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m Dyskeratosis congenita (DC) is an inherited bone marrow failure syndrome and the
prototypic telomere biology disorder (TBD). Leukocyte telomere length (TL) less than the first
* TL for age shortens percentile for age, measured by flow cytometry with in situ hybridization (flow FISH), is

QU e [ stz diagnostic of DC. Androgens are a therapeutic option for DC/TBD-associated bone marrow

il the WEIDH DS, e failure (BMF). One report has shown an apparent increase in TL in patients while on
spective of treatment

. treatment with the attenuated androgen danazol. The aim of this study was to compare TL
with androgens.

over time in 10 androgen-treated and 16 untreated patients with DC. All subjects were
‘ Prospectlye long-term enrolled in institutional review board-approved longitudinal cohort studies of inherited
resdearch 'Z n:eded to BMF. TL in 6-panel leukocyte subsets was measured by flow FISH. Generalized estimating
un erstanl t_ & extra- equations (GEE) methodology was used to compare TL changes over time between groups.
hematopoietic effects . . o :
Unadjusted analyses showed annual median total lymphocyte TL attrition of —62 base pairs/
of androgens for man- . . . . .
agement of TBDs year (bp/y) in androgen-treated patients with DC compared with —76 bp/y in untreated DC
patients (P = .71). Longitudinal analysis using a GEE model, adjusted for age at sample
collection, showed no statistically significant difference in TL change over time between
treated and untreated patients (P = .24). The results were similar for each individual
leukocyte subset evaluated. In summary, our data show the expected age-associated
longitudinal telomere shortening in patients with DC, irrespective of androgen therapy.
Caution is warranted when recommending androgen therapy for non-BMF manifestations
of DC or TBDs until the biological mechanisms are better understood.

Introduction

Dyskeratosis congenita (DC) is an inherited bone marrow failure syndrome (IBMFS) and the prototypic
telomere biology disorder (TBD). Telomeres, nucleotide repeats and a protein complex at chromosome
ends, are essential for genomic stability and shorten with each cell division. Although the classic
mucocutaneous triad of dysplastic nails, oral leukoplakia, and reticular skin pigmentation is diagnostic of
DC, a wide range of medical problems result in a spectrum of clinical manifestations now recognized as
the TBDs. These medical problems include bone marrow failure (BMF), pulmonary fibrosis, liver disease,
squamous cell carcinomas of the head and neck, leukemia, and myelodysplastic syndrome, as well as
other manifestations.’? Telomere length (TL) less than the first percentile for age measured in leukocyte
subsets by flow cytometry with in situ hybridization (flow FISH) is diagnostic of DC.®>* DC and the
clinically related TBDs are caused by X-linked recessive, autosomal dominant, or autosomal recessive
inheritance of pathogenic germline variants in key telomere biology genes (DKC1, TERC, TERT, TINF2,
NOP10, NHP2, CTC1, WRAP53, RTEL1, ACD, STN1, NAF1, or PARN).>”
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Approximately 50% of patients with DC develop clinically significant
BMF by 40 years of age.>® Hematopoietic cell transplantation (HCT)
is a curative option for DC-related BMF; however, some patients may
be medically unable or not ready to undergo HCT. We previously
showed that up to 70% of patients with DC and severe BMF attain
independence from transfusions for anemia or thrombocytopenia with
androgen therapy.® The biological mechanisms by which androgens
effectively treat BMF are not understood. It has been proposed that
androgens may directly increase the production of erythropoietin or
may act on the erythropoietin receptor to elicit a hematological
response.'®'" A limited number of studies on human cell lines and
mouse models of aplastic anemia suggest that androgens may
increase telomerase expression and, in turn, increase TL.'?'® A recent
observational study of the attenuated androgen, danazol, was recently
completed in patients with TBDs with telomere elongation as the
primary end point and TL measured by quantitative polymerase chain
reaction (QPCR) of blood-derived DNA.' The data in that study
suggested lengthening of telomeres while patients were taking
danazol, with accelerated telomere shortening occurring after
treatment cessation.'* This observation conflicts with our prior report
showing that leukocyte TL (measured by flow FISH) continued to
decline in DC patients on androgens for BMF.° The primary aim of the
current study was to evaluate the long-term effect of androgens on TL
in patients with DC. Here, we compared the rate of TL change in
patients with DC receiving androgens with those who have never
been treated with androgens.

