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OR I G INA L ART I C L E
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Abstract
Down syndrome (DS), caused by trisomy 21, is the most common chromosomal disorder associated with developmental
cognitive deficits. Despite intensive efforts, the geneticmechanismsunderlying developmental cognitive deficits remainpoorly
understood, and no treatment has been proven effective. The previous mouse-based experiments suggest that the so-called
Down syndrome critical region of human chromosome 21 is an important region for this phenotype, which is demarcated by
Setd4/Cbr1 and Fam3b/Mx2. We first confirmed the importance of the Cbr1-Fam3b region using compound mutant mice, which
carry a duplication spanning the entire human chromosome 21 orthologous region onmouse chromosome 16 [Dp(16)1Yey] and
Ms1Rhr. By dividing the Setd4-Mx2 region into complementary Setd4-Kcnj6 and Kcnj15-Mx2 intervals, we started an unbiased
dissection through generating and analyzing Dp(16)1Yey/Df(16Setd4-Kcnj6)Yey and Dp(16)1Yey/Df(16Kcnj15-Mx2)Yey mice.
Surprisingly, the Dp(16)1Yey-associated cognitive phenotypes were not rescued by either deletion in the compound mutants,
suggesting the possible presence of at least one causative gene in each of the two regions. The partial rescue by a Dyrk1a
mutation in a compoundmutant carryingDp(16)1Yey and the Dyrk1amutation confirmed the causative role of Dyrk1a, whereas
the absence of a similar rescue by Df(16Dyrk1a-Kcnj6)Yey in Dp(16)1Yey/Df(16Dyrk1a-Kcnj6)Yey mice demonstrated the
importance of Kcnj6. Our results revealed the high levels of complexities of gene actions and interactions associated with the
Setd4/Cbr1-Fam3b/Mx2 region as well as their relationship with developmental cognitive deficits in DS.

Introduction

Human trisomy 21 [Down syndrome (DS)] is the most common

chromosomal abnormality associated with developmental cog-

nitive deficits in the human population (1,2), occurring in one

in approximately 691 and 1000 newborns in the USA (3) and Eur-

ope (4), respectively. In addition, the pregnancy termination rate

after pre-natal diagnosis of human trisomy 21 has not increased,

and the incidence rate of DS has not decreased in the last decade
in countries such as theUSA, due partly to improvedmedical care
and social support for individuals with DS (5). However, despite
improvedmedical care, there is still no effective treatment avail-
able to improve cognitive function for individualswithDS. There-
fore, there is a particularly urgent need to explore in depth the
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genetic mechanisms underlying developmental cognitive defi-
cits in DS to facilitate the development of new interventions.

To establish genotype–phenotype relationships, several
groups have examined human segmental trisomies. In these
studies, data generated from patients with segmental trisomy
of human chromosome 21 (Hsa21) were used tomap genomic re-
gions associated with DS phenotypes. During these investigative
efforts, the Down syndrome critical region (DSCR) was defined
and proposed to be responsible for major DS phenotypes, includ-
ing developmental cognitive deficits (6,7). Unfortunately, inter-
pretation of the genotype–phenotype relationships inferred
from these studies is complicated because some patients with
segmental trisomy 21 carried additional chromosomal anomal-
ies. For instance, through translocation, some individuals were
segmentally trisomic for other chromosomes (6,7). Another prob-
lem is that the triplication endpoints almost always differ in each
case of segmental trisomy,whichmakes it difficult to distinguish
the contributions of trisomy from individual difference (8).

To pursue an alternative strategy for establishing the geno-
type–phenotype relationship, mouse models have been gener-
ated on the basis of evolutionary conservation between Hsa21
and three regions of the mouse genome located on mouse
chromosome 10 (Mmu10), Mmu16 andMmu17. The Hsa21 ortho-
logous region onMmu16 is the largest one and contains∼65.7%of
all the Hsa21 gene orthologs (Fig. 1). Triplication of this region
caused developmental cognitive deficits in Dp(16)1Yey/+, abbre-
viated as Dp(16)1/+, mice (9). The mouse DSCR, demarcated by
Setd4/Cbr1 and Fam3b/Mx2, is locatedwithin this region (Fig. 1 and
Supplementary Material, Table S1). Mouse-based experimental
results support the proposal that the Setd4/Cbr1-Fam3b/Mx2
region plays a critical role in causing developmental cognitive

deficits (10–12). Of 29–31 Hsa21 gene orthologs in the region,
Dyrk1a and Kcnj6 are considered important candidates for con-
tributing to this phenotype (10). It is possible that these and
other genes in the Setd4/Cbr1-Fam3b/Mx2 region contribute to
the phenotypes by interacting directly and/or indirectly among
themselves and/or with other triplicated genes. In this study,
we set out to examine these possibilities by generating and ana-
lyzing mouse mutants carrying specific genetic alterations.

