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Abstract

Background 3-Aminopyridine-2-carboxaldehydethiose-

micarbazone (3-AP) is a novel small molecule ribonucle-

otide reductase (RR) inhibitor which is more potent than

hydroxyurea, the prototype of RR inhibitors. 3-AP enhan-

ces the cellular uptake and DNA incorporation of gemcit-

abine in tumor cell lines. We evaluated the combination

of 3-AP plus gemcitabine in advanced biliary tract

adenocarcinoma.

Methods Thirty-three patients with advanced adenocar-

cinoma of the gall bladder or biliary tract received gem-

citabine (1,000 mg/m2 on days 1, 8, and 15 every 28 days)

1 h after completing a 4-h infusion of 3-AP given at a dose

of 105 mg/m2 in patients with normal liver function

(stratum A) or 80 mg/m2 if abnormal liver function (stra-

tum B). The trial was designed to determine whether the

response rate was at least 30% in stratum A and 20% in

stratum B.

Results Objective response occurred in 3 of 23 patients

(13%, 95% confidence intervals [CI] 3, 34%) with normal

liver function, and in 0 of 10 patients with abnormal liver

function. The most common grade 3–4 adverse events in

all patients included neutropenia (42%), infection (33%),

thrombocytopenia (27%), anemia (18%), and fatigue

(15%). Fine needle aspiration of tumor samples obtained

before and 24 h after 3-AP therapy showed increased R2

mRNA expression by in situ RT–PCR, suggesting RR

inhibition.

Conclusions Despite evidence for RR inhibition in vivo,

the 3-AP plus gemcitabine combination is not likely to be

associated with a response rate exceeding 30% in patients

with adenocarcinoma of the biliary tract.
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Introduction

Adenocarcinoma of the gallbladder and biliary tract is

uncommon, but not rare; it was diagnosed in approximately
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9,800 individuals in the United States, and it caused about

3,400 deaths in 2009 [1]. This cancer is most commonly

observed in northwest Thailand, where biliary flukes are

common [2]. Chronic viral hepatitis B and C have also

been implicated [3]. Although tumors arising distally in the

Ampulla of Vater are generally discovered at an early stage

and are associated with a relatively good prognosis, tumors

arising in the gallbladder or other parts of the biliary tract

are associated with a poor prognosis [4]. Gemcitabine has

been reported to have some clinical activity in biliary

tumors, with variable response rates of approximately 30%

or less [5–9], with a response of 15.5% in the largest trial

which included 202 patients who received single agent

gemcitabine [10]. The latter trial also demonstrated a sig-

nificant survival benefit for the cisplatin–gemcitabine

combination compared with gemcitabine alone (median

survival 11.7 vs. 8.2 months. P = 0.002) [10]. However,

survival remains generally poor, and new therapeutic

targets and options are needed.

Ribonucleotide reductase (RR) is a potential therapeutic

target for cancer therapy. It catalyzes the reduction step

converting nucleotide diphosphates to their 20-deoxy forms,

the rate-limiting step in the synthesis of the 20-deoxy

nucleoside triphosphates from purine- and cytidine-based

DNA precursors [11]. RR is a heterodimeric compound

consisting of two subunits, R1 and R2. R2 acts in concert

with various activated oncogenes [12], and R2 overex-

pression is associated with increased Raf-1 membrane–

associated protein and mitogen-activated kinase (MAPK)

activity [13] and resistance to cytotoxic therapy [14].

Regulation of RR activity is complex; in addition to cyt-

okinetically regulated synthesis, activity is also regulated

by allosteric control mechanisms with both positive and

negative effectors [15]. Hydroxyurea (HU) inactivates the

tyrosyl free radical on the R2 subunit, but its efficacy is

limited by its short half-life and the need for parenteral

administration to maintain serum levels required to inhibit

R2 ([1 lM).

