
Circulating Ki-67 protein in plasma as a biomarker and
prognostic indicator of acute lymphoblastic leukemia

Jean-Marie Bruey1,*, Hagop Kantarjian2, Zeev Estrov2, Zhong Zhang1, Wanlong Ma1, Ferras
Albitar1, Adam Abdool1, Deborah Thomas2, Chenhsiung Yeh1, Susan O'Brien2, and Maher
Albitar1

1Hematology, Quest Diagnostics Nichols Institute, San Juan Capistrano, CA

2Leukemia Department, MD Anderson Cancer Center, University of Texas, Houston, TX

Abstract

Tissue-based determination of Ki-67, a marker of cellular proliferation, has shown prognostic

value in solid tumors and hematological malignancies. We developed and validated an

electrochemiluminescence-based method for sensitive measurement of circulating Ki-67 in plasma

(cKi-67). This assay demonstrated significantly higher levels of cKi-67 in patients with newly

diagnosed acute lymphoblastic leukemia (ALL) (n=27; median, 762; range, 0-4574 U/100 μL)

than in healthy control subjects (n=114; median, 399; range, 36-2830 U/100 μL). Moreover,

elevated plasma cKi-67 was associated with significantly shorter survival in ALL patients

(P=0.05). These findings suggest that Ki-67 can be detected in circulation and has potential for use

as a biomarker for predicting clinical behavior in ALL.
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1. Introduction

The expression of Ki-67 protein is associated with cell proliferation [1]. Ki-67 protein is

present during all active phases of the cell cycle, G1, S, G2, and mitosis, but is absent from

resting cells (G0). This property makes it an excellent marker for determining the growth
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fraction of a cell population [2]. Ki-67 protein is well characterized on the molecular level

and extensively used as a proliferation marker. Although its functional significance remains

unclear [3, 4], it has been reported to be a good prognostic factor in various cancers [5-10].

Acute lymphoblastic leukemia (ALL) is a common malignancy in childhood and has a cure

rate of around 80% with current treatments [11, 12]. In adults, ALL incidence peaks around

the age of 50, and long-term survival remains poor. Identification of biomarkers that better

predict clinical behavior of ALL represents an important clinical need that could provide

information for devising new therapeutic approaches.

Uncontrolled proliferation is a common feature of ALL and correlates with the expression of

the nuclear protein Ki-67. Although Ki-67 expression has prognostic value in solid tumors

and hematological malignancies, current Ki-67 assays require tumor tissue samples normally

obtained from biopsies, an expensive and invasive procedure. In this paper we show for the

first time that Ki-67 circulates in plasma and can be measured using a newly developed

electrochemiluminescence-based enzyme immunoassay. We used this plasma-based

approach to explore the prognostic relevance of circulating Ki-67 (cKi-67) in hematologic

disease, using ALL as a model.

2. Materials and methods

2.1. Cell lines

Cell lines were obtained from ATCC (Manassas, VA) and were maintained in RPMI 1640

supplemented with 10% FCS (Hyclone, Tulare, CA), 1 mmol/L L-glutamine, and antibiotics

(streptomycin/penicillin). Cells were cultured at 37 °C in a humid atmosphere with 5% CO2.

2.2. Patients and Samples

Plasma samples were collected from patients with newly diagnosed ALL (n = 27 patients) at

The University of Texas MD Anderson Cancer Center (Houston, TX) according to an IRB-

approved protocol, after informed consent was obtained according to institutional

guidelines. Blood samples were collected 1 or 2 days prior to commencement of

chemotherapy. After separation, plasma was stored at −70 °C.

2.3. Reagents

Ninety-six-well small-spot coated anti-mouse plates, Tris wash buffer, Tris lysis buffer,

blocker A, Read Buffer T, and antibody diluent buffer were obtained from Meso-Scale

Discovery (MSD; Gaithersburg, MD). HL60 lysate was obtained from Novus. Protease

inhibitor cocktail set III was from EMD Biosciences (San Diego, CA). Antibodies were

obtained from various sources: anti mouse Ki-67 antibody clone 7B11 from Invitrogen

(Carlsbad, CA); anti-rabbit Ki-67 antibody clone H300 from Santa Cruz (Santa Cruz, CA);

anti PCNA (Cell signalling, Danvers, MA) goat anti-chicken antibody from Rockland

(Gilbertsville, PA); anti-rabbit SULFOTAG from MSD; and anti-mouse and rabbit HRP-

conjugated antibodies from Bio-Rad Laboratories (Hercules, CA).
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2.4. Protein extracts

Whole-cell protein extracts were prepared by lysing 1–2 × 107 cells in RIPA buffer (10 mM

Tris pH 7.5, 150 mM NaCl, 1% NP40, 0.1% SDS, 1% deoxycholic acid, 1 mM Na-

orthovanadate, 1 mM NaF, 100 μg/ml phenylmethylsulfonyl fluoride/PMSF/, 10 μg/ml

leupeptin, and 10 μg/ml aprotinin) for 30 min on ice. Lysates were centrifuged at 12,000

rpm for 15 min and the supernatant was collected. Protein concentration was assessed by

means of the Bio-Rad assay method.

