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Abstract

Protein tyrosine kinase-7 (PTK7) was recently identified as a surface protein expressed on
hematopoietic cells. To determine if PTK7 is a useful biomarker in clinical practice for acute
leukemia immunophenotyping and detection, we examined the PTK7 expression in human bone
marrow and thymic specimens. Our results show that PTK7 expression in normal thymic T cells is
tightly regulated during the maturational process, but in T cell acute lymphoblastic leukemia (T-
ALL) the expected temporal relationship of expression between PTK7 and other maturational T
cell markers is lost or disrupted. In addition, nearly all T-ALL cases expressed higher PTK7 levels
than mature T cells in the human bone marrow specimens. Therefore, in conjunction with other T
cell markers, PTKY7 has utility as a biomarker for detecting minimal residual disease of T-ALL in
the bone marrow.

Keywords

acute myelogenous leukemia; T cell acute lymphoblastic leukemia; aptamer; PTK7; and flow
cytometry

Introduction

Cancers behave differently due to differences at the molecular levels. Development of new
molecular biomarkers to detect tumor cells can enhance diagnosis and tailor personalized
individual therapy. To facilitate the discovery of potential new biomarkers, a cell-based
method of Systematic Evolution of Ligands by Exponential enrichment (SELEX) was
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developed to use live tumor cells as targets to select specific DNA aptamer probes (1-3). In
previous studies, we used cultured T-ALL cells as targets to develop specific DNA aptamer
probes. One of the selected DNA aptamer probes, Sgc8, was further labeled as a probe to
enrich and to identify its target membrane protein, PTK7 (4).

PTK?7, also known as colon carcinoma kinase-4 (CCK-4), is a receptor protein tyrosine
kinase-like molecule that contains a catalytically inactive tyrosine kinase domain (5). PTK7
was first identified in melanocytes (6, 7), and was shown to have high expression levels in
several tumors, including colon, gastric and lung cancers (8-11). PTK7 was found to play a
role in regulating neural development and planar cell polarity in vertebrates (12, 13) and in
morphogenetic cell movements during embryonic development (14-16). PTK7-deficient
cells exhibited weakened B-catenin/T-cell factor transcriptional activity on Wnt3
stimulation, indicating that PTK7 acts as an important conserved modulator of multiple Wnt
pathways in normal and possibly pathological conditions, including cancer (14, 17-19).

Recently, PTK7 expression has been identified in normal hematopoietic and acute
myelogenous leukemia (AML) cells, and as an independent prognostic survival factor in
AML patients treated with induction chemotherapy (20). In this study, we examined PTK7
expression levels in bone marrow hematopoietic cells, immature thymic T cells, acute
lymphoblastic leukemia (ALL) cells, and AML cells to explore whether PTK7 has
biomarker potential for immunophenotyping maturing thymic T cells and T-ALL cells, and
for T-ALL minimal residual disease detection after chemotherapy.

Materials and methods

Sample collection and initial preparation

All clinical samples were submitted for pathological evaluation to the Shands Hospital
Hematopathology Laboratory, University of Florida (UF), Gainesville, Florida, United
States (USA). The studies were approved by the UF Institutional Review Board. The
presented data includes nine cases of precursor B cell acute lymphoblastic leukemia (B-
ALL), twenty-three cases of precursor T-ALL, and nineteen cases of AML. Fourteen cases
of non-malignant human bone marrow and ten cases of normal thymi were also used for the
studies. For comparison of PTK7 levels in non-treated and treated T-ALL cases, all post-
therapy data were collected after bone marrow recovery, which ranged from 4 weeks to one
year after therapy.

Bone marrow and peripheral blood samples were received in EDTA. Thymic or lymphoid
tissues were received fresh, and cell suspensions were prepared according to established
protocols by mincing the tissue with scalpels in RPMI media. Erythrocytes in all specimens
were lysed by incubating with lysing solution (15 mM NH4CI, 1.0 mM KHCO3, 10 mM
EDTA, and pH 7.4) for 10 min at room temperature. The cells were then resuspended in
phosphate-buffered saline with 0.1% NaN3 (PBS), and washed twice in PBS.

