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BACKGROUND
Current drugs for myeloproliferative neoplasm–associated myelofibrosis, including 
Janus kinase (JAK) inhibitors, do not induce complete or partial remissions. Im-
etelstat is a 13-mer lipid-conjugated oligonucleotide that targets the RNA template 
of human telomerase reverse transcriptase.

METHODS
We sought to obtain preliminary information on the therapeutic activity and 
safety of imetelstat in patients with high-risk or intermediate-2–risk myelofibrosis. 
Imetelstat was administered as a 2-hour intravenous infusion (starting dose, 9.4 mg 
per kilogram of body weight) every 1 to 3 weeks. The primary end point was the 
overall response rate, and the secondary end points were adverse events, spleen 
response, and independence from red-cell transfusions.

RESULTS
A total of 33 patients (median age, 67 years) met the eligibility criteria; 48% had 
received prior JAK inhibitor therapy. A complete or partial remission occurred in 
7 patients (21%), with a median duration of response of 18 months (range, 13 to 
20+) for complete responses and 10 months (range, 7 to 10+) for partial responses. 
Bone marrow fibrosis was reversed in all 4 patients who had a complete response, 
and a molecular response occurred in 3 of the 4 patients. Response rates were 27% 
among patients with a JAK2 mutation versus 0% among those without a JAK2 mu-
tation (P = 0.30) and 32% among patients without an ASXL1 mutation versus 0% 
among those with an ASXL1 mutation (P = 0.07). The rate of complete response was 
38% among patients with a mutation in SF3B1 or U2AF1 versus 4% among patients 
without a mutation in these genes (P = 0.04). Responses did not correlate with base-
line telomere length. Treatment-related adverse events included grade 4 thrombocy-
topenia (in 18% of patients), grade 4 neutropenia (in 12%), grade 3 anemia (in 30%), 
and grade 1 or 2 elevation in levels of total bilirubin (in 12%), alkaline phospha-
tase (in 21%), and aspartate aminotransferase (in 27%).

CONCLUSIONS
Imetelstat was found to be active in patients with myelofibrosis but also had the 
potential to cause clinically significant myelosuppression. (Funded by Geron; 
ClinicalTrials.gov number, NCT01731951.)
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A llogeneic stem-cell transplanta-
tion is currently the only method of treat-
ment for patients with myeloproliferative 

neoplasm–associated myelofibrosis that has been 
shown to induce long-term disease-free remission.1 
Unfortunately, allogeneic stem-cell transplantation 
is associated with a relatively high rate of treat-
ment-related death and complications, including 
chronic graft-versus-host disease. Furthermore, 
many older patients are not eligible for this inter-
vention. Other treatment strategies, including the 
use of Janus kinase (JAK) inhibitors, are palliative 
and lack selective anticlonal activity.2 Ruxolitinib 
and other JAK inhibitors can alleviate constitu-
tional symptoms and reduce spleen size, but they 
often cannot induce complete or partial remis-
sions, reversal of bone marrow fibrosis, or molecu-
lar responses.3-6

Telomeres are protein-bound repetitive DNA 
sequences (TTAGGG in humans)7 that constitute 
the natural end of linear chromosomes and that 
protect coding DNA from genetic damage and cells 
from replicative senescence.8 Telomere length is 
genetically determined and shortens after each 
round of cell division, with age, and during neo-
plastic transformation.9,10 Telomerase, a holoen-
zyme made up of human telomerase reverse 
transcriptase (hTERT), an RNA template, and 
specialized proteins (e.g., dyskerin), participates 
in the synthesis of telomeres and maintenance 
of telomere length in rapidly dividing cells.11-13 
Telomerase has been shown to be active in most 
cancer cells but not in normal somatic tissue.14 
In addition, studies suggest telomere-independent 
mechanisms by which hTERT might contribute 
to cancer development and progression, including 
modulation of Wnt–β-catenin15 and nuclear fac-
tor κB16 signaling and mitochondrial RNA pro-
cessing.17