Methods

Patient characteristics

This retrospective observational study included patients with DC
enrolled in the National Cancer Institute’s (NCI) institutional review
board—-approved inherited bone marrow failure syndrome study (NCI
02-C-0052, NCT00027274, www.marrowfaiIure.cancer.gov)2 Baylor
College of Medicine institutional review board—approved Genetic and
Biologic Determinants of Bone Marrow Failure study (H-17698) in
accordance with the Declaration of Helsinki. Patients were classified
as having DC if they had a germline mutation in 1 of the known DC
genes, or if they had at least 2 features of the classic diagnostic triad
and other clinical findings consistent with DC, such as hematologic or
neoplastic complications."'® All participants had a minimum of 2 flow
FISH leukocyte TL measurements performed at an interval of at least 1
year. Medical records were reviewed for androgen treatment details
and response to therapy. Androgens for the treatment of BMF were
started and managed by the primary local hematologist, often
in consultation with the study team. All treated participants were
taking androgens at the most recent TL measurement.

Telomere length

TL in all samples was measured at a single laboratory, which is also
Clinical Laboratory Improvement Amendments certified for clinical
testing (Repeat Diagnostics, Inc, Vancouver, BC, Canada). Six
panel leukocyte subsets TL (granulocytes, total lymphocytes,
CD45™ lymphocytes, CD45~ lymphocytes, CD20™ lymphocytes,
and CD57" lymphocytes) was measured by flow FISH performed
on fresh blood samples as previously described.'®

Statistical analysis

We compared the annual TL change in androgen-treated and
untreated DC patients using the Mann-Whitney U test. To account

1244 KHINCHA et al

for the correlations between serially collected samples, we used the
generalized estimating equations (GEE) to perform longitudinal TL
change analysis; models were adjusted for age at sample collections.
All analyses were 2 sided, and P < .05 was considered statistically
significant. Excel (Microsoft, 2007 release) and SPSS Statistics,
version 23 (IBM Corp, Armonk, NY) were used for all analyses.

Results

Participant characteristics and response to therapy

The study included 26 patients with DC who had TL testing by flow
FISH at study enrollment and subsequent serial samples (Table 1;
Figure 1). Sixteen patients never received androgens. The 10
patients treated with androgens were treated with oxymetholone
(n = 4), danazol (n = 5), or halotestin (n = 1). The indications, doses,
and adverse effects (if any) of androgens are detailed in Table 2.
Patients on androgens were followed for a median of 5 years (range
1-15 years) after baseline TL measurement and were treated with
androgens for a median of 3 years (range 0.5-15 years). Untreated
patients were followed for a median of 6 years (range 2-15 years)
(Table 1). Baseline TL was below the first percentile for age in all study
participants (Figure 1).

Response to therapy was defined as either red blood cell and platelet
transfusion independence, or stabilization of previously declining
blood counts. Of the 10 treated patients, 7 showed a consistent red
blood cell and/or platelet response to androgen therapy. One patient
lost his response to androgen therapy after 5 years of consistent
response, developing progressive pancytopenia and myelodysplastic
changes in the bone marrow requiring a therapeutic HCT.'” His last
TL reported was prior to cessation of androgen therapy. Another
patient lost hematologic response after 3 years of therapy. One
patient concurrently treated with oxymetholone and granulocyte
colony-stimulating factor developed splenic peliosis requiring cessa-
tion of the oxymetholone for recovery, and resulting in a drop in blood
counts.'® Oxymetholone was subsequently restarted successfully in
this patient with transfusion independence.

One adult male with a DKC 1 mutation, who was started on danazol
for short telomeres and moderate thrombocytopenia at 52 years of
age, developed lipid abnormalities with elevated LDL and de-
creased HDL cholesterol while on danazol. His longitudinal TL
appeared to elongate between the 2 TL measurements performed,
and danazol was continued, although he did not have a hematologic
response. Unfortunately, he developed an aggressive squamous
cell carcinoma of the tongue at age 53 years, underwent extensive
surgical resection and radiation therapy, and died due to complications
of his malignancy, 6 months after diagnosis.