Cell surface staining, data acquisition and data analysis

The fluorochromes used include allophycocyanin (APC), fluorescein isothiocyanate (FITC),
phycoerythrin (PE), and peridinin chlorophyll protein (PerCP). The Anti-PTK7-PE antibody
(clone 188B, Miltenyi Biotec, Germany) was used for the determination of PTK7 expression
levels in combination with other fluorochrome-conjugated monoclonal antibodies in the
following combinations (FITC-PE-PERCP-APC): CD10-PTK7-CD45-CD19, CD1A-PTK7-
CD3-CD7, CD1A-PTK7-CD4-CD8, CD1A-PTK7 CD2-CD7, CD1A-PTK7-CD5-CD3,
CD11b-PTK7-CD45-CD34, and CD34-PTK7-CD45-CD117. PTK7-APC was added in later
for detecting T-ALL-MRD in order to make panels according to phenotypes of individual T-
ALL cases. The commonly used panels for T-ALL detection are CD4-CD8-CD3-CD7,
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CD5-CD7-CD45-CD3, CD2/CD5-CD7-CD123-PTK7 and CD1a-CD7-CD45-CD117/CD34.
The anti-PTK?7 antibodies have been tittered to optimize signal-to-noise ratio. In addition,
we used many other antibodies (CD34, CD117, CD13, CD11b, CD33, HLA-DR, CD11c,
CD38, CD19, CD20, CD10, CD23, CD1a, CD2, CD3, CD5, CD4, CD8, CD7, CD56, CD57,
CD15, CD14 or CD64) in our clinical panels to aid identify different cell populations.

Cells (3 x 10°) were incubated with fluorophore-conjugated antibodies in 200 ! of Hanks
balanced salt solution (Mediatech Cellgro, Herndon, Virginia, USA) with 5% human AB
serum (Bio-Whittaker, Walkersville, Maryland, USA) for 15 minutes on ice without light
exposure. Subsequently, the cells were washed twice with PBS by centrifugation at 500¢ for
5 minutes and resuspended in a final volume of 250 L of PBS. Four-color Flow cytometry
was performed using a FACScalibur flow cytometer (Becton Dickinson [BD], San Jose,
California, USA) equipped with a 488-nm argon laser, a 635-nm diode laser, and CellQuest
software (BD). Thirty-thousand events were collected for thymic or lymphoid tissue
specimens, and 300 000 events were collected for bone marrow or peripheral blood
specimens. Daily calibration of the instrument was performed using standardized
CaliBRITE Beads (BD) with FACSComp Software (BD).

The data analysis was performed using FCS Express software (De Novo Software, Los
Angeles, California, USA, http://www.denovosoftware.com/site/FCSExpress.shtml). Initial
cell subpopulations were established using the levels of CD45 expression and side-scatter
(SSC) properties (21, 22). For normal bone marrow, different subpopulations were identified
based on their surface immunophenotype and light scatter properties as follows: immature B
cells were defined as the CD19+/CD10+, dim CD20+ or CD20-, and dim CD45+
population, the myeloblasts as the CD34+ and CD117+ population; the monocytes (mature
and immature) as the CD64+, CD14+, bright CD45+ with intermediate SSC population,
granulocytes (mature and immature) as CD15+, CD34-/CD117- with high SSC population,
and the mature lymphocytes as the CD20+ or CD3+, bright CD45+ with low SSC
population. The leukemic cells in clinical specimens were defined according their
immunophenotypes generated for clinical diagnosis, through panels containing four-color
combinations of 27-35 antibodies covering multiple T, B or myeloid antigens. The
geometric mean fluorescence intensity (MFI) and standard deviation (SD) of PTK7 or
isotype controls were determined for individually gated subpopulations.

For mixing studies, we spiked variable numbers of T-ALL cells into normal human bone
marrow samples to assess whether PTK7 can aid the detection of T-ALL cellsin a
background of normal bone marrow cells. Antibodies against PTK7, T cell antigens, CDA45,
CD123 and CD34 are used for flow cytometry studies and 500 000 events are collected.

Statistic analysis

Results

GraphPad Software (San Diego, California, the United State) was used for statistical
analyses. The t test and One-way Analysis of Variance (ANOVA) test was used to compare
PTKY levels of the different cell populations and corresponding isotype controls. The paired
t test was used for the comparison of PTK7 levels before and after therapy. Unless stated
otherwise, results are given as mean + SD.