Imetelstat (GRN163L) is a 13-mer lipid-conju-
gated oligonucleotide that targets the RNA tem-
plate of hTERT and has been shown to inhibit 
telomerase activity and cell proliferation in various 
cancer cell lines and tumor xenografts in mice.18 
Phase 1 studies involving patients with breast can-
cer, non–small-cell lung cancer, multiple myelo-
ma, or chronic lymphocytic leukemia have pro-
vided information on drug pharmacokinetics and 
pharmacodynamics and helped establish 9.4 mg 
per kilogram of body weight (given as a 2-hour 
intravenous infusion) as the maximum dose asso-
ciated with an acceptable side-effect profile, with 

reversible myelosuppression constituting the dose-
limiting toxic effect.19 A subsequent phase 2 study, 
reported in this issue of the Journal, involving 
patients with essential thrombocythemia showed 
platelet-lowering activity accompanied by a signifi-
cant reduction in JAK2 V617F and CALR mutant 
allele burdens.20 Previously published data on short 
telomeres and up-regulated telomerase activity in 
myeloproliferative neoplasms provided addition-
al rationale for conducting the current study.21,22

Me thods

Study Design and Oversight

The main objective of the study was to obtain pre-
liminary information on the therapeutic activity 
and safety of imetelstat in patients with advanced 
myelofibrosis. This investigator-driven, single-
center study was approved by the Mayo Clinic 
institutional review board. The protocol is avail-
able with the full text of this article at NEJM.org. 
The authors, who included employees of the 
sponsor, designed the study and gathered and 
analyzed the data. The manuscript was written 
without the assistance of anyone who is not an 
author. The authors vouch for the accuracy and 
completeness of the data and the fidelity of the 
study to the protocol, and they made the deci-
sion to submit the manuscript for publication. 
The first draft of the manuscript was prepared 
by the first author, who is the principal investi-
gator of the study, without any assistance or 
payment from any source. The study drug and 
research funding were provided by Geron.

Patients

Eligibility criteria included conventionally defined 
primary myelofibrosis23 or post–polycythemia vera 
or post–essential thrombocythemia myelofibro-
sis24 (see the Methods section in the Supplemen-
tary Appendix, available at NEJM.org); high-risk 
or intermediate-2–risk disease according to the 
Dynamic International Prognostic Scoring System 
(DIPSS) Plus, which categorizes patients in one of 
four risk groups (low, intermediate-1, intermedi-
ate-2, or high risk) on the basis of a number of 
risk factors25; a platelet count of at least 50×109 
per liter; an absolute neutrophil count of at least 
1×109 per liter; aspartate and alanine aminotrans-
ferase levels up to 2.5 times the upper limit of 
the normal range; a total bilirubin level of up to 
3.0 mg per deciliter (51 μmol per liter); and a 
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serum creatinine level of up to 3.0 mg per deci-
liter (260 μmol per liter). Previous, but not con-
comitant, therapy with JAK inhibitors or other 
myelofibrosis drugs was allowed. Previous ther-
apy had to be discontinued at least 14 days before 
initiation of the study drug.

At baseline, all study patients underwent bone 
marrow examination with cytogenetic studies; 
in addition, blood samples were obtained. Drug 
safety and adverse events were monitored with 
the use of the National Cancer Institute Common 
Terminology Criteria for Adverse Events, version 
4.03 (http://evs . nci . nih . gov/  ftp1/  CTCAE/  CTCAE 
_4 . 03_2010-06-14_QuickReference_8 . 5x11 . pdf). 
Recently revised international criteria were used 
to assign status with respect to complete remis-
sion and partial remission (see the Methods sec-
tion in the Supplementary Appendix).26 Bone mar-
row fibrosis was assessed according to the 
European consensus on the grading of bone 
marrow fibrosis and evaluation of cellularity.27

Protocol Treatment

Imetelstat was administered in a 2-hour intrave-
nous infusion at a starting dose of 9.4 mg per 
kilogram. Three different dose schedules were 
planned, with a view toward gathering informa-
tion that would be useful to the design of sub-
sequent multicenter trials; however, on the basis 
of preliminary safety data, only two were pur-
sued: once every 3 weeks (group A) or weekly for 
4 weeks, followed by once every 3 weeks (group B). 
Additional details regarding dosing and study 
sample size are available in the Methods section 
in the Supplementary Appendix. All the patients 
were scheduled to receive the study drug for nine 
3-week cycles. Treatment beyond cycle 9 was al-
lowed in patients who did not have disease pro-
gression or unacceptable drug-related toxic effects. 
The occurrence of grade 4 neutropenia or throm-
bocytopenia or grade 3 or higher nonhemato-
logic toxic effects warranted dose interruption, 
followed by dose reduction to 7.5 mg per kilo-
gram or 6 mg per kilogram after recovery from 
the drug-related toxic effects.

