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Abstract
Purpose The expansion of CAG (glutamine; Q) trinucleotide repeats (TNRs) predominantly occurs through male lineage in
Huntington’s disease (HD). As a result, offspring will have larger CAG repeats compared to their fathers, which causes an earlier
onset of the disease called genetic anticipation. This study aims to develop a novel in vitromodel to replicate CAG repeat instability in
early spermatogenesis and demonstrate the biological process of genetic anticipation by using the HD stem cell model for the first time.
Methods HD rhesus monkey embryonic stem cells (rESCs) were cultured in vitro for an extended period. Male rESCs were used
to derive spermatogenic cells in vitro with a 10-day differentiation. The assessment of CAG repeat instability was performed by
GeneScan and curve fit analysis.
Results Spermatogenic cells derived from rESCs exhibit progressive expansion of CAG repeats with high daily expansion rates
compared to the extended culture of rESCs. The expansion of CAG repeats is cell type–specific and size-dependent.
Conclusions Here, we report a novel stem cell model that replicates genome instability and CAG repeat expansion in in vitro
derived HD monkey spermatogenic cells. The in vitro spermatogenic cell model opens a new opportunity for studying TNR
instability and the underlying mechanism of genetic anticipation, not only in HD but also in other TNR diseases.

Keywords Huntington’s disease . Spermatogenic cells . CAG repeat instability . HD rhesus monkey embryonic stem cells
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Introduction

Huntington’s disease (HD) is an inherited trinucleotide repeat
(TNR) disease-causing progressive motor and cognitive-
behavioral impairment [1–3]. Even with significant progress
in ameliorating HD symptoms or slowing down disease pro-
gression by the lowering of mutant huntingtin (HTT) protein
levels using small hairpin RNA, microRNA, an antisense ol-
igonucleotide (ASO), and gene editing [4–9], there is no cure
available currently. HD progresses throughout life, until death
15–20 years after clinical onset [1–3]. The expansion of the
CAG repeats in the first exon of the HTT gene is the primary
cause of HD [1, 3, 10, 11]. In humans, the normal HTT allele
has less than 26 CAG repeats, and the allele with full pene-
trance has more than 40 CAG repeats [1, 3, 10, 11]. The size
of CAG repeats in the brain is inversely correlated with the
age of onset and age of death in HD patients [1, 3, 10]. CAG
repeat expansion has also been reported in different cell types,
including lymphocytes, pluripotent stem cells (PSCs), fibro-
blasts, and gametes [12–22].
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Genetic anticipation was first described in fragile X syn-
drome (FXS) [23, 24]. It has also been reported in HD,
spinocerebellar ataxia (SCA-1), and other TNR-related dis-
eases [25–27]. The pathological size of the TNR in parents
further expands in the germ cells and results in expanded TNR
with earlier onset and increased disease severity in offspring,
which is known as anticipation [28–32]. In HD, genetic antic-
ipation predominantly occurs through the sperm rather than
oocytes [17, 27, 33–38]. Although the underlying mechanism
of paternal expansion is largely unknown, spermatogenesis is
a continuous cycle of mitosis and meiosis with concurrent
biological processes including DNA replication, replicative-
repair, post-meiotic repair, and chromatin remodeling when
the opportunities for errors are high [17, 20–22, 28, 39–42].
In HD, spermatogenesis prone to CAG expansion and ex-
panded CAG repeats are transmitted to the progeny upon fer-
tilization [17, 20, 22, 28, 38].

The paternal expansion of CAG repeats is a conserved and
well-documented biological process in HD mouse models
[17, 20, 37, 43] and human patients [22, 44, 45]. Also, we
recently reported a progressive increase in CAG repeats in HD
monkey sperm [13]. Unlike rodents with CAG repeat expan-
sion primarily occurring in the post-meiotic stage [20, 21], in
humans, CAG expansion occurs in both pre-meiotic cells (i.e.,
spermatogonia and spermatocytes) and post-meiotic sperma-
tids [22]. Such discrepancy between humans and rodents may
be due to differences in germ cell development and life span
[39, 40, 46, 47]. Because of the limited availability and ethical
usage of human tissues, as well as the developmental differ-
ences between rodent and human spermatogenesis, the prog-
ress in paternal germline instability and genetic anticipation
research has been very limited.

Like HD in humans, CAG repeat expansion rates depend
on the size of CAG repeats in HD monkeys [13]. We have
reported a progressive CAG repeat expansion in HD monkey
sperm at higher rates than in lymphocytes. We also observed
that alleles with over 62 CAG repeats (i.e., the threshold of
repeat instability) are more susceptible to expansion [13].
Because HD monkeys share similar CAG repeat behavior
with HD human patients [12], here we utilized HD monkey
ESCs (rESCs) to develop an in vitro model to replicate CAG
repeat instability in spermatogenic cells for the first time. We
examined CAG repeat instability of rESCs and their derivative
spermatogenic cells of an HD monkey (see Fig. 1 for
experimental flowchart). Similar to HD monkey sperm,
in vitro derived spermatogenic cells have larger repeats and
higher expansion rates compared to the long-term culture of
rESCs. Also, consistent with prior reports in HD humans and
HD monkeys, mutant HTT alleles with larger CAG repeats
were more unstable. Here, we report a novel stem cell model
that recapitulates CAG repeat behavior in in vitro derived
spermatogenic cells. The in vitro spermatogenic cell model
provides a unique opportunity for investigating the underlying

mechanism of TNR instability and paternal genetic anticipa-
tion in TNR diseases, as well as being used in discovering new
therapeutics or small molecules to slow down the expansion in
spermatogenic cells

Materials and methods

HD monkey

Male HD monkey, rHD1, was generated by transfecting ma-
ture rhesus macaque oocyte using a lentiviral vector express-
ing exon 1 of human HTT gene with 84 CAG repeats and
green fluorescent protein (GFP) under the regulation of human
polyubiquitin C (UBC) promoter. rHD1 was born with 29
CAG repeats based on assessable tissues [49]. Peripheral
blood cells at 3 and 44 months and sperm samples at 44
months of age were collected and used in this study.