2.5. Immunoblot analysis

Cell lysates were prepared in RIPA buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton

× 100, 0.5% deoxycholate, 0.1% SDS, 5 mM EDTA) containing protease inhibitors

(Complete Protease Inhibitor Cocktail Tablets; Roche Applied Science, Palo Alto, CA).

Lysates were normalized for total protein (50 μg) and subjected to SDS-polyacrylamide gel

electrophoresis (SDS-PAGE; 4% to 20% gradient gels; PIERCE) and immunoblot analysis.

Primary antibodies included anti-Ki-67, albumin (Cell Signaling, Danvers, MA), and β-actin

(Sigma, St. Louis, MO). Immunodetection was accomplished with the use of HRP-

conjugated secondary antibodies and an enhanced chemiluminescence (ECL) method

(PIERCE) involving exposure to x-ray film (XAR; Kodak, Sigma).

2.6. Immunoprecipitation

500 μl of plasma were incubated with 2 μg of anti Ki-67 clone H300 or rabbit IgG in 1 ml

lysis buffer for 2 h at 4 °C; followed by incubation with 20 μl of protein A/G Sepharose

beads (Sigma) for 1 h at room temperature. The supernatants were removed and stored for

further Western blot analysis. The beads were then washed 4 times with lysis buffer and

complexes were resuspended in loading buffer (100 mM Tris HCl [pH 6.8], 12.5% glycerol,

8% β-mercaptoethanol, 0.1% bromophenol blue, and 3% SDS). Immunocomplexes were

harvested and subjected to Western blot analysis with appropriate antibodies.

2.7. Circulating Ki-67 ECL assay

This assay employs an electrochemiluminescence (ECL)-based technology from MSD, an

adaptation of enzyme-linked immunosorbent assays (ELISAs). Nonspecific binding of the

MSD anti-species plate was first blocked by overnight incubation at 4 °C with blocking

buffer (MSD). A capture antibody specific for Ki-67 (mouse) had been coated onto the wells

of the MSD anti-species (antibody-coated 96-well small spot Anti Mouse) plates for 2 h.

The Ki-67 mAb was prepared in the antibody diluent described above. Samples including

standards of known Ki-67 concentrations (HL60 lysates), specimens, and controls were

diluted 1/5 (volume/volume) with sample diluent, pipetted into these wells, and incubated

for 2 h. After the unbound material was washed away with MSD washing buffer, blocking

antibody (goat anti-chicken antibody) was added to the plates and incubated for 1 h. Plates

were then washed 3 times and the detection antibody anti Ki-67 (rabbit) was added. After

incubation for 1 h and washing to remove the unbound enzyme, SULFO-TAG anti-rabbit

was added to the wells. The reading was achieved by adding a Read Buffer (MSD) solution

containing tripropylamine (TPA) to the plate. Each sample was measured in duplicate, and

standard curves for the estimation of cKi-67 concentration were generated by using serial
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dilutions of HL60 lysate. The plate was read using an MSD Sector Imager 2400 instrument

for electrochemiluminescence RLU (relative light unit) signal. This RLU signal was

analyzed and compared with RLU signals of standards to determine the concentration of

each sample; each sample had a value calculated in units Ki-67/100 μl. The unit is arbitrarily

defined as equivalent Ki-67 molecules found in HL60 lysate.

2.8. Statistics

The Kruskal-Wallis test was used for categorical data, and Student's t test was used for

continuous data. Correlations in plasma and peripheral blood cell samples were determined

using Spearman's correlation coefficients. The sign test was used to compare results

obtained by 2 different methodologies. The log-rank test was used to compare Kaplan-Meier

survival curves between ALL patients with different plasma levels of cKi-67. Clinical and

biological findings were analyzed for correlation with survival using Cox proportional

hazard models.

3. Results

3.1 Development of cKi-67 measurement assay

This sandwich immunoassay using ECL technology was developed with a Ki-67

monoclonal antibody as the capture reagent and polyclonal rabbit anti-Ki-67 for detection.