Results
Confirmation of the impact of the Cbr1-Fam3b region
using Dp(16)1;Ms1Rhr mice

The mouse DSCR is located in the Hsa21 orthologous region on
Mmu16, which is demarcated by Setd4/Cbr1 and Fam3b/Mx2
(Fig. 1 and Supplementary Material, Table S1). Dp(16)1, a duplica-
tion spanning the entire Hsa21 orthologous region on Mmu16,
serves as a reference for genetic dissection of the Setd4/Cbr1-
Fam3b/Mx2 region (Fig. 1) (13). The presence of Dp(16)1/+ caused
impairment of cognitively relevant phenotypes in mice, includ-
ing contextual fear conditioning and hippocampal long-term po-
tentiation (LTP) (9) which is viewed as a major physiological
phenomenon associated with learning and memory (14,15). We
have previously shown that reducing the copy number of the
Cbr1-Fam3b region from three to two rescued impaired hippo-
campal LTP caused by the presence of Dp(16)1 (12). In this
study, we extended the analysis of the Cbr1-Fam3b region by in-
cluding the T-maze spontaneous alternation test and the con-
textual fear-conditioning test. The T-maze test has been used
to reveal functional abnormalities of the mouse hippocampal
system. The contextual fear-conditioning test has been used to
examine the capacity for hippocampal-mediated contextual
memory in mice. Both tests have been used extensively to ana-
lyze mouse models of DS (9,10,16). In the T-maze test, Dp(16)1/+
mice performed significantly worse than wild-type controls
(P < 0.01). But converting the Cbr1-Fam3b to two copies rendered
the difference of the performances between Dp(16)1;Ms1Rhr
mice andwild-type controls insignificant (P = 0.247), even though
the difference between Dp(16)1;Ms1Rhr and Dp(16)1/+ mice is not
significant either (P = 0.085; Fig. 2A). In the contextual fear-condi-
tioning test, mice of all genotypes had a similar low baseline
freezing level before presentation of the foot shock (P > 0.05;
Fig. 2B). Dp(16)1;Ms1Rhr, Dp(16)1/+ and +/+ mice showed elevated

Figure 1. Mouse mutants and their cognitive phenotypes. Hsa21 and the

orthologous region on Mmu16 are shown. Dashed lines indicate the locations of

specific genes. PR, partial rescue observed; NR, no rescue observed.

Figure 2. Analysis of Dp(16)1;Ms1Rhr mice. (A) Dp(16)1;Ms1Rhr (n = 15), Dp(16)/+

(n = 13) and +/+ (n = 13) mice were examined in the T-maze. (B) The three groups

of mice in (A) were examined in a contextual fear-conditioning test. The

percentages of time frozen before the foot shock and during the 24 h contextual

tests are shown. *P < 0.05 and **P < 0.01.
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freezing behavior when they were returned to the test chamber
24 h after the initial training and foot shock. Similar to our previ-
ous observations, Dp(16)1/+ mice froze significantly less than
wild-type controls (P < 0.01) (Fig. 2B) (9). Additional comparative
analysis showed that Dp(16)1;Ms1Rhr mice froze significantly
more than Dp(16)1/+ mice (P < 0.05), but did not reach the level
achieved by wild-type controls (P < 0.01). To facilitate interpret-
ation of the contextual fear condition data, we performed
a foot-shock sensitivity test and detected no difference in the
mean threshold of the current to elicit flinching or vocalizing
between mice with the aforementioned genotypes as well as all
other genotypes used in the subsequent contextual fear-condi-
tioning tests in this study (data not shown). These results indi-
cate that the normalization of the Cbr1-Fam3b region to two
copies partially rescued the cognitive deficits caused by the
presence of Dp(16)1.