Derivation and culture of rESs1–7

Seven HDmonkey embryonic stem cell lines (rESs1–7) and a
wild-type embryonic stem cell line (rES-WT) were
established from blastocysts derived from oocytes fertilized
by using rHD1 sperm and WT monkey sperm as described
by Putkhao and colleagues [48]. rESCs were cultured on mi-
tomycin C inactivated mouse embryonic fibroblast feeder
cells in Knockout DMEM (Gibco) with 20% Knockout serum
replacement (KSR; Invitrogen) supplemented with 2-mM L-
glutamine, 1x non-essential amino acid (NEAA; Lonza), and
4 ng/ml of human basic fibroblast growth factor (bFGF; R&D
system) at 37°C with 5% CO2. Colonies reached 70–80%
confluences in approximately 4 days and were mechanically
passaged onto the freshly prepared feeder cells.

In vitro derivation of spermatogenic cells

rES5, rES7, and rES-WT were in vitro differentiated into
spermatogenic cells (rSCs) using mouse spermatogonial stem
cell (SSC) culture medium as previously described [50].
Briefly, rESCs were cultured on STO-LIF feeder cells until
70–80% confluence when rESC culture mediumwas replaced
with SSC medium composed of MEM alpha (Thermofisher,
Inc.), 0.2% bovine serum albumin (Sigma), 5 μg/ml insulin
(Sigma), 10 μg/ml transferrin (Sigma), 60-μM putrescine
(Sigma), 2-mM L-glutamine (Invitrogen), 50-μM β-
mercaptoethanol (Sigma), 1-ng/ml human basic fibroblast
growth factor (bFGF; R&D System), 20-ng/ml glial-derived
neurotrophic factor (GDNF, R&D System), 30-nM sodium
selenite (Sigma), 2.36-μM palmitic acid (Sigma), 0.21-μM
palmitoleic acid (Sigma), 0.88-μM stearic acid (Sigma),
1.02-μM oleic acid (Sigma), 2.71-μM linoleic acid (Sigma),
0.43-μM linolenic acid (Sigma), 10-mMHEPES (Sigma), and
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0.5x penicillin/streptomycin (Thermofisher). Fresh SSC me-
dia were replaced every 2 days until day 10 of differentiation
when cells were collected and preserved for different analyses
described below [50].

Gene expression analysis by qRT-PCR

To examine the progression of differentiating spermatogenic
cells, rES5, rES7, and rES-WTwere collected at days 0 (ESCs
before differentiation), 3, 5, 7, and 10 for determining the
expression levels of spermatogenic cell markers. Total RNA
was extracted using Trizol (Life Technologies). cDNA was
synthesized using High-Capacity cDNA Reverse
Transcription Kits (Applied Biosystems) using 500 ng of
RNA samples. Quantitative mRNA expression was measured
by using TaqMan Gene Expression Master Mix (Applied
Biosystems) and rhesus macaque TaqMan primers for
VASA (Rh02798028_m1), PLZF (Rh02834704_m1), and
PIWIL1 (Rh04256262_m1) (Thermofisher). Bio-Rad
CFX96 system was used for the reaction. Gene expression
results were first normalized with endogenous control
glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
Rh02621745_g1). The normalized data was then normalized
to day 0 samples to determine the relative expression of rSCs
across the 10-day differentiation by using ΔΔCt method.
Three biological replicates and three technical replicates were
performed for each sample.

Determining CAG repeat size

PCR and GeneScan analyses: To demonstrate the CAG repeat
size, the polyglutamine tract was first amplified by polymer-
ase chain reaction (PCR) followed by GeneScan analysis.
Genomic DNA was isolated using Qiagen DNeasy Blood &
Tissue Kits (Qiagen) following the manufacturer’s instruc-
tions. PCR was carried out using primers targeting the
flanking regions of CAG repeats in the exon1 of HTT gene:

HD32F (forward sequences 5’-FAM-CTACGAGTCCCTCA
AGTCCTTCCAGC-3’) and MD177R (reverse sequence 5’-
GACGCAGCAGCGGCTGTGCCTG-3’). Each reaction was
performed using 100 ng of genomic DNA, 0.2 μMof forward
and reverse primers, 1X PCR Buffer (Takara), 1-mM deoxy-
ribonucleotide triphosphates (dNTP; Takara), 0.5-U Taq po-
lymerase (Takara), 4 μMof Betain (Sigma), and nuclease-free
water all added to bring up the total reaction to 50 μL. The
PCRwas run at 98 °C for 5 min, followed with 40 cycles of 96
°C for 5 min, 67 °C for 45 s, 72 °C for 1.5 min, and a final
extension of 72 °C for 10 min.

GeneScan analysis of each PCR product was performed at
the Emory Integrated Genomics Core. Of the PCR products,
1.5 μL were mixed with 0.5 μL of GeneScan™ 1000 ROX™
(ThermoFisher, Waltham, MA) size standard and 9.5 μL of
Hi-Di™ Formamide (Applied Biosystems). The samples were
denatured at 95°C for 5 min and run with 3130XL Genetic
Analyser (Applied Biosystems).

