard ratio (95% Pvalue  Hazard ratio (95% Pvalue  Hazard ratio (95% Pvalue  Hazard ratio (95% P value
confidence limits) confidence limits) confidence limits) confidence limits)
aPTHrP
Low Reference
High 1.70 (0.93-3.10) 0.087 2.01 (1.07-3.78) 0.031 2.24 (1.12-4.48) 0.022 2.64 (1.28-5.44) 0.008
cPTHrP
Low Reference
High  0.71 (0.41-1.23) 0.224 0.58 (0.33-1.02) 0.061 0.78 (0.16-3.91) 0412 0.59 (0.00-258.0) 0.092

The TMA survival analysis was repeated counting any
PTHrP immunoreactivity above background as a posi-
tive result for either epitope, rather than using an H-score
of 50 as the cutpoint. The purpose was to match the scor-
ing framework that was used for UC San Diego lung car-
cinoma specimens (see “Follow-up investigation on previ-
ously studied UC San Diego lung carcinoma specimens”),
since it was not possible to evaluate H-scores on those sam-
ples. With these parameters, sections from 77 out of the 99
patients were amino PTHrP-positive and 74 were carboxyl
PTHrP-positive. Cox regression found that amino PTHrP
expression then carried significantly increased odds of can-
cer-specific death, 2.17 (1.00-4.73). Carboxyl PTHrP was
associated with a lower hazard ratio, 0.57 (0.31-1.03), that
did not cross the threshold for significance (P=0.061).

Follow-up investigation on previously studied UC San
Diego lung carcinoma specimens

Additional information regarding the relationships among
amino PTHrP, carboxyl PTHrP and survival was sought
with the post hoc investigation of lung carcinoma speci-
mens available from our 2006 study of carboxyl PTHrP
and lung cancer survival. The population of 207 patients
included 119 males and 88 females (Table 3). The patients
averaged 63.6+0.8 years of age with 29% being less than
60 years old. Adenocarcinomas made up 40% of the his-
tologies, 53% were squamous carcinoma and large cell
carcinoma the balance. The majority of the patients had
stage 1 or 2 disease, tumors<3 cm in diameter, and no
lymph node involvement. The tumor immunoreactivity for
amino PTHrP did not vary with any of the demographic or
cancer-related factors. Carboxyl PTHrP immunoreactivity
was more common for UC San Diego patients with higher
stage tumors (P =0.038), but did not vary with other demo-
graphic or cancer factors. Combined expression of amino
PTHrP and carboxyl PTHrP in the same tumor was found
in 62 patients, significantly higher than expected if the
two epitopes were independent of each other (P=0.009).

Amino PTHrP-positive/carboxyl PTHrP-negative tumors
occurred in 16 patients and isolated expression of carboxyl
PTHrP was found in 80 patients. Thus, discordant expres-
sion of the two epitopes existed in 46% of this group of
patients.

In univariate analyses, the hazard ratio for overall mor-
tality was 1.16 (0.90-1.49) for amino PTHrP (not signifi-
cant at P=0.24) and 0.70 (0.51-0.97) for carboxyl PTHrP
(P=0.016) (Table 4). Cancer-specific mortality was not
available for this group. When the two epitopes were com-
bined in a multivariate analysis, the amino PTHrP hazard
ratio increased to 1.32 and approached the threshold for
significance at P=0.051. The carboxyl PTHrP hazard ratio
was 0.65 (0.49-0.87) (P=0.003). Histology and stage were
also significant predictors of mortality. With squamous
carcinoma as reference, the univariate and multivariate
hazard ratios for adenocarcinoma were 0.62 (0.48-0.82)
(P<0.001) and 0.59 (0.43-0.82) (P=0.002), respectively.
With stage 1 as reference, the multivariate hazard ratios for
stage 2 and stage 3 were 2.11 (1.11-3.80) (P=0.013) and
3.24 (2.30-4.58) (P <0.0001), respectively. Age and gender
did not have a significant association with survival in the
UC San Diego patients.