Mammalian RR has a dimeric structure, with each subunit

(M1 and M2) consisting of a nucleotide-binding site (M1)

and a metal-binding site (M2). The M1-affecting RR inhib-

itors are nucleoside analogs (i.e., gemcitabine), whereas the

M2 subunit contains non-heme iron and a tyrosine free rad-

ical, which are required for the enzymatic reduction of

ribonucleotides. Inhibitors of the M2 subunit act by destroying

the free radical. In the case of hydroxyurea, which is the only

clinically approved RR inhibitor acting at the M2 subunit,

inhibition is reversible due to the ease in regenerating the

tyrosine free radical by mammalian cells [16]. 3-Amino-

pyridine-2-carboxaldehydethiosemicarbazone (3-AP; Tria-

pine�, formerly Vion Pharmaceuticals, Inc, New Haven,

CT) is a heterocyclic carboxaldehyde thiosemicarbazone RR

inhibitor that also acts on the M2 subunit of RR but is up to

5,000 times more potent than hydroxyurea [17]. 3-AP

exhibits broad antitumor activity in the National Cancer

Institute (NCI) 60 cell line screen in the micromolar range

[17, 18]. 3-AP also enhances cellular uptake and DNA

incorporation of gemcitabine into tumor cell lines and

exhibits marked synergistic cytotoxicity in vitro [19]. A

phase I study established the recommended phase II dose and

safety of 3-AP given as a 4-h infusion followed by a 30-min

gemcitabine infusion weekly for 3 of 4 weeks [20]. Based

upon these considerations, we initiated a phase II trial of 3-

AP in patients with advanced adenocarcinoma of the gall-

bladder and biliary tract and sought to determine the effects

of 3-AP on RR activity in tumor and in peripheral blood

mononuclear cells.

Methods

Patient selection

Eligible criteria included histologically or cytologically

confirmed, unresectable or metastatic adenocarcinoma of

the gallbladder or biliary tree with measurable disease by

Response Evaluation Criteria in Solid Tumors (RECIST,

Version 1.0). Patients were required to have an Eastern

Cooperative Oncology Group (ECOG) performance status

score of 0, 1, or 2, be 18 years of age or older, have no prior

chemotherapy for the cancer, and be able to provide written

informed consent. Other requirements included adequate

bone marrow function (leukocyte count at least 3,500/lL,

neutrophil count at least 1,500/lL, platelets at least

150,000/lL) and kidney function (normal serum creati-

nine). Patients were permitted to have mildly abnormal liver

function, defined as a total bilirubin above the upper limits

of normal (ULN) and less than or equal to threefold above

the institutional upper limits of normal (includes CTCAE

version 3 grades 1–2 hyperbilirubinemia). Patients were

excluded if they were pregnant or breastfeeding women,

had glucose-6-phosphate dehydrogenase deficiency (due to

the risk of methemoglobinemia associated with 3-AP) [21],

brain metastases, another malignancy (except early stage

squamous cell carcinoma of skin or cervix), or an uncon-

trolled intercurrent illness (e.g., infection, congestive heart

failure, unstable angina, cardiac arrhythmia, congenital or

acquired immune deficiency, or psychiatric illness that

could potentially impact compliance).

Treatment regimen and strata

All patients received gemcitabine 1,000 mg/m2 via a

30 min IV infusion beginning 1 h after completing the

3-AP infusion on days 1, 8, and 15 every 28 days. Patients

with normal liver function (total bilirubin within normal
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limits) were assigned to stratum A and received 3-AP

105 mg/m2 as a 4-h IV infusion. Patients with mildly

abnormal liver function were assigned to stratum B (up to

threefold above the upper limits of normal for total bili-

rubin) and received 3-AP 80 mg/m2 as a 4-h IV infusion.