Immunostaining

At the end of the 10-day spermatogenic cell differentiation,
the SSC medium was removed and washed three times with
phosphate-buffered saline solution (PBS: Lonza) before fixa-
tion with 4% paraformaldehyde (PFA) for 30 min at room
temperature. Fixed cells were blocked with blocking solution
containing 1X PBS, 0.20% Triton X-100 (Sigma), 2% bovine
serum albumin (BSA; Sigma), 3-mM sodium azide (Sigma),
0.1% saponin (Sigma), and 5% normal goat serum (NGS) or
donkey serum (Sigma) at 4°C overnight. The primary anti-
body, PLZF 10 μg/ml (R&D System), was diluted with
blocking buffer and incubated with the cell sample overnight
at 4°C. DNA was counterstained with Hoechst at 1 μg/ml for
10 min before imaging. Samples were examined by a BX51
epifluorescencemicroscope (Olympus, Inc.), and images were
captured by CellSens software (Olympus, Inc.).

Fig. 1 Experimental flow chart.
Seven rESC lines (rESCs1–7; F1)
[48] inherited mutant HTT
transgenes from rHD1 (F0) [49]
were established from rHD1
sperm (F1) derived blastocysts
(F1). rES5 and rES7 were differ-
entiated into F2 spermatogenic
cells (SCs) in vitro. M: male; F:
female, WT: wild type; rES: HD
monkey embryonic stem cells;
rSCs: HD monkey spermatogenic
cells; N/A: not applied; Y: yes; N:
no
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Data analysis

GeneScan data were analyzed by using GeneMarker®
(SoftGenetics Version 2.2.0). The normal Gaussian distribu-
tion was used to fit into the raw GeneScan data. The curve fit
results were then analyzed as previously described [13].
Briefly, raw data were imported into MATLAB (MatWorks
R2019b) and analyzed using ipf.m function to determine the
degree of best fit that were represented as an error less than 5%
and overall fitness R2 value of more than 0.97 (S1 Table).
Curve fit results were then overlaid to the electrogram from
GeneScan using Adobe Photoshop (Adobe). The mean of
curve positions was used to calculate the number of repeats
added, or the expansion of CAG repeats at the beginning and
the end of the culture or differentiation as shown in
Supplemental Table 1. CAG repeat size in rESs1–7 was di-
vided into three allele clusters of <35Q, 40–60Q, and >60Q
for further analysis. To calculate the number of repeats added
to the mutant HTT alleles, we used the method described in
previous studies [51, 52]. Briefly, the mean number of repeats
at the end of culture was subtracted from the repeat number of
original allele size in the earliest sample (S1 Table). The ex-
pansion of CAG repeats in rESs1–7, rSC5, and rSC7 was
calculated using repeat size from the curve fit data. To deter-
mine daily expansion rates, the number of added repeats was
divided by the number of days in culture.

Statistical analysis

Statistical significance was determined by the Mann-Whitney
U test, andWilcoxon signed ranks test were used for data with
non-normal distribution. Correlation analysis of CAG repeat
size and daily expansion rates rESCs and rSCs were per-
formed by Spearman correlation analysis. The correlation lev-
el of each data set was indicated by Spearman’s correlation
coefficient (Spearman r: −1 to +1). Statistical significance
denoted with *p<0.05, **p<0.01, ***p<0.001.

Results

CAG repeat instability in HDmonkey lymphocytes and
sperm

HD monkey (rHD1) [48, 49, 53] lymphocytes (3 and 44
months of age) and sperm (44 months of age) were collected
and the size of CAG repeats were determined. Because of the
aggressive disease development in rHD1, we were not able to
collect sperm samples at multiple time points. We have con-
firmed the normal HTT allele has around 8Q, and CAG mo-
saicism was observed in the mutant HTT alleles in both lym-
phocytes and sperm (Fig. 2 and Supplemental Fig. 1). Three

clusters of mutant HTT alleles were observed in both samples
(Supplemental Fig. 1a).

To examine the pattern of CAG mosaicism, we used the
Gaussian distribution curve fit method to investigate the dy-
namics of mutantHTT alleles [54]. The deconvoluted individ-
ual alleles are represented as red curves, while the overall
curve fit is represented as a black curve overlaid over the
GeneScan electrogram (Fig. 2a). The alleles were grouped
based on CAG repeat size and divided into three clusters; (1)
<35Q, (2) 40Q–60Q, and (3) >60Q, accordingly (Fig. 2a). We
observed minimal or no change in allele clusters <35Q (Fig. 2
and Supplemental Fig. 1). Similarly, the allele clusters of 40–
60Q were also relatively stable in lymphocytes with no sig-
nificant changes between 3 (prodromal stage) and 44 (symp-
tomatic stage) months of age [48, 49, 53]. A shift of a smaller
peak (~75Q) toward the larger CAG repeat in allele clusters
>60Q was observed in lymphocytes (Fig. 2a and b).
Compared to lymphocytes, allele clusters of 40–60Q in sperm
had larger CAG repeats while the allele in the larger cluster of
>60Q displayed higher CAG mosaicism. These observations
suggest alleles with CAG repeats of over 60Q are extremely
unstable in sperm, which supports the notion of tissue-specific
CAG instability [38, 54]. Consistently, our recent study re-
vealed similar CAG repeat expansion patterns in a longitudi-
nal study of HDmonkey lymphocytes and sperm [13].Mutant
HTT alleles in HD monkeys displayed different expansion
patterns between sperm and lymphocytes, whereas lympho-
cytes tend to expand continuously with a small number of
CAGs. In contrast, periodic expansion occurred in sperm, es-
pecially alleles with a larger size of CAG repeat as described
by Møllersen and colleagues [31]. Our results are also consis-
tent with prior studies that high CAG repeat instability and
CAG mosaicism were found in male gametes [17, 27, 33–38]
(Fig. 2a and c; Supplemental Table 1).