Laboratory Correlative Studies

Laboratory correlative studies were performed to 
gain insight into the mechanism of drug action 
and to identify biomarkers of response. Muta-
tion screening for prognostically relevant genes 
(JAK2, CALR, MPL, ASXL1, EZH2, IDH1, IDH2, and 

SRSF2) and phenotypically relevant genes (spli-
ceosomal mutations including SF3B1 and U2AF1) 
was performed in peripheral-blood granulocytes 
or bone marrow cells, according to methods de-
scribed previously.28,29 In addition, exome sequenc-
ing was performed to compare paired baseline 
and posttreatment samples in one of the patients 
who had an imetelstat-induced complete remission; 
matched genomic libraries were prepared from 
DNA extracted from granulocytes, and data were 
analyzed with the use of GeneSifter software 
(PerkinElmer). For analysis of telomere length, a 
Geron-developed assay was used (see the Methods 
section in the Supplementary Appendix).

Statistical Analysis

The primary end point was the overall response 
rate, determined according to conventional criteria 
of response during the first nine cycles of treat-
ment. All patients meeting the eligibility criteria 
who had signed a consent form and had begun 
treatment were evaluated for overall response. 
The secondary end points were adverse events, 
spleen response, and independence from red-cell 
transfusions (in patients who had been depen-
dent on such transfusions). All eligible patients 
who initiated treatment were evaluated for ad-
verse events. Spleen size was measured by physi-
cal examination and a response defined as more 
than a 50% reduction in the distance below the 
left costal margin for at least 12 weeks.

R esult s

Clinical and Laboratory Features  
at Study Entry

A total of 33 consecutive patients with myelofibro-
sis were enrolled and met eligibility criteria. The 
median age of the patients was 67 years; 67% were 
men. Of the 33 patients, 18 (55%) had primary 
myelofibrosis, 10 (30%) had post–polycythemia 
vera myelofibrosis, and 5 (15%) had post–essen-
tial thrombocythemia myelofibrosis.

A total of 26 patients (79%) had a JAK2 muta-
tion (JAK2 V617F in all cases), 6 (18%) had a 
CALR mutation (type 1 [L367fs*46] in all cases), 
and 1 (3%) had an MPL mutation (W515S). In ad-
dition, 11 patients (33%) had an ASXL1 mutation, 
3 (9%) had an IDH1 mutation, and 11 (33%) had a 
mutation in a spliceosome component gene (5 had 
a U2AF1 mutation, 3 had an SRSF2 mutation, and 
3 had an SF3B1 mutation; these mutations were 
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Event
Group A 
(N = 19)

Group B 
(N = 14)

Total 
(N = 33) P Value†

number of patients (percent)

Thrombocytopenia

All grades 10 (53) 5 (36) 15 (45) 0.48

Grade 3 8 (42) 1 (7) 9 (27)

Grade 4 2 (11) 4 (29) 6 (18)

Anemia

All grades 8 (42) 5 (36) 13 (39) 1.0

Grade 2 3 (16) 0 3 (9)

Grade 3 5 (26) 5 (36) 10 (30)

Elevation in aspartate aminotransferase

All grades 5 (26) 4 (29) 9 (27) 1.0

Grade 1 5 (26) 4 (29) 9 (27)

Neutropenia

All grades 3 (16) 6 (43) 9 (27) 0.12

Grade 3 3 (16) 2 (14) 5 (15)

Grade 4 0 4 (29) 4 (12)

Elevation in alkaline phosphatase

All grades 5 (26) 2 (14) 7 (21) 0.67

Grade 1 4 (21) 2 (14) 6 (18)

Grade 2 1 (5) 0 1 (3)