PTHrP expression by lentiviral-transduced H358 cell
clones

Wild-type H358 cells produced 1.7+0.2 pg amino PTHrP/
pg cell protein and 0.84+0.1 pg carboxyl PTHrP/ug cell
protein in a 24-h period, expression levels on the lower end
for human lung cancer cell lines (Table 5). Figure 2 dem-
onstrates the augmented expression of PTHP by H358 cells
after lentiviral transduction. Cells transfected with empty
vector lacking PTHrP sequences contained low levels of
intracellular PTHrP and secreted minimal quantities of the
protein. Transduction with the PTHrP 1-87 vector and with
the PTHrP 1-139 vector increased 24-h secretion of amino
PTHrP to approximately 15 pg/ug cell protein. Transduc-
tion with the PTHrP 1-139 and with the PTHrP 33-139
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Table 4 Relationship between PTHrP immunoreactivity and mortal-
ity of UC San Diego patients with NSCLC

Factor  Univariate analysis Multivariate analysis
Hazard ratio (95% P value Hazard ratio (95% P value
confidence limits) confidence limits)

aPTHrP

Low Reference

High 1.16 (0.90-1.49) 0.241 1.32 (1.00-1.70) 0.051
cPTHrP

Low Reference

High 0.71 (0.55-0.93) 0.014 0.65 (0.49-0.87) 0.003

Table 5 Amino PTHrP and carboxyl PTHrP expression in lung can-
cer cell lines (mean =+ SE, n=3 per line)

Line Histology Amino PTHrP, Carboxyl
pg/ug PTHrP, pg/
ug
H358 Adeno 1.7+0.2 0.8+0.1
H1781 Adeno 6.7+0.8 2.0+0.2
H226 Squamous 3.6+0.4 1.6+0.1
H520 Squamous 6.6+0.4 1.8+0.1
H650 Large cell 2.8+0.4 3.9+0.1
H727 Carcinoid 33+0.2 4.4+0.1

PTHrP values are the sum of the quantity in 24-h conditioned media
plus the content of the lysed cell layer

Data are normalized to the protein content of the underlying cell layer

vector increased carboxyl PTHrP secretion to 45-50 pg/ug
cell protein. Transduction with PTHrP 1-87 vector did not
stimulate carboxyl PTHrP, and the PTHrP 33-139 vector
had no effect on amino PTHrP expression, as expected.

amino-PTHrP assay

60
Il vector

c B PTHrP 1-87
(o] 40 PTHrP 1-139
° PTHrP 33-139
_
Q
g
S~ 20 T
(@)]
D- I )

0 -

secreted internal

Fig. 2 Amino PTHrP and carboxyl PTHrP expression in H358 cell
lines transduced with lentiviral vectors. Conditioned media and
underlying cell layer were harvested after 24 h in culture to assay
PTHrP secreted into the media or remaining inside the cell. PTHrP
values for each well were normalized to the total protein content of
the cell layer within the well. The vector control line, transduced
with empty lentiviral vector, expressed negligible levels of each

Effect of PTHrP domains on H358

Lentiviral-mediated overexpression of any of the PTHrP
forms, PTHrP 1-87, PTHrP 33-139, and PTHrP 1-139,
caused H358 cells to grow slower than isogenic cells trans-
duced with lentiviral particles without a PTHrP insert. Cell
numbers for the vector group were significantly greater by
a factor of 1.33 than numbers in each of the other groups at
day 4 and day 6 (P <0.0001).

H358 cell xenograft results

Implantation of H358 cells generated tumors that could
be detected by gross observation and microscopic exami-
nation in 33 of the 35 mice. No tumors could be found
over the course of 5 weeks in 2 mice injected with cells
from the PTHrP 1-139 clone. The growth of tumors in
individual mice is plotted versus time after implantation
and shown in the top panel in Fig. 3. At week 5 after
implantation, the largest tumors were found in animals in
the PTHrP 1-87 group. The lower panel in Fig. 3 shows
the results of two-way ANOVA for time and PTHrP iso-
form on the left and a composite graph on the right show-
ing the average estimated tumor volume for each group
plotted versus time. Tumor volume increased significantly
with time and also demonstrated a significant interaction
between time and PTHrP isoform. In the graph in the
lower panel, tumors in the PTHrP 1-87 group were sig-
nificantly larger, 50-100% bigger on average, than tumors
in the vector control group at weeks 4 and 5. The other
two groups, PTHrP 33-139 and PTHrP 1-139, did not
display significant differences compared with any group.
Bars are not shown for the PTHrP 1-139 group at weeks
4 and 5 because three animals with the largest tumors