Assessment of stability of CAG repeats in HD monkey
embryonic stem cells (rESCs) in in vitro culture

To derive rHD1 ESC lines, rHD1 sperm were used to produce
F1 embryos by in vitro fertilization followed by the derivation of
ESC lines as described previously [48]. A total of three males
(rES1, 5, and 7) and four females (rES2, 3, 4, and 6) ESC lines
were established [48]. These rESC lines were considered as the
F1 progenies of rHD1 (Fig. 1). Among the seven rESC lines,
rES1 was the only line that inherited all three mutant HTT allele
clusters from rHD1 (Fig. 3a). rES2, 3, 4, and 7 inherited two
mutant HTT allele clusters of <35Q and >60Q. rES5 and rES6
inherited allele clusters of >60Q and <35Q, respectively (Fig. 1
and Fig. 3a; Supplemental Fig. 1).

All cell lines were cultured and maintained under the same
conditions for an extended period between 44 and 164 days
(Table 1). To determine the effects of extended culture on
CAG instability, samples were collected at the beginning
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and the end of the culture for GeneScan and curve fit analyses
(Fig. 3a). To demonstrate the expansion of mutant HTT al-
leles, we used the number of repeats added as previously re-
ported [51, 52] to distinguish the stable and expanded alleles.
All rESC lines except rES5 inherited the allele clusters of
<35Q, which remained stable up to 164 days in culture with
nomajor change in CAG repeat size and the number of repeats
added (Fig. 3a and b; Supplemental Fig. 2 and Supplemental
Table 1). The mutant HTT allele cluster of 40–60Q was rela-
tively stable after 72 days in culture (Fig. 3a; Supplemental
Fig. 2 and Supplemental Table 1).

rESCs with allele clusters of >60Q showed a high instabil-
ity with up to 11 repeats added after an extended culture peri-
od (Fig. 3a, b, and c; Supplemental Table 1).

In vitro derivation of spermatogenic cells from HD
monkey ESCs

To investigate CAG repeat instability in spermatogenic cells, a
novel stem cell model was used to derive HD monkey sper-
matogenic cells in vitro. Two male HD rESC lines (rES5,
rES7) and one WT ESC line (rES-WT) were used to derive

Fig. 2 CAG repeat instability in rHD1 lymphocytes and sperm. a Curve
fit analysis of mutant HTT alleles. The cluster of CAG repeats are
classified into allele clusters (1) <35Q, (2) 40–60Q, and (3) >60Q.
Black lines represent the overall curve fit overlay onto the spectrum of
each allele clusters. Red lines represent individual curves that fit to the
expansion of mutant HTT alleles. The number of CAG repeats (Q) was

denoted at the X-axis and by the arrows. b Distribution of CAG repeat
size in lymphocytes at three and 44 months of age. The black horizontal
line represents the median of each data set based on curve fit data on allele
clusters of >60Q in (a). c CAG repeat mosaicism in sperm of rHD1
monkey based on curve fit data in (a)
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spermatogenic cells, rSC5, rSC7, and rSC-WT, respectively,
using a 10-day spermatogonial stem cell (SSC) differentiation
protocols (Fig. 4a) [50, 55, 56]. The elevated expression of

DEAD-Box Helicase 4 (VASA), a germ cell–specific tran-
script; promyelocytic leukemia zinc finger (PLZF), a sper-
matogonia marker; and PIWI-like protein 1 (PIWIL1), a

Fig. 3 Assessments of CAG repeat instability in the long-term culture of
rESs1–7. a Curve fit analysis of CAG repeat expansion in rESs1–7 at the
start and the end of in vitro culture. b The average number of repeats
added in allele clusters of <35Q and >60Q in rESs1–7 after long-term

culture. c Expansion of CAG repeats in allele cluster of >60Q. An open
and solid circle represents CAG repeat size from an individual red curve
in (a) in vitro culture beginning and end, respectively. A black horizontal
line represents the median of each data set. **p <0.01
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spermatocyte marker (Fig. 4b, c, and d) suggest the progres-
sive development toward spermatogenic lineage during the
10-day differentiation (Supplemental Fig. 3a). Based on the
expression patterns of spermatogenic cell markers, PLZF+

spermatogonia-like cells were the main spermatogenic cell
population after 10-day differentiation (Supplemental Fig. 3).

CAG repeat instability of in vitro derived
spermatogenic cells

To determine if in vitro directed differentiation toward sper-
matogenic cells provokes CAG repeat instability, we per-
formed GeneScan analysis on spermatogenic cells (rSCs) de-
rived from rES5, rES7, and rES-WT. NormalHTT alleles with
8Qwere detected in rES-WT as well as in rES5 and rES7 with
no CAG expansion observed after spermatogenic cell differ-
entiation (Supplemental Fig. 1c, Table 1). We then performed
curve fit analyses on spermatogenic cells (rSCs) derived from
rES5 (Fig. 5a) and rES7 (Fig. 5b). During the 10-day sper-
matogenic differentiation, rSC5 and rSC7 added up to 8.67
and 7.42 CAG repeats in allele clusters of >60Q, respectively
(Fig. 5a and Supplemental Table 1). The number of CAG
added in allele cluster of >60Q was much higher than <35Q
cluster (Fig. 5c). Also, CAG repeat size in the allele cluster of

>60Q was significantly increased after the differentiation
(125.4 ± 5.390, P = 0.012) (Fig. 5d). These findings echo
the correlation between CAG repeat instability and CAG re-
peat size in in vitro culture of rESCs (Fig. 3).