Elevation in alanine aminotransferase

All grades 4 (21) 2 (14) 6 (18) 1.0

Grade 1 4 (21) 2 (14) 6 (18)

Fatigue

All grades 5 (26) 1 (7) 6 (18) 0.21

Grade 1 2 (11) 0 2 (6)

Grade 2 3 (16) 1 (7) 4 (12)

Nausea

All grades 6 (32) 0 6 (18) 0.03

Grade 1 5 (26) 0 5 (15)

Grade 2 1 (5) 0 1 (3)

Elevation in total bilirubin

All grades 2 (11) 2 (14) 4 (12) 1.0

Grade 1 0 2 (14) 2 (6)

Grade 2 2 (11) 0 2 (6)

Infusion-related reaction

All grades 2 (11) 2 (14) 4 (12) 1.0

Grade 1 1 (5) 2 (14) 3 (9)

Grade 2 1 (5) 0 1 (3)

Diarrhea

All grades 2 (11) 1 (7) 3 (9) 1.0

Grade 1 0 1 (7) 1 (3)

Grade 2 2 (11) 0 2 (6)

Epistaxis

All grades 2 (11) 1 (7) 3 (9) 1.0

Grade 1 1 (5) 1 (7) 2 (6)

Grade 2 1 (5) 0 1 (3)

*  Shown are events that were considered by the treating physician and subsequently confirmed by the principal investigator to be at 
least possibly related to the study drug. Events are listed in order of decreasing frequency. Group A received a 2-hour intravenous in-
fusion once every 3 weeks, and group B received a 2-hour intravenous infusion weekly for 4 weeks, followed by once every 3 weeks.

†  P values, which were calculated with the use of Fisher’s exact test, were for the comparison of group A with group B.

Table 1. Treatment-Related Adverse Events (of Any Grade) That Occurred in at Least Three Patients.*
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mutually exclusive). The specific ASXL1, IDH1, 
U2AF1, and SF3B1 mutation variants are provided 
in the Results section in the Supplementary Ap-
pendix.

Approximately 52% of the patients had high-
risk disease and 48% had intermediate-2–risk 
disease, according to the DIPSS Plus. A total of 
13 patients (39%) were dependent on red-cell 
transfusions, 21 (64%) had constitutional symp-
toms, 23 (70%) had palpable splenomegaly (me-
dian, 15 cm below the left costal margin; range, 
5 to 33), and 18 (55%) had an abnormal karyo-
type, including 6 (18%) with an unfavorable 
karyotype. Approximately 79% of the patients 
had received prior therapy, including 48% who 
had received JAK inhibitors.

Toxic Effects

At the data-cutoff date of December 5, 2014, 
treatment had been discontinued in 25 patients 
(76%); the median duration of treatment for all 

study patients was 8.6 months (range, 1.4 to 21.7). 
Causes of treatment discontinuation included in-
sufficient response (16 patients); disease progres-
sion or relapse after an initial response (3 patients); 
death during the treatment period (2 patients), in-
cluding 1 death due to intracranial hemorrhage 
that was attributed by the treating physician to 
drug-induced grade 4 thrombocytopenia after 
weekly dosing and 1 due to an upper gastrointes-
tinal hemorrhage that was not considered to be 
drug-related; adverse events (2 patients) in the 
form of persistent thrombocytopenia; and other 
reasons (2 patients), including financial constraints 
in 1 patient and a preexisting condition (atrial 
fibrillation) in 1 patient.

Hematologic adverse events, liver-function ab-
normalities, and other adverse events that oc-
curred during the treatment period, regardless 
of attribution, are shown in Tables S1, S2, and S3, 
respectively, in the Supplementary Appendix. 
The most clinically significant side effect of im-

Figure 1. Reversal of Bone Marrow Fibrosis in Patient 1.

At baseline (December 17, 2012), the bone marrow–biopsy specimen (hematoxylin and eosin) was hypercellular, 
with hyperplasia in all myeloid lineages and clusters of large, atypical megakaryocytes (Panel A). Reticulin staining 
showed grade 2 or 3 fibrosis (Panel B). After 7 months of imetelstat therapy (July 15, 2013), the bone marrow–biopsy 
specimen was normocellular, with no megakaryocyte clusters (Panel C). Reticulin staining showed very focal grade 0 
or 1 fibrosis (Panel D).