Treatment was continued until progression of disease,

unacceptable toxicity, intercurrent condition, declining

performance status preventing further treatment, or patient

withdrawal. Patients developing emesis with the initial or a

subsequent treatment received prophylactic antiemetic

treatment prior to every subsequent dose. All patients were

observed clinically for 3–4 h after the 3-AP infusion during

the first week of treatment for the development of dyspnea,

hypoxemia, and possible methemoglobinemia. All patients

received dexamethasone, 4 mg intravenously prior to each

3-AP infusion. Acute reactions to 3-AP, occurring either

during the infusion or soon after the infusion is completed,

have been observed, primarily at doses C140 mg/m2

infused IV over 2–4 h [20]. The reactions include hypoxia

(with or without dyspnea and with or without associated

cough) and hypotension. The cause of hypoxia and dyspnea

is thought to be an increase in methemoglobin levels that

usually resolve quickly (within hours) after the completion

of the infusion.

For hematologic toxicity, gemcitabine was held if the

neutrophil count was less than 1,500/lL and platelets less

than 100,000/lL. The dose of gemcitabine in the new cycle

was permanently reduced by 20% for the following: (1)

toxicity that required holding a dose in the previous cycle,

(2) grade 4 neutropenia occurring prior to the administration

of the third dose, or lasting more than 3 days, or associated

with febrile neutropenia, (3) platelet count less than or equal

to 20,000/lL prior to the third dose of the previous cycle, or

lasting more than 5 days, or associated with bleeding

requiring a transfusion, (4) grade 3 non-hematologic tox-

icity with the exception of nausea/vomiting controlled with

supportive care. Treatment was discontinued permanently

for grade 4 non-hematologic toxicity or toxicity requiring

delay of a new cycle for more than 2 weeks.

Response and toxicity evaluation

Computed tomography or magnetic resonance imaging

scans of measurable lesions were obtained at baseline and

every 8 weeks. Responses were classified according to

RECIST criteria (version 1.0) [22]. National Cancer Insti-

tute Common Adverse Events Criteria version 3.0 was used

to grade toxicity.

Statistical considerations

Simon’s two-stage optimal design was used to determine

the number of patients required. For patients with normal

liver function, the trial was designed to distinguish

between a response rate of 15% or less versus 30% or

higher (alpha 0.05, beta 0.80). If 4 or more responses were

observed among the first 21 patients, the trial would

continue to up to 49 evaluable subjects; if 12 or more

responses were seen, the regimen would be declared

promising. For patients with abnormal liver dysfunction,

the trial was designed to distinguish between a response

rate of 5% or less versus 20% or higher (alpha 0.05, beta

0.80). If 1 or more responses were observed among the

first 10 patients, accrual would continue to up to 29

evaluable patients; if 3 or more responses, the regimen

would be declared promising.

Progression-free survival (PFS) and overall survival

(OS) were estimated using the Kaplan–Meier method, and

95% confidence intervals were constructed for median PFS

and OS. PFS was defined as the time between registration

and either progression of disease or death from any cause.

All analyses were performed in SAS version 9.1 (SAS

Institute, Inc., Cary, NC) and Stata version 10.0 (Stata

Corporation, College Station, TX). All patients had pro-

gressive disease or discontinued therapy at the time of the

analysis.

Correlative studies

Tumor samples

In situ RT–PCR for the small b2 homodimer of ribonu-

cleotide reductase (M2) mRNA expression was evaluated

in tumor samples before and 24 h after 3-AP/gemcitabine

using previously described ‘‘Methods’’ [23]. Tumors were

aspirated under computerized tomography guidance and

smeared on the glass slides. Polymerase chain reaction

(PCR) was performed in 50 ll of standard PCR mixture

with 1.6 lM of RRM2 upstream primer, 50TGAGAGA

AAACCCCCGCCGCTTT-30 and RRM2 downstream pri-

mer, 50-GTGAGGCCAGGCATAGTCCTCGT-30 (Invitro-

gen, Carlsbad, CA). Hot-start PCR was carried out on an In

Situ PCR System 1000 with initial denaturation at 94�C for

1 min and annealing/extension, at 62�C for 2 min. The

PCR products were detected by hybridizing with a RRM2

region-specific probe labeled with digoxigenin: 50-TT

TGTCCCCAATCCAAGGCAAG-30 (Invitrogen) at 42�C

overnight, in hybridization solution (10% deionized form-

amide, Sigma–Aldrich, St. Louis, MO), 10% (wt/vol)