TL change over time

Telomeres shortened over time in both treated and untreated DC
patient groups. As shown in Figure 2, individual lymphocyte TL
shortened over time in all treated patients, except for 3 individuals in
whom TL was stable or minimally longer. Unadjusted analysis
showed that there was no statistically significant difference in
median annual total lymphocyte TL change between treated
(median —62 base pairs/year [bp/yl) and untreated patients
(median —76 bply, P = .71) (Figure 1; Table 3). Similar loss of
TL per year in treated and untreated patients was also observed in
4 lymphocytes subsets, CD45", CD20™, CD57", and NK cells and
in granulocytes (Table 3). Changes in granulocyte TL, the least
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Table 1. Demographic and genetic details of participants

DC patients treated
with androgens

DC patients never
treated with

(n =10) androgens (n = 16)
Feature*
Median age at baseline 7 (3-46) 21 (0-48)
TL measurement (range), y
Median age at most recent 13.5 (3-48) 27 (3-60)
TL measurement (range), y
Median follow-up time (range), y 5 (1-15) 6 (2-15)
Male:female 9:1 3:1
Gene (inheritance) (%)
DKC1 (XLR) 3(30) 1 (6)
TERT (AD) 0 (0) 3(19)
TERC (AD) 1(10) 2(12)
TINF2 (AD) 2 (20) 4 (25)
RTEL1(AD/ARt) 2 (20) 1(6)
PARN (AR) 1(10) 3(19)
Unknown 1 (10) 2(12)

AD, autosomal dominant; AR, autosomal recessive; DKC1, dyskerin; PARN, poly(A)-
specific ribonuclease; RTEL1, regulator of telomere elongation helicase 1; TERC,
telomerase RNA component; TERT, telomerase reverse transcriptase; TINF2, TRF1-
interacting nuclear factor 2; XLR, X-linked recessive.

*P values of age at baseline TL, age at most recent TL, length of follow-up, and sex were
all >.05.

tRTEL1 is AD inheritance in 1 treated and 1 untreated patient, and AR in 1 treated patient.

specific diagnostic subset,® were inconsistent in androgen-treated
patients showing a median loss of 27 bp/y but mean gain of 9 bp/y.
Untreated patients had a median granulocyte TL loss of 89 bp/y and
mean gain of 33 bp/y (P = .66) (Table 3).

Longitudinal analysis using GEEs, adjusting for age at sample
collection and accounting the correlations between multiple
measures, showed TL shortening in both groups (mean annual
rate of TL attrition = —25 bp/y in treated and —44 bp/y in untreated
patients). This difference was not statistically significant (P = .24).

Sensitivity analysis performed with the linear random effects mixed
model yielded similar results.

To understand the suggested possible lower rate of telomere
attrition in treated vs untreated, we repeated the longitudinal TL
analysis, restricting the treatment group to patients with >2 time
points of TL measured (range 3-5 TL measurements) compared
with TL change in the untreated patients. The results showed that
the change of TL over time was not statistically significantly different
between the 2 groups (P = .08).

Discussion

This longitudinal study measured DC patient TL in leukocyte
subsets by flow FISH and found no statistically significant difference
in the long-term TL change between androgen-treated DC patients
compared with untreated patients. This finding was irrespective of
the leukocyte subset analyzed or type of androgen and suggests
that the hematologic response to androgens for BMF may not be
related to telomere biology effects.

There are several explanations as to why our data do not agree with
the prior study reporting TL elongation in 11 of 12 patients treated
with danazol for 24 months.'* It is possible that our patient population
may have had shorter telomeres and more complex medical problems
than those in the danazol study (Table 2). Our study also looked at
long-term effects of androgens on TL with androgen treatment of a
median of 3 years (range 0.5-15 years), with longer-term follow-up on
hematologic response and adverse effects of treatment. Finally,
observed differences may also be attributed to different methods of
TL measurement in both studies. Here, we used the highly accurate
flow FISH assay as compared with gPCR assay in the danazol study.
It has been reported that TL by gPCR is highly dependent on DNA
extraction methods and other preanalytic factors.'®2° Notably, gPCR
has been shown to be less accurate for diagnosing DC than flow
FISH.2"2? We also compared the longitudinal TL change in patients
treated with androgens to the untreated patients. Although this is not
a randomized trial, it offers a comparator group with the same
underlying disease biology and similar study referral patterns.
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Figure 1. Longitudinal flow FISH lymphocyte TL in DC
patients, comparing androgen-treated and untreated 0 ; ; ; ; ; ;
participants. Total lymphocyte TL is shown in kilobases (kb). 0 10 20 30 40 50 60 70
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Figure 2. Lymphocyte TL change in DC patients treated
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with androgens, in relation to commencement of androgen
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Previously published studies, based upon cross-sectional data,*"®

have demonstrated an “oscillating” nature of intraindividual TL
changes and suggested that TL elongation over a short period of
time may represent measurement variation or error due to nonlinear
TL changes as opposed to the general trend of attrition over longer
periods of follow-up.?*2®> We observed intra-individual TL variation
over time in the study DC patients, but the overall trend with longer
follow-up was for shortening in both androgen-treated and
untreated patients (Figure 1).