B

D Grade 0 or 1 Fibrosis after 7 Months of Imetelstat Therapy

A

C

Grade 2 or 3 Fibrosis at BaselineCellularity of 95% at Baseline

Cellularity of 30% after 7 Months of Imetelstat Therapy
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etelstat was myelosuppression, which was the 
primary reason for the protocol-mandated dose 
reduction that occurred in 22 patients (67%). 
Grade 4 thrombocytopenia, regardless of attri-
bution to the study drug, occurred in 21% of the 
patients, grade 4 neutropenia in 18%, and grade 3 
anemia in 52%. Febrile episodes from any cause 
occurred in 21% of the patients, epistaxis in 18%, 
bruising in 15%, hematoma in 6%, lung infection 
in 6%, skin infection in 3%, and upper gastroin-
testinal hemorrhage in 3%. Grade 3 or higher 
myelosuppression occurred in 22 patients (88%), 
of whom 18 (82%) had a return to grade 2 or 
lower myelosuppression or to baseline values; 
plots of drug reintroduction after resolution of 
grade 3 or 4 thrombocytopenia or neutropenia 
in individual patients are shown in Figures S1A, 
S1B, and S1C in the Supplementary Appendix.

Another notable side effect of imetelstat 
therapy in patients with myelofibrosis was low-
grade elevation of liver-enzyme levels (Tables 

S2A and S2B in the Supplementary Appendix). 
A grade 3 or higher elevation of total bilirubin 
level, regardless of attribution, occurred in 3% of 
the patients, and a grade 3 or higher elevation of 
alkaline phosphatase level occurred in 6%. The 
rates of grade 1 or 2 increases in levels of total 
bilirubin, alkaline phosphatase, aspartate amino-
transferase, and alanine aminotransferase that 
occurred during the treatment period, regardless 
of attribution, were 45%, 52%, 58% and 27%, 
respectively. None of the abnormalities in liver-
enzyme levels were linked to clinically overt liver 
damage, and reversal of the changes to baseline 
values was documented in the majority of pa-
tients. Table S4 in the Supplementary Appendix 
lists all grade 3 or higher nonhematologic and 
nonhepatic adverse events.

Table 1 lists adverse events (of any grade) that 
occurred in at least three patients during the 
treatment period and were attributed as being at 
least possibly related to the study drug. None of 

Figure 2. Reversal of Bone Marrow Fibrosis in Patient 4.

At baseline (April 29, 2013), the bone marrow–biopsy specimen (hematoxylin and eosin) was hypercellular, with hy-
perplasia in all myeloid lineages and prominent clusters of large, atypical megakaryocytes (Panel A). Reticulin stain-
ing showed grade 2 or 3 fibrosis (Panel B). After 3 months of imetelstat therapy (July 24, 1013), the bone marrow–
biopsy specimen was normocellular, with no megakaryocyte clusters (Panel C). Reticulin staining showed no 
fibrosis (Panel D).

B

D Grade 0 Fibrosis after 3 Months of Imetelstat Therapy

A

C

Grade 2 or 3 Fibrosis at BaselineCellularity of >95% at Baseline

Cellularity of 40% after 3 Months of Imetelstat Therapy
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the four infusion-related reactions (one instance 
each of flushing, itching, thrombophlebitis, and 
pain at the infusion site) were anaphylactic.

Efficacy Data

Seven patients (21%) had a complete response 
(four patients) or partial response (three pa-
tients); Table 2 lists their baseline characteris-
tics, including their mutational status. The me-
dian time to the onset of response in these seven 
patients was 3.5 months (range, 1.4 to 7.2), and 
the median duration of response was 18 months 
(range, 13 to 20+) for complete responses and 10 
months (range, 7 to 10+) for partial responses. 
The four patients with a complete response had 
documented reversal of bone marrow fibrosis 
(two illustrative cases are shown in Fig. 1 and 2), 
and three of them also had molecular remis-
sions (two illustrative cases are shown in Fig. 3); 
additional details on each of these four patients 
are provided in the Results section in the Supple-
mentary Appendix.