To further investigate the correlation between CAG repeat
instability and time in culture, and if in vitro differentiating
spermatogenic cells promote CAG repeat expansion, we com-
pared the average number of repeats added between rESC
cultures (44–164 days) and 10-day in vitro spermatogenic cell
differentiation in small and large allele clusters of mutantHTT
gene. Spermatogenic cells derived from rES5 and rES7 during
the 10-day differentiation process showed a significant in-
crease in the number of added CAG repeats compared to the
long-term culture rESCs in alleles of <60Q (0.6150 ±
0.01833, P = 0.017) (Fig. 6a left panel) and >60Q (5.273 ±
1.043, P = 0.043) (Fig. 6a right panel) (Fig. 6a). The expan-
sion rates (i.e., the number of CAG repeats added per day) of
CAG repeats were used to examine the effect of culture time
between long-term culture of rESCs and 10-day spermatogen-
ic cell differentiation. Spermatogenic cells, rSC5 and rSC7,
demonstrated the largest daily expansion rates compared to
the long-term culture of rESs1–7 (44–165 days) and their
parent rES5 and 7 (rES5-105 days and rES7-164 days) (Fig.
6b). Allele clusters of >60Q in spermatogenic cells showed a

Table 1 Summary of samples derived from rHD1

Name Age (D/M) or
passage (P)

Treatment Culture time Sample type Polyglutamine
(Q) size

Repeats added

Sperm 44 months In vivo N/A Germ cells 26–103Q N/A

Lymphocytes 3 months Somatic cells 26–87Q 4.54Q
44 months 26–92Q

rES1 P10 In vitro culture 72 days rESs1–7 26–106Q 2.80Q
P28 26–109Q

rES2 P7 44 days 26–130Q 4.83Q
P18 26–135Q

rES3 P12 64 days 26–147Q 3.35Q
P28 26–150Q

rES4 P22 120 days 26–150Q 3.19Q
P52 25–153Q

rES5 P6 104 days 120–125Q 11.73Q
P32 120–136Q

rES6 P38 52 days 26–27Q −0.22Q
P51 26–27Q

rES7 P7 164 days 26–114Q 9.75Q
P48 25–124Q

rSC5 Day 0 Spermatogenic cell
differentiation

10 days rSC derived from rES5 120–136Q 8.67Q
Day 10 124–145Q

rSC7 Day 0 10 days rSC derived from rES7 25–124Q 7.42Q
Day 10 26–131Q

rSC-WT Day 0 10 days rSC derived from rES-WT 8Q 0
Day 10 8Q

Q: CAG repeat; rES: HDmonkey embryonic stem cell; rSC: HDmonkey spermatogenic cell; D: day; M: month; P: number of passages; WT: wild type;
N/A: not applied
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strong positive correlation between expansion rates and CAG
repeat size (Fig. 6c, R2 = 0.8571, P = 0.0054, solid square), but
such correlation was not observed in rESCs (Fig. 6c, R2 =
−0.0728, P = 0.3737 open circle). In contrast, small allele
clusters of less than 60Q were relatively stable in both
rESCs and spermatogenic cells (Fig. 6c). Our data suggest
the link between cell type, CAG repeat size, and CAG repeat
expansion in HD spermatogenic cells.

Discussion

The purpose of this study was to examine whether in vitro
derivation of spermatogenic cells from HD monkey ESCs
can replicate TNR instability observed in sperm of HD pa-
tients. This novel stem cell model could provide an unprece-
dented platform for investigating CAG repeat instability and
the underlying mechanism of genetic anticipation via the male

germline. We used a transgenic HD monkey, rHD1, as our
model for this proof of principle study. rHD1 is the first trans-
genic HD monkey that developed progressive clinical impair-
ment paralleling human HD [49, 53, 57–61]. Based on
GeneScan analysis of lymphocytes and sperm, we confirmed
that there were three mutant HTT allele clusters (1) <35Q, (2)
40–60Q, and (3) >60Q in both tissues. rHD1 sperm exhibited
high CAG mosaicism in mutant HTT allele clusters of >60Q
(Fig. 2a and c). However, the same allele clusters in lympho-
cytes only showed small CAG repeat expansion between three
and 44months of age (Fig. 2a and b). On the other hand, allele
clusters of <35Q and 40–60Q were relatively stable in both
lymphocytes and sperm (Fig. 1). These findings were consis-
tent with previous studies in humans [12, 35–37], rodent HD
models [20, 21, 31, 43], and HD monkeys [13] in which al-
leles with large CAG repeats are more unstable and prone for
expansions in male germ cells than in somatic cells (Fig. 2b
and c).

Fig. 4 In vitro spermatogenic cell
differentiation of rES5 and rES7.
a Experimental timeline of
spermatogenic cell
differentiation. b-d Expression of
spermatogenic cell markers on
day 0 (before spermatogenic cell
differentiation) and day 10 (after
10-day spermatogenic cell differ-
entiation) of spermatogenic cell
differentiation of rSC-WT (b),
rSC5 (c), and rSC7 (d) by quan-
titative real-time PCR (qRT-
PCR). *p<0.05 and n=3
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A critical aspect of studying CAG repeat instability and
genetic anticipation is the assessment of CAG repeat size in
offspring. Although rodents are a useful model for studying
genetic anticipation, the fundamental differences in spermato-
genesis [39, 40, 46] and DNA repair response [62, 63] from
humans have limited rodents from precisely replicating bio-
logical events that are critical for regulating CAG repeat sta-
bility during spermatogenesis. Multiple DNA repair pathways
have been shown to play critical roles in regulating CAG
repeat stability [18, 19, 25, 64–66]. Also, the manipulation
of DNA repair enzyme activities, such as Msh2/3 of the mis-
match repair pathway, has therapeutic benefit in HDmice [66,
67]. These observations further supported the importance of
DNA repair mechanisms in regulating CAG repeat stability
that could result in expansion as well as possible contraction if
proper manipulation can be achieved [18, 19, 66, 67].
However, the observation of differentially expressed DNA
repair genes in species with longer lifespan such as humans
[62, 63] suggested the importance of a model that is closer to
humans not only on the regulation of spermatogenesis but also

the DNA repair responses that influences CAG repeat stabil-
ity. Since it is ethically unacceptable to create human embryos
for biological research, a non-human primate model such as
rHD1 that replicates the progressive development of human
HD is a viable animal model for bridging the gap between HD
rodents and human HD patients.