The biological mechanism by which androgens improve blood cell
counts in patients with BMF or why they would alter telomere attrition in
other populations is not understood. A previously proposed hypothesis
is that increased expression of telomerase may be mediated by an
estrogen-sensitive element in the telomerase promoter.'%2® However, it
should be noted that danazol is not aromatized to estradiol, a conversion
that would be required if the mechanism of action was via the estrogen
response element in the telomerase promoter.2” A cross-sectional study
of 980 men found a positive correlation with between blood
testosterone metabolite levels and TL, independent of age, and that
aromatase gene polymorphisms were correlated with lower serum
estradiol and shorter TL.2® Conversely, a longitudinal interventional study
in 40 prostate cancer patients and 25 radiotherapy-matched controls
showed that severe and prolonged androgen deprivation therapy did not
cause accelerated shortening of telomeres®® These studies may
provide insight into further research on the biologic effects of androgens
on sex hormone metabolism and associations with TL change over time.

Of the 5 patients in our study who were treated with danazol, 2 (with
DKC1 and TINF2) showed minimal elongation of TL, 1 showed
stabilization of TL, and 2 showed shortening of TL. However, the
patients treated with danazol had shorter follow-up time on

androgens (median 1.4 years, range 0.5-4 years) than the treated
patients as a group (median 3 years on androgens, range 0.5-15
years). It is important to note that the patient with DKC 7 with a smalll
degree of telomere lengthening developed aggressive tongue
cancer leading to death while on danazol. Patients with DC are at
very high risk of head and neck squamous cell carcinoma, and this
patient may illustrate the natural progression of DC°; however, this
case also illustrates the importance of vigilance and long-term
follow-up for potential late effects. Extensive longer-term trials and
research are required to understand whether there is a differential
effect on TL based on specific androgen used, by length of
treatment, and importantly, the potential implications of TL effect of
androgens (if any) on disease phenotype.

The strengths of this study include long-term longitudinal follow-up of
TL of up to 15 years of androgen-treated and untreated patients with
DC and the use of flow FISH, the most sensitive and specific clinical TL
measurement method. A limitation of our study is that it was not a
randomized trial, and androgen therapy was managed by the local
physician and not directly by the study team. Hence, TL was not always
measured at commencement of androgens. There is also heteroge-
neity among the treated and untreated patients with respect to
age, genotype, and clinical manifestations. However, a strength of this
study is that it reflects data from the real-world use of androgens for
DC-related BMF over a long period of time. As is often the challenge in
rare diseases, this study is limited by sample size. The ideal solution
would be to perform a long-term prospective randomized trial within an
international research consortium to clearly delineate the effects, if any,
of androgen therapy on TL and disease phenotype.

In conclusion, our data show that patients with DC continue to have
telomere shortening over time, regardless of treatment with androgens.

Table 3. Median annual TL change in androgen-treated and untreated participants by leukocyte subset

Leukocyte subset Total granulocytes Total lymphocytes

CD45" lymphocytes

CD45” lymphocyte CD20* lymphocytes CD57* lymphocyte

Median annual TL change
in bp (range in bp)

Androgen-treated —927 (—678 to +954) —62 (—343 to +41)

Untreated —89 (—263 to +1346) —76 (—465 to +282)

P .66 .71

—69 (—581 to +55)
—87 (—413 to + 55)

—89 (—384 to +89) —69 (—387 to +296) —118(—~11181t0 —13)

—52 (-51 to +130) —79 (—413 to +27) —62 (—404 to +279)

.96 .96 .79 .32
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There could be a small difference in the rate of decline between
androgen-treated and untreated patients, but the sample size is too
small to make definitive conclusions. Androgens continue to be an
effective therapeutic option for BMF associated with DC/TBD.
However, their use for management of other medical complications
requires further understanding of the biological and clinical effects of
androgens on telomeres.
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