At the data-cutoff date, a relapse had occurred 
in one patient who had had a complete response 
(Patient 4 in Table 2) and another patient who 
had had a partial response (Patient 7 in Table 2); 
an additional patient who had had a partial re-
sponse (Patient 6 in Table 2) discontinued ime-
telstat therapy while still having a response, be-
cause of financial constraints. Three of the seven 
patients with a response who had been heavily 
dependent on red-cell transfusions at study entry 
became transfusion-independent and sustained 
a hemoglobin level of more than 10 g per decili-
ter for a minimum of 3 months during imetelstat 
therapy, with peak posttreatment hemoglobin 
levels of 17.4 g per deciliter (Patient 1), 13.9 g per 
deciliter (Patient 3), and 12.6 g per deciliter (Pa-
tient 5) (Table 2). At the data-cutoff date, these 
three patients were still transfusion-independent.

In addition to response, we measured other 

biologically relevant treatment effects and found 
that a high proportion of patients had such ef-
fects. Eight of the 10 patients (80%) with marked 
leukocytosis (defined as >25×109 white cells per 
liter) had either complete resolution (3 patients) 
or more than a 50% reduction in the white-cell 
count (5 patients). All 11 patients (100%) with 
thrombocytosis had complete resolution (10 pa-
tients) or more than a 50% reduction in the 
platelet count (1 patient). A total of 22 of the 27 
patients (81%) with leukoerythroblastosis had 
either complete resolution (13 patients) or more 
than a 50% reduction in the percentage of im-
mature myeloid cells and nucleated red cells (9 
patients). A total of 17 of the 21 patients (81%) 
with at least 1% circulating blasts had either 
complete disappearance of the circulating blasts 
(14 patients) or at least a 50% reduction in the 
blast count (3 patients). The proportion of pa-
tients who had a spleen response was 35% (8 of 
23 patients in whom the spleen could be evalu-
ated for response). Four of the 13 patients (31%) 
who had been dependent on red-cell transfu-
sions became transfusion-independent for at 
least 3 months.

Laboratory Correlates of Response

Response rates were 27% among patients with a 
JAK2 mutation (7 of 26 patients) versus 0% 
among those without a JAK2 mutation (0 of 7 
patients) (P = 0.30) and 32% among patients 
without an ASXL1 mutation (7 of 22 patients) 
versus 0% among those with an ASXL1 mutation 
(0 of 11 patients) (P = 0.07). Furthermore, 3 of 
the 4 patients who had a complete response 
harbored mutations in the spliceosome gene 
U2AF1 or SF3B1 (Table 2); the rate of complete 
response was 38% among patients with an SF3B1 
or U2AF1 mutation (3 of 8 patients) versus 4% 
among those without a mutation in one of these 
genes (1 of 25 patients) (P = 0.04). Furthermore, 
of the 5 patients with an SF3B1 or U2AF1 muta-
tion who did not have a complete response, 1 
(with an SF3B1 K700E mutation) could not be 
evaluated for response because of early death 
from imetelstat-induced myelosuppression after 
weekly dosing, 1 (with a U2AF1 Q157R mutation) 
also had an IDH1 mutation, and 1 (with a U2AF1 
S34F mutation) also had an ASXL1 mutation. In 
addition, the U2AF1 or SF3B1 mutation variants 
in patients who had a complete response (U2AF1 
Q157P, U2AF1 Q157-Y158insYE, and SF3B1 K666E) 

Figure 4 (facing page). Exome Sequencing and Valida-
tion by Sanger Sequencing at Baseline and during Fol-
low-up in a Patient with Post–Essential Thrombocythe-
mia Myelofibrosis (Patient 4) Who Had a Complete 
Remission after Treatment with Imetelstat.

A relapse occurred after 13 months of treatment.  
COSMIC denotes the Catalogue of Somatic Mutations 
in Cancer, PBMC peripheral-blood mononuclear cells, 
and PMN polymorphonuclear leukocytes.
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were often different from those seen in patients 
who did not have a complete response (U2AF1 
Q157R, U2AF1 S34F, and SF3B1 K666N).