We have established seven rhesus macaque ES cell lines
(rESs1–7) from embryos conceived by using rHD1 sperm
[48]. The inheriting patterns of the mutant HTT allele clusters
suggest that they were segregated independently (S1 Fig). A
clear inheritance was demonstrated in rHD1 (F0) and his prog-
eny rESs1–7 cell lines (F1) (Fig. 3a). The CAG mosaicism in
allele clusters of >60Q was observed in rHD1 sperm with an
expansion of more than 100Q (Fig. 2a). Allele clusters of
>60Q were inherited in six of the seven rES cell lines (Fig.
3a) and were more unstable compared to allele clusters of
<35Q and 40–60Q (Fig. 3a). This evidence supports the
size-dependency of CAG repeat instability. Because of the
unique inheritance of the mutant HTT alleles in rESs1–7, we
can examine if CAG repeat instability is size-dependent, and if

Fig. 5 Assessments of CAG repeat instability in in vitro derived
spermatogenic cells. a and b Curve fit analysis of rES5 and rES7
spermatogenic cell differentiation. c An average number of repeats
added in allele clusters of <35Q and >60Q in spermatogenic cells
derived from rES5 and rES7. d Expansion of CAG repeats in allele

clusters of >60Q in spermatogenic cells derived from rES5 and rES7.
The open circle represents CAG repeat size from the individual red
curve in “a” at day 0 before differentiation. The solid circle represents
the CAG repeat size at day10 of spermatogenic cell differentiation. The
black line represents the median of each data set. *p <0.05
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long-term culture could provoke CAG repeat instability and
lead to expansion or contraction in male and female sibling
cell lines that inherited different mutant HTT alleles from the
same sire.

Most in vitro studies on CAG repeat instability uses stable
cell lines overexpressing mutantHTT or pluripotent stem cells
(PSCs) derived from HD patients (HD-PSCs) [12, 14, 15, 18,
19, 21]. In vitro differentiation of neural cells from human
HD-PSCs has been used to determine if neuronal cell types
are more susceptible to CAG repeat expansion [19, 68].
Interestingly, a recent report revealed a discrepancy in CAG
repeat instability and expansion between induced PSCs
(iPSCs) and the parent fibroblasts [18, 19]. Donor HD fibro-
blasts were more prone to CAG repeat expansion in culture
[18]. On the contrary, iPSCs derived from the same donor
fibroblasts were relatively stable [18, 19]. The discrepancy
between the HD-iPSCs and their parent fibroblasts has been
linked to the reprogramming processes that alter the epigenet-
ic landscape of the DNA repair response system and global
epigenetic architecture [19]. While the underlying mecha-
nisms that regulate the biological functions in iPSCs and par-
ent fibroblasts have yet to be determined, this observation has
raised the question of whether iPSCs, ESCs, or primary cul-
ture of patient cells is best for capturing CAG repeat instability
merits further investigation.

Besides CAG repeat length, time is another factor that con-
tributes to CAG repeat instability and expansion. In vitro cul-
ture of human HD fibroblasts and HD-PSCs, or mammalian
cells overexpressing mutant HTT gene had resulted in CAG
repeat expansion and were positively correlating to the length
of the culture time [69–72]. Similar to aging, long-term culture
increases oxidative stress-induced oxidative damages, specif-
ically, double-strand break (DSB), which could accumulate
during tissue culture and mediate CAG repeat instability [25,
65, 69]. We observed a similar correlation between CAG re-
peat instability, CAG repeat size, and time in the culture of
rESCs. During 44 to 164 days of culture, CAG repeat expan-
sion predominantly occurred in alleles with over 60Q but not
in the allele clusters of <35Q or 40–60Q, regardless of the
length of culture (Fig. 3). We did not observe gender-
specific patterns on CAG repeat instability nor the levels of
expansion in rESCs (Fig. 3). We showed a strong positive
correlation between CAG repeat size and expansion rate per
day in alleles with large CAG repeats during the in vitro der-
ivation of spermatogenic cells (Fig. 6b and c). This finding
suggested the increase of CAG repeat instability and the in-
crease of CAGmosaicism in spermatogenic cells derived from
rESs. By examining the number of repeats added to mutant
HTT alleles, we demonstrated allele clusters with more than
60Q are more susceptible to CAG repeat expansion with sig-
nificantly more CAG repeats added than the smaller alleles
(Fig. 3b and c). This finding echoed the effect of age and the
size of CAG repeats in a 4-year longitudinal study on lympho-
cytes and sperm of a different cohort of HD monkeys [13].
Our data further support that the larger the CAG repeats, the
more it is prone to expansion than alleles with smaller CAG
repeat size [13]. The largely expanded CAG repeat sequences