dextran sulfate (Sigma–Aldrich), 29 SSC and 5 pmol/

100 ll probe. After hybridization, slides were washed in

19 SSC and 0.1% BSA for 10 min at 54�C, followed by

washes in buffer 1(0.1 M Tris–HCL, pH 7.5, 0.15 M NaCl)

and then incubated at room temperature for 30 min in 1:50

diluted anti-digoxigenin-AP Fab fragments in Buffer 1.

Following a rinse in buffer 2 (0.1 M Tris-HCI, pH 9.5,
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0.15 M NaCl, 50 mM MgCI2) at room temperature for

5 min, the slides were incubated in nitro blue tetrazo-

lium(NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP)

(Boehringer Mannheim)(Roche Applied Science, India-

napolis, IN) at a ratio of 1:400:1 for NBT:Buffer:BCIP.

Peripheral blood mononuclear cells

QRTPCR analysis was performed using ten milliliters of

peripheral blood that was ficolled for isolation of mono-

nuclear cells (PBMC) and evaluated for mRNA expression.

PBMCs were isolated, homogenized, and frozen in RLT

(Qiagen, Valencia, CA) buffer. The Qiagen RNeasy or

PAXgene kits (Valencia, CA) were used to extract RNA

from blood samples, and RNA was quantified using the

Nanodrop spectrophotometer (Thermo Scientific, Wil-

mington, DE). The integrity of the RNA samples was

determined by using the Agilent Bioanlayzer (Agilent,

Santa Clara, CA). Total RNA (0.6–1.0 lg) was converted

to cDNA using the Quanta Bioscience (Gaithersburg, MD)

qScript cDNA Supermix or the SuperScriptTM III Reverse

Transcriptase Kit (Invitrogen, Calsbad, CA) for a total

volume of 20 ll. The reactions were prepared according to

manufacturer’s instructions. The qPCR reactions were

carried out in triplicate using cDNA and the following

assays from Applied Biosciences (Foster City, CA):

Hs01072069_g1 (ribonucleotide reductase M1 [RRM1]),

Hs01040698_m1 (ribonucleotide reductase M2 [RRM2]),

and Hs00968432_m1 (ribonucleotide reductase M2B

[p53R2]). Human TATA-box-binding protein assays, also

from Applied Biosciences, were used as endogenous con-

trols. All assays were performed in triplicate, and the rel-

ative gene expression data compared with pre-treatment

samples were quantified using the comparative Ct (D-D
Ct) method or the 2-DCT and converted to fold change

relative to pre-treatment sample.

dCTP pool measurement was performed in PBMC via

an enzymatic assay using Sequenase enzyme (USB

Corporation, Cleveland, OH). The reaction mixture con-

tained 0.25 lM annealed template-primer specific for

dCTP (Invitrogen), 50 mMTris-HCl pH 7.5, 10 mM

MgCl2, 5 mM DTT, 2.5 mM3H-dATP, and 0.078 U Se-

quenase 2.0. Ten microliters of extracts prepared from

cells was added to 40 ll of reaction mixture. The reac-

tion was carried out in triplicate at room temperature for

20 min, and 40 ll was blotted and dried onto disks of

Whatman DE81 paper. The filters were washed 3 times

for 15 min each with 5% Na2HPO4, washed once with

ddH2O, and rinsed with 95% ethanol, dried, and counted

using a Beckman Coulter LS6500 scintillation counter

(Brea, CA). A one-tailed t-test was performed on the

dCTP data comparing pre-treatment and post-treatment

groups.