Exome sequencing was performed in Patient 4 
(Table 2). A total of 421 genomic variations were 
identified in granulocytes at baseline, and after 
3 months of imetelstat therapy, these variations 
were detected in 2% or fewer polymorphonuclear 
leukocytes. Included were changes in the percent-
age of polymorphonuclear leukocytes with JAK2 
V617F from 57% at baseline to 2% after 3 months 
of treatment, in the percentage with SF3B1 
K666E from 32% to 2%, in the percentage with 
TET2 S354* from 5% to 0%, in the percentage 
with PREX2 N1423D from 51% to 0%, in the 
percentage with SHKBP1 H248L from 42% to 0%, 
in the percentage with MFHAS1 A420V from 33% 
to 0%, in the percentage with DNAH9 A2153T from 
31% to 0%, and in the percentage with an inser-
tion in HTT at position 3076672 A/ACCGCCGCCG 
from 47% to 0%. Figure 4 shows the validation of 
some of these mutations by Sanger sequencing 
and their concomitant disappearance during re-
mission and reappearance at the time of relapse.

Telomere length was measured at baseline in 
28 study patients and 16 normal controls. Anal-
ysis of telomere length in age-stratified normal 
controls indicated a clear effect of aging on rela-
tive telomere length (P = 0.003 for the compari-
son of 50-to-65-year-old controls with controls 
<50 years of age and those >65 years of age) (Fig. 
S2A in the Supplementary Appendix). Study pa-
tients 50 to 65 years of age had significantly 
shorter telomere lengths than age-matched con-
trols (P = 0.001). However, the telomere lengths 
of older patients (>65 years of age) with myelo-
fibrosis did not differ significantly from those of 
their age-matched controls. We found no sig-
nificant difference in baseline telomere length 
between patients who had a response and those 
who did not (P = 0.34) (Fig. S2B in the Supple-
mentary Appendix) or between patients who had 
mutations in spliceosome component genes and 
those who did not (P = 0.30) (Fig. S2C in the 
Supplementary Appendix). Similarly, in an evalu-
ation of paired baseline and posttreatment blood 
samples among 5 patients who had a response, 
there was no consistent pattern of drug effect on 
telomere length (Fig. S3 in the Supplementary 
Appendix). Finally, screening for hTERT coding-
region mutations was performed in all study 
patients, and no such mutations were found.

Discussion

The current study suggests the potential value of 
telomerase-targeting treatment strategies in pa-
tients with myelofibrosis and identifies imetel-
stat as an active drug for this disease. The ob-
served morphologic and molecular remissions 
confirm selective anticlonal activity, which has 
not previously been documented in drug treat-
ment for myelofibrosis.1 Moreover, the prospect 
of imetelstat-induced abrogation of dependency 
on red-cell transfusions is particularly note-
worthy, because JAK inhibitor therapy, with 
some exceptions,6 is more likely to cause rather 
than alleviate anemia in patients with myelofi-
brosis.2 If the significant association between a 
complete response and spliceosome pathway 
mutations is validated in a larger group of in-
formative cases, it would suggest a broader 
application of the drug in other hematologic 
cancers.30 Equally important was the negative 
influence on treatment response of mutations 
that have previously been shown to be prognos-
tically detrimental in myelofibrosis,28 such as 
mutations in ASXL1. However, our observations 
regarding telomere length were inconclusive in 
terms of either prognostic relevance or mechanism 
of action.

Our preliminary correlative studies did not 
elucidate the precise mechanism by which ime-
telstat induces clinical responses in some pa-
tients but not others. However, it is reasonable 
to hypothesize that certain spliceosome muta-
tions contribute to suboptimal telomerase up-
regulation through altered splicing, which in 
turn might have made affected patients vulner-
able to further telomerase deprivation by ime-
telstat. This hypothesis is consistent with previ-
ous observations on the role of spliceosomal 
cleavage in the processing of telomerase RNA 
and the generation of functional telomerase.31-33 
A much larger clinical and laboratory study is 
needed to establish the most effective dosing 
schedules, clarify the mechanism of action, and 
address concerns about toxic effects of the 
drug, including the induction of genomic insta-
bility to telomerase-competent normal and 
clonal hematopoietic stem cells and progenitor 
cells.34

Supported by Geron.
Disclosure forms provided by the authors are available with 

the full text of this article at NEJM.org.
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