Fig. 6 CAG repeat instability and expansion rates in rESs1–7 and sper-
matogenic cells derived from rES5 and rES7. a An average number of
repeats added in mutantHTT alleles of <60Q and >60Q clusters between
rESCs and spermatogenic cells derived from rES5 and rES7 was present-
ed. b Daily expansion rates of long-term cultured rESs1–7, long-term
cultured rES5 and 7, and in vitro derived spermatogenic cells (rSC5 and
7). c Analysis between CAG repeat size and daily expansion rates of
rESs1–7 (p = 0.3737, open circles) and in vitro derived spermatogenic
cells (p = 0.0054, solid squares). *p <0.05, **p <0.01, ***p<0.001
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are sites of increased chromosomal fragility with an increasing
tendency to form secondary structures such as hairpins, which
are considered as a substrate of expansion [21]. The formation
of a secondary structure poses additional stress to the local
region that favors DNA breakage and triggers DNA repair
responses [20, 21, 25, 65]. Thus, the formation of a secondary
structure, the accumulation of DNA damage, and the accumu-
lation of mutant HTT further impair DNA repair response
result in elevated CAG repeat instability and expansion [25,
30, 65, 70, 72, 73]. A similar observation was observed in the
cell culture of human and rodent cell models [12, 14–16, 18,
19, 21]; however, not in the context of cell lines derived from
siblings that share a similar inheritance. The unique genetic
configurations of rESs1–7 provide a novel in vitro platform
for investigating the differential regulation on size-dependent
instability of CAG repeats. One additional advantage of the
HD monkey model is that additional cell lines, including
ESCs, iPSCs, and primary cultures, can be established to ex-
amine if the origins of cell lines constitutes a discrepancy in
the biology of genome stability and genetic anticipation.

CAG repeat instability in male germ cells remains chal-
lenging to examine without the use of rodent HD models or
human HD testicular tissues [20, 22, 74–78]. To overcome the
limitations of currently available models, we developed a stem
cell model to replicate CAG repeat behavior that leads to
genetic anticipation in differentiating spermatogenic cells.
In vitro derived spermatogenic cells are the second generation
(F2) of rHD1 (F0) while rHD1 sperm used for the production
of F1 embryos and F1 ESCs are the first generation (F1) (Fig.
1). By in vitro differentiating rESCs to spermatogenic cells,
we can examine CAG repeat instability in two generations of
spermatogenic cells. Based on the expression of the spermato-
genic cell markers in all of the rSCs after 10 days of differen-
tiation, we confirmed the progression of differentiating sper-
matogenic cells with a majority of PLZF+ mitotically active
(“A” pale spermatogonia) or inactive spermatogonia (“A”
dark spermatogonia)-like cells (Fig. 4b, c, and d) [40, 79,
80]. Immunostaining further confirms the expression of
PLZF+ spermatogonia-like cells (Supplemental Fig. 3). The
increased expression of PIWIL1 in rSCs after 10 days of dif-
ferentiation suggested a small fraction of differentiating sper-
matogonia progressed towards secondary spermatocytes (Fig.
4b, c, and d) and spermatids [50].

Prior studies have suggested the discrepancy in CAG re-
peat expansion between rodents and humans. In mice, CAG
repeat expansion occurs in post-meiotic mouse spermatogenic
cells [20, 74–78]. However, in humans, CAG repeat expan-
sion could occur in pre-meiotic cells (spermatogonia and sper-
matocytes), during meiosis in spermatocytes, and in post-
meiotic spermatids, and the repair of double-strand breaks
(DSB) and sperm elongation, as well as in spermatids when
the chromatin is re-packaged with protamines [20, 22, 75, 77].
Therefore, if in vitro derived HDmonkey spermatogenic cells

replicated CAG repeat instability and promote expansions,
CAG repeat expansion was likely to occur in pre-meiotic
PLZF+ spermatogonia-like cells. Although in our model, only
a fraction of cells develop to the secondary spermatocyte and
spermatid stage, our in vitro platform provides a new oppor-
tunity for investigating CAG repeat instability and the under-
lying mechanisms of genetic anticipation in spermatogenic
cells in vitro for the first time. One of our current efforts is
to optimize differentiation toward post-meiotic spermatogenic
cells to capture a comprehensive view of how CAG repeat
instability and genetic anticipation are regulated throughout
spermatogenesis. Our in vitro spermatogenic cell model also
opens a new opportunity for isolating specific spermatogenic
cell types in spermatogenesis; thus, cell type–specific suscep-
tibility and the underlying mechanism of CAG repeat instabil-
ity in developing spermatogenic cells can be further investi-
gated. Nonetheless, our data suggest that in vitro derived sper-
matogenic cells can replicate CAG repeat instability and ex-
pansion in early spermatogenesis, and it is a viable model for
studying the dynamic regulation of CAG repeat instability and
genetic anticipation that merit continues development.

In vitro derived spermatogenic cells, rSC5 and rSC7, have a
significant increase of CAG repeat size (Fig. 5d) and a higher
daily expansion rate compared to the long-term culture of rESs1–
7, including their parent rES5 and rES7 (Fig. 6b). These results
suggest tissue-specific instability [13, 35, 38, 81–83] and echo
the observation of high CAGmosaicism in rHD1 sperm (Fig. 2)
as well as a prior study in HD monkey lymphocytes and sperm
[13]. Both ESCs and lymphocytes exhibit a similar pattern in
CAG repeat expansion and are relatively stable compared to
in vitro derived spermatogenic cells and sperm [13]. A recent
study using human HD ESC-derived cardiomyocytes showed
high CAG repeat stability with no expansion [15].
Interestingly, the three HD ESC lines used in the study have 38
and 43 CAG repeats, and no expansion was observed after 30 or
60 days of cardiomyocyte differentiation. Although the stability
of CAG repeats in human HD ESC culture was not discussed,
the teratoma studies indicated that human HD ESCs and the
resultant teratomas have the same CAG repeat size. It was also
fair to consider that HD ESC lines should have been cultured for
weeks if not months from ESC derivation before performing
teratoma experiments. Thus, human HD ESCs were stable in
culture and in differentiated cardiomyocytes [15]. Human HD
lymphoblasts also revealed a similar pattern of DNA instability.
Most lymphoblastoid cell lines examined were below 41Q with
little or no CAG repeat instability, and moderate instability was
observed in cell lines with 42–59Q. Those with 60–120Q have
high CAG repeat instability with high mutation penetrance after
cultured for more than 6 months [12]. The high stability found in
lymphoblastoid cell lines was consistent with the cardiomyocyte
study where cell lines carrying 38 to 43Q, which were below the
threshold repeat number of the instability of 60Q, exhibited high
stability [12]. Similarly, a longitudinal study on HD monkey
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lymphocytes and sperm echoes human lymphoblasts studies
with a threshold repeat number of 62Q [13]. These studies further
support our findings that mutantHTT alleles with <35Q and 40–
60Q were relatively stable in long-term cultures or upon differ-
entiation to spermatogenic cells. However, the increase in CAG
repeat instability and periodic CAG repeat expansion was ob-
served in cells carrying alleles with over 60Q in ESCs and sper-
matogenic cells (Fig. 3 and Fig. 5).