Expression of PTK7 by maturing hematopoietic cells and acute leukemia cells

To determine if PTK7 can be used as a biomarker for immunophenotyping immature T cells
or acute leukemia, we first determined if PTK7 is selectively expressed in different human
bone marrow cell populations. Using flow cytometry and fluorescence-conjugated
antibodies, we were able to separate the bone marrow cells into multiple subpopulations
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(CD34* myeloblasts, maturing erythroid precursors, maturing granulocytes, maturing
monocytes, immature B cells and mature lymphocytes), and were able to determine the
PTK7 expression levels of each subpopulation. As shown in Figure 1, PTK7 expression was
primarily seen on CD34*/CD117* early myeloid progenitor cells and to lesser extent on
early immature B cells. The maturing erythroid, granulocytic, monocytic, mature B- and T-
cells did not show significant expression of PTK?7, indicating that the expression of PTK7 is
markedly decreased during maturation. Subsequently, we compared the levels of PTK7
expression in the three major types of acute leukemia cases and their normal counterparts in
human bone marrow. Variable levels of PTK7 expression were noted in all three major types
of acute leukemia: B-ALL, T-ALL and AML cases (Figure 2) and it is difficult to use PTK?
expression levels to differentiate B-ALL or AML cells from their normal counterparts,
normal immature B precursors or CD34+ myeloid precursors, respectively. However, nearly
all of the studied T-ALL cases had significantly higher PTK7 expression levels than those of
normal mature T cells in bone marrow (P<0.01) (Figure 2). Notably, immature T cell
precursors with detectable PTK7+ were not identified in the normal human bone marrow
specimens. In addition, we compared PTK7 expression in non-treated and treated T-ALL
cases, and the PTKY levels of T-ALL cells following therapy were not changed significantly
(Figure 3).

Expression of PTK7 by normal human thymic immature T precursors and T-ALL cells

Due to the fact that virtually all of the T-ALL cases studied invariably expressed PTK7, we
examined the PTK7 expression of immature T cells in normal human thymus. Figure 4A
illustrates immature human T cells at different maturational stages in a typical fresh thymic
specimen. The normal mature and immature T cells are well separated in the histogram plot
of PTK7 vs. CD1a (Figure 4A). The immature T cells in the early stage of maturation
express relatively high levels of PTK7, CD34, and dim CD1a without expression of CD4 or
CD8 (red dots in Figure 4A). The immature T cells in the mid-stage of maturation show
relatively consistent levels of PTK7 with decreased levels of CD34 and increased levels of
CD1a, CD4 and CD8 (green dots in Figure 4A). The immature T cells in the late stage of
maturation express PTK7, CD4 and CD8 with decreasing levels of CD1a (Olive dot in
Figure 4A). During the process of T cell maturation, the immature T cells gradually gained
CD3 and lost CD1a and PTK7 (Figure 4B)

As shown in Figure 4C, T-ALL arising in the thymus had different expression patterns of
PTK7, CDlaand T cell antigens, The levels and/or temporal relationship of PTK7, CD1a, or
T cell antigen expression as seen in normal maturing thymic T cells is lost in T-ALL cells.
We compared the expression of PTK7 and CD1a in eighteen T-ALL cases. Almost all T-
ALL cases expressed PTK7; however, only a subset of the T-ALL cases expressed
significant levels of CD1a (Figure 5). Thus, the differential expression patterns formed by
PTK? and CD1a or other T cell antigens will not only be valuable for the evaluation of the T
cell maturation process, but also can be used to differentiate non-malignant immature T cells
from T-ALL cells.

Using PTK7 as a biomarker to aid detection of T-ALL in clinical specimens

PTK7 may potentially be used as a biomarker for detecting T-ALL cells in bone marrow
specimens and thymic tissues for two reasons: 1) A significant number of immature T cells
is not detected in human bone marrow specimens by routine clinical flow cytometry
analysis, and 2) PTK7 is more consistently expressed in immature T cells of different
maturational stages than CD34 or CD1a. To assess whether PTK7 can be used in flow
cytometry panels to detect a low frequency of T-ALL cells, we spiked variable numbers of
T-ALL cells into normal human bone marrow specimens, and detected T-ALL cells against
the background of normal bone marrow cells. As illustrated in Figure 6, a panel of
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monoclonal antibodies including PTK7 can detect as low as 0.03% T-ALL cells. As
increasing numbers of T-ALL cells were added, tight clusters of T-ALL cells can be easily
identified via the sequential gating of mononuclear cells, T cells, and CD34+/PTK+ cells
(Figure 6).

Following chemotherapy, we used PTK7 and other T cells markers in flow cytometry panels
to detect residual T-ALL cells in patients’ clinical specimens. The histograms in Figure 7
illustrate three examples utilizing PTK7 and other available surface markers for residual T-
ALL detection. In combination with other T cell markers, PTK7 helps separate immature T
cells from normal mature T cells and other cell populations before (Figure 7A) and after
therapy (Figure 7B). It is necessary to use PTK7* in combination with antibodies for T cell
antigens in order to demonstrate the aberrant expression of PTK7 or T cell antigens. For
instance, the CD45 expression of the PTK7*/CD5* cells (red) is much lower than that of
mature T cells (blue) (Figure 7C). Also, CD123 may be used to exclude PTK7+ dendritic
cells because the plasmacytoid dendritic cells express high levels of CD123 (23) and a small
number of CD123+ plasmacytoid dendritic cells in bone marrow may express PTK7 with
dim CD7 (Figure 7D).