Ki-67 protein is expressed during all phases of the cell cycle except G0, and serum

starvation can be used to induce growth arrest and synchronize (or enrich) cultured cells in

G0 [13]. We therefore tested the reliability of our ECL assay on leukemic cell lines (K562,

HL60, and Raji, Fig1) deprived of serum for 72 h, with simultaneous monitoring of Ki-67

levels in cell lysates by Western blot (Fig 1 A). Results from the ECL assay showed that the

level of Ki-67 was downmodulated during growth arrest in all leukemic cell lines tested (Fig

1 A). Western blot experiments confirmed that serum starvation decreased Ki-67 levels in

these cell lines but had no effect on actin (loading control; Fig. 1 B). PCNA is a

prolifereation marker and its expression increases from the late G1 phase through the S-

phase of the cell cycle [14]. PCNA antibody was used as a control and show that PCNA

protein expression following serum starvation confirmed that serum starvation decreased

Ki-67 levels in these cell lines (Fig. 1 B).

The reproducibility of the assay was demonstrated by evaluating the intra-assay and inter-

assay variation (supplemental Table 1 and 2). The mean coefficients of variation (CVs) for

this assay were below 10%, indicating acceptable variability. Human EDTA-plasma retained

acceptable levels of Ki67 activity at 4 °C for at least 5 days (supplemental Table 3) and at

room temperature for 3 days (supplemental Table 4) acceptable Ki-67 activity was also

maintained after 3 additional freeze/thaw cycles from the initial freeze/thaw ((supplemental

Table 5).

3. 2. Detection of cKi-67 in plasma samples by Western blot

To determine whether Ki-67 is present in plasma, we immunoprecipitated cKi-67 from

clinical plasma samples diluted 1:1 in lysis buffer and then analyzed the immunoprecipitated

proteins by immunoblotting with anti-Ki-67 antibody. Ki-67 was detected by immunoblot in
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ALL patient samples but was not present at detectable levels in normal plasma samples (Fig

2). K562 immunoprecipitated extracts served as a control (lane 1). The variation in the

quantity of Ki-67 was not due to variations in the amount of protein loaded, as shown with

the anti-albumin antibody control. Immunoprecipitation with anti-IgG antibody served as a

control for this experiment. Taken together, these data demonstrate that cKi-67 protein is

present and measurable in the plasma of patients with ALL.

3.3. Measurement of cKi-67 in plasma by ECL-based assay

Having established that cKi-67 can be detected in plasma of patients with ALL, we used the

ECL-based assay to measure plasma levels of cKi-67 in samples from normal control

subjects and patients with ALL. Patients with newly diagnosed ALL (n = 27) had

significantly higher levels of cKi-67 (median, 762; range, 0-4574 U/100 μL) than did normal

control subjects (n = 113; median, 399; range, 36-2830 U/100 μL) (Fig 3).

3.4. Clinical correlations

In patients with ALL, cKi-67 levels did not correlate significantly with WBC, platelet, or

blast counts, or with levels of hemoglobin, lactate dehydrogenase, blood urea nitrogen, or

creatinine. However, 26% of older ALL patients (age >70 years) had higher cKi-67 levels

than did younger patients (P = 0.05). High levels of cKi-67 were found in 2 patients with

Burkitt lymphoma (999 and 1623 U/100 μL, respectively), consistent with the known high

Ki-67 staining demonstrated by IHC in these patients.

3.5. Correlation of plasma cKi-67 levels with survival in ALL

ALL patients were divided into 2 groups on the basis of their plasma levels of cKi-67 (Fig

4). The cut-off level was set at 1500 units Ki-67/100 μL plasma, a value corresponding to

the upper quartile level detected in ALL patients. Patients with high plasma levels of cKi-67

had shorter survival than those with lower levels (P = 0.05, log-rank test; Fig. 4).

4. Discussion

Proliferation is a key feature of the progression of tumors and is now widely measured in a

subjective, semi-quantitative fashion by means of immunohistochemical staining for the

nuclear antigen Ki-67. Quantitation of Ki-67 for diagnosis and disease monitoring is

becoming the standard of care for cancer patients. Ki-67 has been reported to be particularly

useful in studies of the prognostic value of cell growth in clinical samples of human

neoplasms, most notably prostate and breast carcinomas. For these types of tumors, the

prognostic value for survival and tumor recurrence has repeatedly been demonstrated in

univariate and multivariate analysis. Ki-67 labeling may serve as a prognostic factor of

prostatic cancer [15]. In breast cancer high Ki-67 expression is a sign of poor prognosis

associated with a good clinical response to chemotherapy [16-19]. In addition, high levels of

proliferation and high levels of staining have been reported in patients with ALL, and

particularly in patients with Burkitt lymphoma [20].