Informed consent and regulatory approval

The study was reviewed and approved by the Cancer

Evaluation Therapy Program of the National Cancer

Institute (P6254) and by the institutional review board at

each participating institution in the New York Cancer

Consortium (Montefiore Medical Center, New York Pres-

byterian Hospital, and Mt. Sinai) (Clinical Trials.gov

identifier NCT00075504). All patients provided written

informed consent which was reviewed and approved by the

local institutional review board.

Results

Patient characteristics

Thirty-three patients were enrolled and treated between

December 2003 and July 2007 at four institutions. The

characteristics of the patients are shown in Table 1,

including 23 patients in stratum A with normal liver

function and 10 patients in stratum B with abnormal liver

function.

Treatment administered

For patients in stratum A, the median number of treatment

cycles given was 4 (range 1–19 cycles), and reasons for

discontinuation of therapy included disease progression in

12 patients (52%) after a median of 4 cycles (range 2–18),

toxicity or patient withdrawal in 9 patients (39%) after a

median of 2 cycles (range 1–8), and other reasons in 2

patients (9%) after a median of 12 cycles (range 5–19). Ten

patients (43%) required a dose reduction/modification.

For patients in stratum B, the median number of treat-

ment cycles given was 2.5 (range 1–16 cycles), and reasons

for discontinuation of therapy included disease progression

in 2 patients (20%) after a median of 8.5 cycles (range

1–16), toxicity or patient withdrawal in 7 patients (70%)

after a median of 2 cycles (range 1–6), and other reasons in

1 patient (10%) after a median of 12 cycles. Four patients

(40%) required a dose reduction/modification.

Adverse events

The incidence of grade 3–4 adverse events occurring in at

least 5% for patients (or any grade 4 event occurring in at

least one patient) in both treatment strata is shown in

Table 2. The most common grade 3–4 adverse events

occurring in at least 10% of patients with normal liver

function (stratum A) included neutropenia (43%), infection

(30%), anemia (22%), thrombocytopenia (22%), and

elevated liver transaminase levels (13%). The toxicity
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profile was similar in patients with abnormal liver function

(stratum B).

Response and progression-free survival

Response, progression-free survival (PFS), and overall

survival (OS) data are summarized in Table 3. For the 23

patients with normal liver function in stratum A, objective

response occurred in 3 of 23 patients (13%; 95% confi-

dence intervals [CI] 3, 34%), median PFS was 3.7 months,

and median OS was 10.3 months. For the 10 patients with

abnormal liver function in stratum B, objective response

occurred in 0 of 10 patients, median PFS was 3.6 months,

and median OS was 3.6 months.

Correlative studies in tumor samples and peripheral

blood mononuclear cells

The clinical outcome for patients who underwent correla-

tive studies and the results of these studies performed in

tumor samples and PBMCs are summarized in Table 4.

Fine needle aspiration samples were collected from two

patients before and 24 h after 3-AP therapy for in situ RT

PCR analysis of RRM2 mRNA expression (Fig. 1a–d).

There was qualitatively increased RRM2 mRNA expres-

sion when compared with pre-treatment samples in both

patients, suggesting in vivo inhibition of ribonucleotide

reductase. Neither patient had an objective response;

patient 4 discontinued therapy after 1.3 months and 1 cycle

of therapy due to disease progression, and patient 6 dis-

continued therapy 5.2 months and 6 cycles of therapy due

to disease progression. There was a quantitative decrease in

PBMC RRM2 mRNA expression after 3-AP/gemcitabine

therapy in 3 of 4 patients evaluated, and variable effects

observed in RRM1 and RRM2b (Fig. 2), There was a

significant decrease after 3-AP/gemcitabine therapy in

PBMC dCTP pools in patient 30 (P = 0.012), whereas a

significant increase was seen in patient 31 (P = 0.044)

(Fig. 3).