carboxyl-PTHrP assay

60

40

20
T T

0
secreted internal

domain. Amino PTHrP was increased compared to vector only in the
PTHrP 1-87 and PTHrP 1-139 groups, as expected. Similarly, car-
boxyl PTHrP increased only in the PTHrP 1-139 and PTHrP 33-139
groups. Twenty-four hour secretion of PTHrP exceeded the quantity
detected in the cells by a large margin for both domains. Data repre-
sent triplicate measurements + standard error of the mean
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Two-Way ANOVA M Vector
Source of Variation % of total variation P value gu g 0.4 1 W PTHP1-87
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Fig. 3 Time course of tumor growth for each PTHrP isoform group.
The upper row of graphs shows tumor volume (estimated from cal-
iper dimensions) plotted versus time for individual mice in each of
the groups. Line segments connect the tumor volumes for each indi-
vidual mouse from 1 week to the next. The greatest tumor volumes

in that group had been euthanized by week 4. Thus, the
weeks 4 and 5 data represented only the animals with the
slower growing tumors. In the endpoint analysis, tumors
in the PTHrP 1-87 group had almost twice the number of
mitotic bodies as tumors in the vector control (P <0.001)
and tumors in the PTHrP 33-139 group (Fig. 4). The
CD31 staining index (staining area per high-power field)
was roughly seven times greater in the PTHrP 1-87
group than in the vector control group and over twice the
magnitude of the staining in the PTHrP 33-139 group.

H358 Tumor Mitosis

P <0.01
P <0.001
60 -
(2]
k) |
o
o 404
o)
r=
2
8 204
Q
<
=
0 -

PTHrP PTHrP PTHIP
1-87 33-139 1-139

vector

Fig. 4 Effect of PTHrP isoform on lung tumor proliferation and
angiogenesis markers. Graphs show counts of tumor mitotic bod-
ies/50 high-power fields (left panel) and a staining index, % of area
with marker immunofluorescence, for CD31, an endothelial marker,
for mice bearing control tumors with low PTHrP (n=6), and tumors
overexpressing PTHrP 1-87 (n=9), PTHrP 33-139 (n=7), and
PTHrP 1-139 (n=6). PTHrP 1-87 expressing tumors had higher
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weeks after tumor implantation

were observed for mice in the PTHrP 1-87 group. On average (lower
graph), the PTHrP 1-87 group had significantly higher volumes
than did the vector control group at week 4 (P<0.05) and week 5
(P <0.01). Three mice in the PTHrP 1-139 group died by week 4

Mitotic bodies and CD31 index were not significantly
increased in the PTHrP 1-139 group. Mouse weight
increased for all four groups for the first 3 weeks after
tumor implantation, but slowed for the PTHrP 1-87 and
PTHrP 1-139 tumor groups compared to the other groups
in subsequent weeks (Fig. 5). At week 5, animal weights
for mice in the PTHrP 1-87 group and the PTHrP 1-139
group were lower than weights in the other groups. The
PTHrP 1-87 group average weight differed significantly
from the control group at week 5 (P <0.05).