We and others previously reported that plasma from patients with leukemia is enriched with

leukemia-specific nucleic acid [21] and cellular proteins, such as CD20 and CD52, which
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can be readily detected in laboratory assays. This plasma enrichment presumably derives

from the more rapid turnover of leukemic (relative to normal) cells and the resulting release

of cellular proteins and nucleic acids into circulation [22-25]. We took advantage of this

concept and measured cKi-67 in plasma. Based on ECL detection, this method offers a

unique combination of sensitivity, dynamic range, and convenience. This new cKi-67 assay

exhibited high reproducibility (CV<10%) and was sufficiently sensitive to detect the low

levels of cKi-67 present in normal individuals (Figures 1A and 3).

In this study we demonstrated that Ki-67 protein is present in the plasma of normal control

subjects and patients with ALL. Our data correlate with a previous report on the expression

of functional markers in ALL, which showed that the cellular Ki-67 (+) fraction was

increased in ALL [26]. Taken together, these findings indicate that Ki-67 can be measured

as circulating protein, and that cKi-67 levels in plasma can be used as a maker as

demonstrated in ALL.

In addition, cKi-67 testing may hold potential as a pharmacodynamic marker for monitoring

the efficacy of therapy. Studies analyzing tissue sections have shown that sulindac sulfide

inhibits the proliferation of colon cancer cells by reducing expression of the proliferation

markers PCNA and Ki-67 [27]. A quantitaive cKi-67 assay could be very useful to monitor

drug efficacy in clinical trials, without the need for biopsy. Ki-67 is also a potential drug

target in oncology, and Zheng et al have shown inhibition of renal cancer cell growth in

vitro and in vivo with oncolytic adenovirus armed short hairpin RNA targeting Ki-67

encoding mRNA [28]. Plasma cKi-67 may have the potential to be used to monitor such

therapy as well.

In summary, our findings provide a strong rationale for further studies on the biologic

function, prognostic significance, and therapeutic significance of cKi-67 in patients with

hematologic malignancies.
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Figure 1.
Serum starvation induces down-regulation of Ki-67 protein. A) K562, HL60, and Raji cells

were cultured in media containing 10% FBS (■; Control) or 0.2% FBS (□; Serum

Starvation). Lysates were prepared from the cells indicated, and Ki-67 levels were evaluated

using the Meso Scale Discovery (MSD)-based enzyme immunoassay. Data represent the

mean (SD) of at least 3 experiments. B) Lysates (100 μg) from cells cultured in media

containing 10% (Control) or 0.2% (Serum Starvation) FBS were analyzed by SDS-PAGE/

immunoblotting using anti-Ki-67, anti-PCNA or anti-actin antibodies. Antibody detection
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was accomplished by electrochemiluminescence with exposure to x-ray film. All

experiments were repeated at least 3 times.
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Figure 2.
Detection of circulating Ki-67 protein in the plasma of patients with acute lymphoblastic

leukemia (ALL), but not control subjects, by immunoblot assay. K562 extracts (100 μg, lane

1) and diluted plasma from 4 normal control subjects and 4 ALL patients (1:5 in lysis buffer,

lanes 2-9) were analyzed by SDS-PAGE/immunoblotting using anti-albumin (bottom)

antibodies. Alternatively, lysate and plasma were prepared and subjected to

immunoprecipitation (IP) with anti-Ki-67 antibody or anti-IgG antibody (top and middle).

The resulting immune complexes were analyzed by Western blotting using Ki-67 antibody,

as indicated. Antibody detection was accomplished by enhanced chemiluminescence with

exposure to x-ray film.
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Figure 3.
Quantitation of circulating Ki-67 (cKi-67) in plasma among normal control subjects (N) and

patients with acute lymphoblastic leukemia (ALL), measured using an

electrochemiluminescence (ECL)-based method with a Meso Scale Discovery format.

cKi-67 levels were significantly higher in ALL patients than in healthy control subjects (P

<0.001). Median and 75 percentile are shown in boxes. Asterisks indicate outliers; open

circles indicate extreme values
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Figure 4.
Association of circulating Ki-67 (cKi-67) levels in plasma with survival in patients with

acute lymphoblastic leukemia (ALL; n = 27). Patients with higher levels of plasma cKi-67

had shorter survival. The cut-off ((1500 U/100 μL) corresponds to the upper quartile

detected in the control group. E refers to events and N refers to total number.
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