Discussion

We performed a phase II trial of the RR inhibitor 3-AP plus

gemcitabine in patients with advanced adenocarcinoma of

the gallbladder or biliary tract as first-line chemotherapy

for treatment of advanced disease. The dose and schedule

of 3-AP (105 mg/m2 given as a 4-h infusion prior to each

gemcitabine dose) and gemcitabine (1,000 mg/m2 IV over

30 min on days 1, 8, and 15 every 28 days) used in patients

with normal liver function was based upon a prior phase I

trial of the combination [20]. Because patients with biliary

tract cancer often have abnormal liver function, we also

evaluated the same combination using a slightly attenuated

3-AP dose (80 mg/m2) in patients with mildly abnormal

liver function, defined as a total bilirubin between one- and

threefold above the upper limits of normal (consistent with

grade 1–2 elevation). Based upon our findings, we con-

clude that the combination of 3-AP plus gemcitabine is not

likely to be associated with a response rate of at least 30%

in patients with normal liver function and at least 20% in

those with abnormal liver function. The toxicity profile was

similar to that observed with gemcitabine alone.

Several other trials have evaluated the antitumor effects

of 3-AP used alone or in combination with other cytotoxic

agents for a variety of cancer types. A phase II trial of 3-AP

(96 mg/m2 2-h infusion daily for 4 days every 2 weeks) in

19 patients with metastatic renal cell cancer revealed

objective response in one patient (5%); grade 3–4 neutro-

penia occurred in 79%, grade 1–2 fatigue, nausea and

vomiting were common, and some patients exhibited acute

reactions of hypoxia, hypotension, and methemoglobine-

mia [24]. Another trial evaluating a similar dose/schedule

of 3-AP alone in 15 patients with pancreatic cancer failed

to meet its efficacy endpoint [25]. A phase II trial of the 3-

AP plus gemcitabine combination as first-line therapy in 25

patients with advanced pancreatic carcinoma (using a dose

Table 1 Patient characteristics

Characteristics Stratum A:

normal liver

function

Stratum B:

abnormal liver

function

No. 23 10

Age (years)

Median 57 67.5

Gender

Male 11 6

Female 12 4

Race

White 20 10

Asian 2 0

Black 1 0

Ethnicity

Non-Hispanic 22 8

Hispanic 1 2

Unknown 0 0

ECOG PS

0 10 1

1 12 6

2 1 2

Unknown 0 1

Primary site

Gallbladder 12 6

Other 11 4
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and schedule similar to our trial) revealed no objective