A recent study by Mollica and colleagues showed hyper-
methylation of DNA repair genes and down-regulation of
DNA repair genes, and resulted in CAG repeat expansion in
human HD fibroblasts [18]. The four DNA repair genes,
APEX1, BRCA1, RPA1, and RPA3 that were downregulated
in HD cells, are also known as effectors of TNR stability [19,
84–86], 5-azacytidine-induced hypomethylation of the afore-
mentioned DNA repair genes and stabilized CAG repeat from
expansion [18]. This study suggested epigenetic control in
regulating CAG repeat instability via the modulation of
DNA repair machinery and merits further investigation, espe-
cially in paternal germ cells when dynamic changes in epige-
netic landscape occur during spermatogenesis [41, 87–89].
Besides influencing DNA repair gene functions, changes in
the epigenetic landscape also play a key role in the
reprogramming of somatic cells to PSCs. Upon the derivation
of iPSCs from human HD fibroblasts, Mollica and colleagues
[19] observed induced CAG repeat stability in iPSCs and their
derivative neural stem cells. They showed global upregulation
of 5-hydroxymethylation (5-hmC) that resulted in increased
levels of ten-eleven translocation 1 and 2 (TET1/2), which
upregulate the expression levels of the aforementioned DNA
repair genes and stabilize CAG repeats in iPSCs and neural
stem cells [19]. These studies raise an interesting and impor-
tant aspect on whether iPSCs, ESCs, or primary fibroblasts
share similar if not identical epigenetic regulatory mecha-
nisms and functions that might lead to different biological
consequences such as CAG repeat stability.

TheHDmonkeymodel offers a unique opportunity that could
overcome the ethical limitations in the derivation of human ESCs
and the limitations of using human tissues. Primary cell cultures
of HD monkeys can be established from multiple tissues from
the same donors of ESCs and iPSCs. ESCs and iPSCs can also
be derived from parents and their offspring, which is particularly
important for examining intergenerational effect, and investigat-
ing CAG repeat instability and genetic anticipation among sib-
lings. Moreover, longitudinal studies using samples collected
over time could provide additional information on the impact
of time, especially for diseases such as HD that progress as
individual ages. This study utilizing lymphocytes at 3 and 44
months of age (Fig. 2) and a prior study on progressive CAG
repeat expansion in lymphocytes and sperm [19] suggest that HD
monkey is a viable model for investigating how CAG repeats
behave over time in a cell type–specific manner. Although this
study is primarily focused on the stability of CAG repeats at the

HTT locus in in vitro differentiating spermatogenic cells because
of its high relevance to HD pathogenesis and the constitution of
genetic anticipation, other genomic domains and repetitive DNA
loci including SINE or LINE (Interspersed Nuclear Elements)
merits in-depth investigation in a future study to examine if
in vitro culture or spermatogenic differentiation provoke non-
specific genome modeling besides the HTT locus. The in vitro
spermatogenic cell model provides an opportunity to dissect the
mechanism of CAG repeat instability in differentiating male
germ cells for the first time that have resulted in genetic antici-
pation impacting future generations in humans. Thus, novel ther-
apeutics and approaches can be developed to stabilize CAG re-
peats, suppress or reverse CAG repeat expansion, and ameliorate
or stop the vicious cycle of genetic anticipation. The in vitro
spermatogenic cell model also opens a new opportunity for
studying TNR instability and the underlying mechanism of ge-
netic anticipation, not only in HD but also in other TNR diseases.

Conclusion

Studies on male germ cell genome instability or genetic antici-
pation have been limited to mouse models and human tissues.
Due to the physiological differences between rodent and primate
spermatogenesis, and the limited availability of human tissues, a
stem cell model that could replicate CAG repeat behavior in
differentiating spermatogenic cells would provide a unique op-
portunity for studying the underlying mechanisms of genome
instability in male germline that result in periodic CAG repeat
expansion and genetic anticipation affecting future generations.
Our in vitro spermatogenic cell model recapitulates CAG repeat
instability with much higher expansion rates compared to the
extended culture of rESCs. Also, similar to the prior studies in
rodents, humans, and non-human primates, CAG repeat instabil-
ity in in vitro derived spermatogenic cells is positively correlated
to the size of the repeats. While the current spermatogenic dif-
ferentiation protocol has yet to be fully optimized, our goal is to
optimize the current protocol to differentiate toward advanced
spermatogenic cell types such as elongated spermatids. Thus,
the susceptibility of spermatogenic cell types to CAG repeat
expansion can be determined, and a therapeutic approach
targeting specific spermatogenic cells can be developed to stabi-
lize or reverse CAG repeat expansion to stop the vicious cycle of
genetic anticipation.
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