H358 Tumor CD31
15000+ P <0.01

x P<0.01 T
[0}
©
£ 10000+
2
£
©
9 5000 -
®
[m)]
(@]

0 -

vector PTHrP  PTHP PTHrP

1-87 33-139 1-139

numbers of mitotic bodies than control tumors (P=0.001), PTHrP
33-139-positive  tumors (P=0.001), and PTHrP 1-139-posi-
tive tumors (P=0.109, non-significant). PTHrP 1-87 expressing
tumors also had a greater CD31 staining index than control tumors
(P=0.001), PTHrP 33-139-positive tumors (P=0.001), and PTHrP
1-139-positive tumors (P =0.065, non-significant)



J Cancer Res Clin Oncol (2017) 143:1395-1407

1405

¥ PTHrP 33-139 n=9
PTHrP 1-139 n=6-9

T = vector n=8
26 -4 PTHrP 1-87 n=9

=

=

**

Mouse Weight (g)

-
@

weeks after tumor implantation

Fig. 5 Mouse weights over time based on tumor PTHrP expression.
Mouse weight increased progressively with time over the 5 week after
tumor implantation for the vector control mice. Growth slowed after 3
week for the PTHrP 1-87 and PTHrP 1-139 mice, and weights were
2-3 g less at week 4 and week 5 for mice in those groups on average
than for mice in the control group (P <0.01 for vector versus PTHrP
1-87 group)

Discussion

The first goal of this study was to reconsider the results of
two previous papers, one indicating that carboxyl PTHrP
was a positive prognostic indicator for survival in female
patients with NSCLC (Hastings et al. 2006) and the other
reporting that amino PTHrP was a negative survival factor
in lung adenocarcinoma (Monego et al. 2009). Our prem-
ise was that both results could be valid because full-length
PTHrP can be processed into smaller entities containing
either the amino or the carboxyl PTHrP domain alone. In
fact, 30—40% of the NSCLC tumors we evaluated expressed
only one PTHrP domain. The TMA study then tested the
survival implications of both amino PTHrP and carboxyl
PTHrP. The multivariate analysis found that amino PTHrP
was a significant predictor of mortality with hazard ratios
of 2.0 for overall mortality (P=0.031) and 2.6 for cancer-
specific mortality (P=0.008). Carboxyl PTHrP had hazard
ratios less than 1 for overall and cancer-specific mortality,
but neither case reached statistical significance (P=0.061
and P=0.092). Similar conclusions were drawn from a
Cox analysis that counted any PTHrP immunoreactivity
as a positive result, as we had done in our earlier publica-
tions regarding carboxyl PTHrP (Hastings et al. 2006).
Thus, the TMA study supported previous findings by Mon-
ego and colleagues that tumor staining for amino PTHrP
was associated with an increased risk of mortality in lung
adenocarcinoma.

Our previous study on tumor specimens from UC San
Diego (Hastings et al. 2006), as well as a confirmatory sec-
ond publication (Montgrain et al. 2011) had identified car-
boxyl PTHrP as a positive prognostic indicator in NSCLC.
Here we have conducted a post hoc assessment of amino
PTHIP in a large subset of those tumors. The multivariate

hazard ratio for amino PTHrP was 1.32, missing the thresh-
old for significance by a small margin at P=0.051. Car-
boxyl PTHrP remained a positive prognostic indicator with
a hazard ratio of 0.65 (P=0.003). Thus, amino PTHrP
appears as a survival factor for NSCLC in some studies, the
Monego article (Monego et al. 2009) and our TMA study,
while carboxyl PTHrP is the predominant survival marker
in our two previous studies (Hastings et al. 2006; Mont-
grain et al. 2011). The relationship between tissue PTHrP
staining and lung cancer patient survival may change with
the patient population or the study conditions. Findings
may be affected by patient demographics, including gender,
cancer histology and other characteristics, covariate risk
factors, and the methods used for specimen preparation and
staining.