responses, median time to progression of 4.1 months,

6-month progression-free survival rate of 29%, median

overall survival of 9.0 months, and 1-year survival rate of

28%; this two-stage trial was stopped after the first stage

due to insufficient antitumor activity [26]. A phase II trial

of the 3-AP plus gemcitabine combination in non-small

cell lung cancer likewise failed to meet its efficacy

objective, with objective response occurring in 0 of 12

patients [27]. In contrast to trials in solid tumors, complete

remission occurred in 4 of 31 patients with acute leukemia

in a phase I trial of 3-AP plus cytarabine; the recommended

phase II dose was 3-AP 105 mg/m2/day followed by

cytarabine 600 mg/m2/day for 5 consecutive days every

3–6 weeks [28]. Additional clinical trials are ongo-

ing evaluating the role of 3-AP in combination with flu-

darabine for patients with hematologic malignancies

Table 2 Grade 3–4 adverse events

Toxicity Stratum A: normal liver function Stratum B: abnormal liver function

All grades Grade 3 Grade 4 All grades Grade 3 Grade 4

No. of

patients

% No. of

patients

% No. of

patients

% No. of

patients

% No. of

patients

% No. of

patients

%

Hematologic and infectious

Hemoglobin (anemia) 5 22 5 22 0 0 1 10 1 10 0 0

Neutropenia 10 43 7 30 3 13 4 40 3 30 1 10

Thrombocytopenia 5 22 3 13 2 9 4 40 2 20 2 20

Infection 7 30 7 30 0 0 4 40 4 40 0 0

Non-Hematologic

Constitutional

Fatigue 1 4 1 4 0 0 2 20 2 20 0 0

Hemorrhage/Thrombosis

Venous thrombosis 2 9 2 9 0 0 0 0 0 0 0 0

Hepatic

Alkaline phosphatase 1 4 1 4 0 0 3 30 2 20 1 10

(ALT/SGPT) 3 13 3 13 0 0 1 10 1 10 0 0

Gastrointestinal

Constipation 1 4 1 4 0 0 0 0 0 0 0 0

Diarrhea 1 4 1 4 0 0 0 0 0 0 0 0

Nausea 1 4 1 4 0 0 0 0 0 0 0 0

Vomiting 1 4 1 4 0 0 0 0 0 0 0 0

Pain

Pain: Abdomen 0 0 0 0 0 0 1 10 1 10 0 0

Pulmonary

Cough 0 0 0 0 0 0 0 0 0 0 0 0

Dyspnea 0 0 0 0 0 0 0 0 0 0 0 0

Pneumonitis/fibrosis 2 9 2 9 0 0 0 0 0 0 0 0

Renal/Metabolic

Hypokalemia 0 0 0 0 0 0 1 10 1 10 0 0

Hyperglycemia 0 0 0 0 0 0 2 20 2 20 0 0

Table 3 Response and progression-free survival

Stratum A: Normal

liver function

Stratum B: Abnormal

liver function

No of patients 23 10

Partial response

No. 3 0

Percent 13%

(95% C.I.) (3%, 34%)

Progression-free survival

Median (months) 3.7 3.6

(95% Confidence

intervals)

(2.7–5.8 months) (1.9–11.6 months)

Overall survival

Median (months) 10. 3 3.6

(95% Confidence

intervals)

(5.9 months—upper

limit not reached)

(2.1–26.2 months)
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(NCT00381550), and in combination with radiation for

pancreatic carcinoma (NCT00288093), or radiation and

cisplatin for cervical and vaginal carcinoma (NCT0094

1070). Based upon the results of our trial and other reported

trials, 3-AP is ineffective as a single agent for renal cell and

pancreatic carcinoma and does not enhance the antineo-

plastic effects of gemcitabine in non-small cell lung, pan-

creatic, or biliary tract carcinoma when used as a weekly

short infusion.

In order to determine whether 3-AP produced RR

inhibition in vivo, we evaluated RRM2 mRNA expression

by in situ RT–PCR in tumor fine needle aspiration sam-

ples performed in two patients before and 24 h after 3-AP

administration. In human colon cancer cell lines treated

with hydroxyurea in vitro, RRM2 mRNA expression

increased within 24 h of treatment and was associated

with decreased nucleotide triphosphates, indicating that

increased RRM2 mRNA expression may serve as a sur-

rogate for RR inhibition [29]. As shown in Fig. 1, there

was a substantial increase in tumor RRM2 mRNA

expression in both patients, providing evidence for RR

inhibition in the tumor in vivo. In both samples, there was

also evidence for nuclear translocation of RRM2, which is

consistent with the potential role of RRM2 in DNA

repair, suggesting a role for RRM2 inhibition in combi-

nation with gemcitabine and 3-AP [30]. In contrast, as

Table 4 Summary of correlative study results and relation to clinical outcomes

Patient Best

response

Time to

progression

(months)

Change in tumor R2 b2

homodimer by in situ

RT–PCR after 3-AP (Fig. 1)

Change in PBMC RRM2

after 3-AP (Fig. 2)

Change in PBMC dCTP

pools after 3-AP (Fig. 3)

4 PD 1.3 Increased Unchanged Not done

6 SD 5.2 Increased Not done Not done

16 PD 2.7 Not done Decreased Not done

27 SD 8.3 Not done Decreased Not done

30 NE NE Not done Not done Significantly decreased

31 SD 13.8 Not done Decreased Significantly increased

All patients except patient 4 had normal liver function; patient 30 was not evaluable for response because of treatment discontinuation after 1

dose due to toxicity

PD progressive disease, SD stable disease, NE not evaluable, PBMC peripheral blood mononuclear cells