Discussion

PTK?7 was initially identified in non-hematopoietic cells, and it was shown to regulate cell
migration and planar cell polarity (12, 13). Increasing evidence suggests the role of the
planar cell polarity receptor PTK7 in hematologic diseases (20, 24, 25). We were
incidentally led to PTK7 when it was identified as a target protein of the Sgc8 DNA aptamer
that was selected, to recognize a T-ALL cell line (CCRF-CEM) (4). A recently published
study showed PTK7 was expressed in more than two-thirds of AMLSs, and its expression was
correlated with myeloid lineage differentiation. In addition, PTK7 expression was correlated
with increased resistance to apoptosis in leukemic cell lines and primary AML blasts (20). In
the current study, we compared PTK7 expression levels in normal bone marrow precursors
and acute leukemia cells of all three lineages (AML, B-ALL and T-ALL). In addition to
confirming earlier results by other investigators (20), we demonstrated that PTK7 was
expressed in early immature B precursors in human bone marrow and in immature T cells in
the thymus. We have also shown that the expression of PTK7 in B-ALL and AML cases
varied significantly.

Even though PTK?7 is a protein marker that is found in multiple subpopulations of
hematopoietic cells, it can still be a useful biomarker in clinical practice. There are few
biomarkers that are exclusively expressed in a single type of hematopoietic cells and that
can be used to distinguish leukemic cells from their normal counterparts. In clinical practice,
we often rely on recognizable patterns of surface protein expression and the temporal
relationships between multiple biomarkers to build windows to distinguish leukemic cells
from normal cells. For instance, most flow cytometry laboratories use the combination of
CD38, CD56 and CD45 to detect neoplastic plasma cells in myeloma patients, despite that
CD56 is a typical marker used for NK cells. Neither CD38 nor CD56 are specific for bone
marrow cells, but the majority of neoplastic plasma cells display coexpression of CD38 and
CD56. Therefore, CD56, a commonly used NK cell marker, can be used for the detection of
myeloma cells in clinical practice in conjunction with other markers.

Since PTKY is expressed in normal bone marrow cell subpopulations (early B cell and
myeloid precursors), it is difficult to use PTK7 as a biomarker to separate leukemic cells of
B-ALL or AML from normal bone marrow precursors unless the leukemic cells show
markedly increased or decreased levels of PTK7. However, the situation is quite different in
the setting of T-ALL. Although the early T cell precursors are thought to be present in bone
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marrow before they migrate into thymus, PTK7+ immature T cells are virtually non-
detectable in human bone marrow specimens at the level of clinical flow cytometry studies.
In addition, regardless of their origin (e.g. blood, bone marrow, or thymus), leukemic cells
from nearly all T-ALL cases expressed higher levels of PTK7 than those of mature T cells in
the human bone marrow specimens, and the PTK?7 levels of T-ALL cells were not changed
significantly after chemotherapy. Thus, the differential expression of PTK7 on T-ALL and
bone marrow mature T cells creates a window for us to use combination panels, including
PTK7 and T cell markers, to separate the T-ALL cells from normal bone marrow cells. This
was supported by the mixing studies we performed by spiking different numbers of T-ALL
cells into normal human bone marrow samples (Figure 4). In these studies, the analysis of
PTK7 expression aided us to detect low levels of T-ALL cells in a background of normal
bone marrow cells. Under the same principle, one may use CD1a, CD34, and other T cells
antigens to detect T-ALL cells in bone marrow specimens. Unfortunately, we often see in
our clinical practice that many T-ALL cases lack expression of immature T cell markers,
such as CD1a, CD34 or CD117. In addition, we also demonstrated the PTK7 expression of
immature thymic T cells and its temporal relationship with CD34, CD1a, and T cell
antigens. PTKY is expressed by very early precursor T cells (CD34+, CD4- and CD8-) and
cortical immature T cells (CD34-, CD4+ and CD8+). In our clinical practice, knowing the
temporal relationship between PTK7 and CD1a or other T cells antigens during T cell
maturation helps to differentiate T-ALL cells from non-malignant immature thymic T cells
in thymic specimens. Thus, PTK?7 is a useful marker that enhances our detection of T-ALL
minimal residual disease.