The cell culture and mouse xenograft platforms enabled
controlled expression of specific PTHrP forms under repro-
ducible experimental conditions. In cell culture, overex-
pression of all three PTHrP forms reduced H358 cell prolif-
eration measured by MTS compared to cells that expressed
little of either PTHrP domain. This result is consistent with
the outcome of PTHrP 1-87 overexpression in H1944 lung
adenocarcinoma cells from previous studies (Hastings et al.
2009; Montgrain et al. 2015). In H1944 cells, PTHrP 1-87
activated a protein kinase A-dependent process, increased
expression of p27(Kipl), and decreased activity of cyclin-
dependent kinase-2. Mid-molecule PTHrP and carboxyl
PTHrP-terminal PTHrP have demonstrated inhibitory
effects on cell growth elsewhere. For example, PTHrP
67-86, PTHrP 38-94, and PTHrP 107-139 are anti-mito-
genic in breast cancer cells (Luparello et al. 1997, 1995,
2001). All of these peptides are contained within PTHrP
33-139 and PTHrP 1-139 and could have been the active
inhibiting agents in H358 cells expressing those PTHrP
forms in our experiments. One would not be surprised to
find that mid-molecule and carboxyl PTHrP had similar
effects to amino PTHrP. All three domains stimulate sec-
ond messengers that are consistent with action through a G
protein-coupled receptor (Orloff et al. 1994, 1996; Whit-
field et al. 1994).

Xenografts formed with PTHrP 1-87 overexpressing
H358 cells demonstrated significantly faster growth than
did tumors formed with vector-transfected cells. The den-
sity of mitotic bodies was greater in PTHrP 1-87 overex-
pressing tumors than in controls, suggesting increased
cell proliferation, and the CD31 staining index was also
increased, suggesting increased angiogenesis compared to
control tumors. Increased tumor growth in the PTHrP 1-87
group is paradoxical since PTHrP 1-87 expression inhib-
ited H358 cell proliferation in cell culture. Amino PTHrP
generated by the H358 cell xenografts could conceivably
interact with the tumor microenvironment to stimulate
tumor progression and dominate over any autocrine effect
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of amino PTHrP on H358 cell proliferation. In contrast
to PTHrP 1-87, PTHrP 1-139, and PTHrP 33-139 over-
expression did not significantly augment tumor growth,
mitotic bodies, or CD31 staining compared to the control
group with no PTHrP overexpression.

The absence of a stimulatory effect of PTHrP 1-139
on tumor growth was unexpected. This full-length iso-
form includes the amino PTHrP sequence recognized by
the PTHrP receptor and other investigators have found that
PTHrP 1-139 has an ability similar to that of PTHrP 1-34
to stimulate cAMP in primary vascular smooth muscle
cells and UMR106 osteoblast cells (Wu et al. 1993). In our
study, mice in the PTHrP 1-87 group and the PTHrP 1-139
group displayed similarly decreased weight compared to
the control group and the PTHrP 33-139 group toward the
end of the 5 week period (Fig. 5), an effect we attribute to
the propensity of amino PTHrP-PTHrP receptor interac-
tions to promote cachexia (Kir et al. 2014, 2016). Thus, the
weight data provide circumstantial evidence for increased
amino PTHrP receptor activation in both the PTHrP 1-87
and the PTHrP 1-139 groups.

The action of carboxyl PTHrP domains that are not pre-
sent in PTHrP 1-87 could provide an alternative explana-
tion for the lack of tumor growth acceleration in the PTHrP
1-139 group. An anti-mitogenic autocrine effect of car-
boxyl PTHrP on H358 cell proliferation, as suggested by
the cell culture MTS experiments, might balance a stimula-
tory effect of amino PTHrP mediated through tumor micro-
environment, but we have no evidence supporting that
mechanism at this time. It does appear that the presence of
carboxyl PTHrP opposes the pro-malignant action of amino
PTHrP in H358 cell lung cancer xenografts.

In summary, this investigation supports an association
between lung carcinoma amino PTHrP expression and an
increased risk of death, as first observed by Monego and
colleagues (Monego et al. 2009). In mouse studies, amino
PTHrP stimulated lung carcinoma xenograft growth, con-
sistent with the human studies, but the presence of carboxyl
PTHrP in the xenografts reversed the growth effect. In fact,
previous human studies have found a decreased risk of
death in association with carboxyl PTHrP expression (Hast-
ings et al. 2006; Montgrain et al. 2011). Thus, the impact of
PTHrP expression on lung cancer growth and survival may
depend on epitope expression and other contextual factors.
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