Fig. 1 a–d In situ RT–PCR

analysis of RRM2 expression in

fine needle tumor aspirate of

tumor samples pre-treatment

(a, c) and 24-h post-treatment

(b, d) with gemcitabine and

3-AP in patients 4 (a, b) and

6 (c, d). Black arrows indicate

nuclear staining, while gray
arrows indicate cytoplasmic

staining. There was

qualitatively increased RRM2

mRNA expression when

compared with pre-treatment

samples in both patients,

suggesting in vivo inhibition of

ribonucleotide reductase
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shown in Fig. 2, the only patient who had both tumor and

PBMC sampled (number 4) showed no significant change

in PBMC RRM2, whereas the remaining three (patients

16, 27, and 31) demonstrated decreased RRM2 expression

in PBMC. These differences may be due to differences in

cell cycle distribution in tumor cells compared with nor-

mal PBMCs, where the proportion of cells in S phase may

be high in the tumor compared with a normally low value

in PBMCs. There were variable changes in RRM1 and

RRM2B. RRM2B may be biomarker since this subunit is

required for DNA synthesis and plays an important role

in cell survival by repairing DNA damage [31]. Silencing

or decreasing the expression of RRM2b (a p53 inducible

subunit of RR) has been shown to enhance apoptosis

when used with radiation or doxorubicin [32]. Given that

only one patient had both tumor and PBMC sampled

(number 4) and that there were no objective responses,

however, we are not able to conclude whether evaluation

of PBMC for RRM1, RRM2, or RRM2B would serve as

useful surrogates for reflecting 3-AP-induced RR inhibi-

tion in human tumors in vivo, nor clinical benefit from

3-AP.

Inconsistent effects on intracellular PBMC dCTP pools

were seen in the two patients evaluated, suggesting that

the dose and schedule of 3-AP used in this study was

insufficient to consistently produce clinically relevant

depletion of nucleotides required to enhance the effec-

tiveness of gemcitabine. A phase I trial that evaluated the

combination of 3-AP given as a 24-h infusion (90 mg/m2)

with fixed dose rate gemcitabine (1,000 mg/m2 over

100 min) every 2 weeks reported disease stabilization in

50% of patients enrolled, providing support for a need to

further evaluate schedules used in this therapeutic regi-

men [33]. In addition, complete clinical response was

observed in all 10 patients with stage IB2-IVB cervical

carcinoma treated with thrice weekly infusions of 3-AP

(25 mg/m2) in combination with cisplatin and pelvic

irradiation [34]. Although our trial and others have

shown no benefit for short weekly infusions combined

with other cytotoxic agents, we provide in vivo evidence

that additional studies evaluating more protracted infu-

sion schedule or more frequent short infusions may be

warranted.

Fig. 2 QRT-PCR analysis of

RRM1, RRM2, and RRM2b

represents fold change in

RRM1, RRM2, and RRM2b

mRNA expression in peripheral

blood mononuclear cells 24-h

post-treatment with 3-AP plus

gemcitabine in patients 4, 16, 27

and 31. Fold change is relative

to pre-treatment sample, and all

samples were normalized to

TATA-binding protein (TBP).

There was a quantitative

decrease in PBMC RRM2

mRNA expression after 3-AP/

gemcitabine therapy in 3 of 4

patients evaluated, and variable

effects observed in RRM1 and

RRM2b

Fig. 3 Deoxynucleotide cytidine triphosphate pools (dCTP) in

peripheral blood mononuclear cells (PBMCs) before and 24-h post-

treatment with 3-AP plus gemcitabine in patients 30 and 31. dCTP

pool assays were performed in triplicate and repeated 3 times. There

was a significant decrease after 3-AP/gemcitabine therapy in PBMC

dCTP pools in patient 30 (P = 0.012), whereas a significant increase

was seen in patient 31 (P = 0.044)
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