It should be noted that the detection of minimal residual disease of acute leukemia is still a
challenging process in clinical practice because aberrant antigens may be expressed
differently in each leukemia case. Most importantly, the development of new biomarkers
creates an opportunity for us to distinguish leukemic cells from normal cells, aiding
leukemia diagnosis, prognosis, follow-up, and the eventual evolution into targeted therapy.
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Figure 1.

PTK7 expression in non-malignant human bone marrow cells. The MFI and SD of PTK7 are
shown for the individual cell populations. CD34+M: CD34" myeloblasts; IMM B: immature
B cells; GRAN: granulocytes; MONO: monocytes; LYMPH: mature lymphocytes; and
ERYTHRO: nucleated erythroid precursors. Error bars indicate SD; ** P<0.01

Leuk Res. Author manuscript; available in PMC 2013 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Jiang et al.

Page 9

500+ *
400+ -
0
)
.
~ [ X J @
'§ 200+ ¢! oo *l,
a o T 4 fhd
100~ | ¢ 3
| &
e »
0--oupme. ¥ T T :
> v Q O QD N4
& o L o X N
\;\ A & Q S
Figure 2.

Comparison of PTK7 expression in mature lymphocytes, non-malignant precursor cells and
acute leukemia cells. The PTKY fluorescence levels for subpopulations of individual cases

are illustrated. LYMPH: mature lymphocytes; CD34+M: CD34* myeloblasts; and IMM B:
immature B cells. Error bars indicate SD; * P<0.05; **P<0.01.
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Figure 3.

Comparison of PTK7 levels in T-ALL cases before and after therapy. The PTK7 MFI of
individual cases is illustrated. The paired t-test was used for the comparison of PTK7 levels
before and after therapy. The two-tailed P value is 0.3588, considered not significant.

Leuk Res. Author manuscript; available in PMC 2013 November 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Jiang et al.

Page 11

HUMAN THYMIC CELLS || HUMAN THYMIC CELLS || HUMAN THYMIC CELLS
10!

10! 'Y

CD1a FITC
CD8 APC
CD1a FITC

0
10
10” 10' 10 10° 10

CD34 APC

JEE
10
10" 10" 10 10° 10!

CD4 PerCP

o
10
10° 10' 10 10* 10|

PTK7-PE

B HUMAN THYMIC CELLS || HUMAN THYMIC CELLS || HUMAN THYMIC CELLS
-

10

O .
= E 2 10% g
TS <
] Q 107 3 107
= =
Q o 1o Q
(5] y ; A (8]
10° 10" 10% 10* 10 10° 10! 10* 10° 10! 10° 10" 10 10° 10!
CD3 PerCP CD3 PerCP CD3 PerCP
C T-ALL IN THYMUS T-ALL IN THYMUS T-ALL IN THYMUS
O 1° :
w E .
o w 1 Sas
a < 0] R G
— T oo =
O (=] & a2 | a
(§) _102 . 73
-10%10% 10° 10* 10° -10% 10° 10 10° 40% 10° 10* 10°
CD7 APC CD5 PERCP

Figure4.

PTK7 Expression in non-malignant immature thymic T cells and T-ALL cells. (A): The
non-malignant thymic T cells are separated according to CD1a and PTK?7 levels into early
stage (red), mid stage (green), late stage (olive) and mature T cells (blue). The expression of
CD4, CD8 and CD34 of T cells each stage is also shown. (B): The temporal relationship
between the expression levels of CD3, CD1a, PTK7 and CD34. (C): The immunophenotype
of a representative case of T-ALL cells (cyanide) arising in thymus is shown.
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Figureb5.

Comparison of PTK7 levels and CD1a expression in T-ALL cases. The leukemia cells were
selectively gated according to their immunophenotype generated by clinical flow cytometric
analysis. The MFIs of PTK7 or CD1a expression of individual T-ALL cases are illustrated.
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Detection of T-ALL cells spiked into normal bone marrow cells. T-ALL cells are mixed into
normal human bone marrow cells to final concentrations of 3%, 0.3% and 0.03%. T-ALL

cells (green) are identified from the background normal cells by sequential gating on

mononuclear cells, T cells and CD34+/PTK7+ cells.
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Figure7.

Using PTKY as a biomarker for immunophenotyping and detecting T-ALL in human bone
marrow specimens. T-ALL cells in all of the histograms are identified and shown as red
dots. (A) and (B) show a representative case of T-ALL, (A): Before therapy and (B): After
therapy. (C) and (D) show residual T-ALL cell detection in the bone marrow specimens of
two other representative cases. Because the expression of T cell antigens differs in
individual T-ALL cases, different immunophenotypic panels and gating strategies were
applied to detect the residual T-ALL cells.
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