Examination of the impacts of the Setd4-Kcnj6 and
Kcnj15-Mx2 regions by generating and analyzing
compound mouse mutants

After confirming the impact of the Cbr1-Fam3b region on cognitive
behaviors using Dp(16)1;Ms1Rhr mice, we started the unbiased
dissection of the Setd4/Cbr1-Fam3b/Mx2 region by dividing the re-
gion into two complementary intervals. To do this, we generated
Df(16Setd4-Kcnj6)Yey [abbreviated as Df(16)5Yey or Df(16)5] and Df
(16Kcnj15-Mx2)Yey [abbreviated as Df(16)6Yey or Df(16)6], which
have deletions of 15 and 16 Hsa21 gene orthologs, respectively
(Fig. 1 and Supplementary Material, Table S1).

To generate Df(16)5 in mouse embryonic stem (ES) cells,
MICER clones MHPN267e05 andMHPP54c08 (17) were used to tar-
get loxP into the regions proximal to Setd4 and distal to Kcnj6, re-
spectively (Fig. 3A). To generate Df(16)6 in ES cells, MICER clones
MHPP54c08 and MHPN178b08 (17) were used to target loxP into
the regions proximal to Kcnj15 and distal to Mx2, respectively
(Fig. 4A). The ES cell clones carrying Df(16)5 and Df(16)6were gen-
erated by transfection of a Cre-expression vector into double-tar-
geted ES cells and identified by Southern blot analysis (Figs 3A
and 4A). The deletions were confirmed by fluorescent in situ hy-
bridization (FISH) analysis (18,19) (Figs 3B and C and 4B and C).
Df(16)5/+ and Df(16)6/+ micewere generated using the aforemen-
tioned ES cells and were identified by Southern blot analysis
(Figs 3D and 4D). Df(16)5/+ and Df(16)6/+ mice appear overtly nor-
mal. Both strains showed transmission ratio distortion, with
either deletion transmitted at the ratio lower than predicted.

To assess the impact on the level of mRNAs by the copy num-
ber variation of their coding genes, we analyzed expression of
App, Pigp, Dyrk1a, Kcnj6 and Hmgn1 in Dp(16)1/+, Dp(16)1/Df(16)5
and Dp(16)1/Df(16)6 brains using TaqMan® real-time quantita-
tive reverse transcriptase–polymerase chain reaction (RT–PCR)
(Fig. 1). All five genes are present at three copies in Dp(16)1/+
brains, but Pigp, Dyrk1a and Kcnj6 are converted to two copies in
Dp(16)1/Df(16)5 brains andHmgn1 is converted to two copies inDp
(16)1/Df(16)6 brains. The quantitative RT–PCR results showed that
the detected mRNA levels reflected the copy numbers of their
coding genes in the mutants (Fig. 1 and Table 1).

To analyze the impact of the Setd4-Kcnj6 and Kcnj15-Mx2 re-
gions on DS-associated cognitively relevant phenotypes, we
compared the phenotypes of Dp(16)1/Df(16)5 and Dp(16)1/Df(16)
6 mice with those of Dp(16)1/+ mice and wild-type controls. Our
results showed that both Dp(16)1/Df(16)5 and Dp(16)1/Df(16)6
mice performed significantly worse than wild-type controls in
the T-maze and contextual fear-conditioning tests (P < 0.05;
Figs 3E and F and 4E and F). In addition, neither Dp(16)1/Df(16)5

nor Dp(16)1/Df(16)6 mice showed improvement over Dp(16)1/+
mice in these tests (P > 0.05; Figs 3E and Fand 4E and F). To assess
the impact of the Setd4-Kcnj6 and Kcnj15-Mx2 regions on hippo-
campal synaptic plasticity, we performed in vitro electrophysio-
logical analysis in the CA1 region of hippocampus in brain
slices with the focus on hippocampal LTP. LTP in the brain slices
was induced by theta burst stimulation (TBS). Mean slopes of
extracellular field excitatory post-synaptic potentials (fEPSPs)
were measured for 60 min after the TBS. A comparative analysis
showed that the magnitude of LTP of the synaptic response after
TBS of the brain slices from Dp(16)1/Df(16)5 and Dp(16)1/Df(16)6
mice are significantly lower than that from wild-type controls
(P < 0.05, Figs 3G and 4G). Further comparison showed that
the magnitude of LTP after TBS of the brain slices from Dp(16)
1/Df(16)5 and Dp(16)1/Df(16)6 mice appeared slightly higher
than that from Dp(16)1/+ mice, but the differences are not statis-
tically significant (P > 0.05; Figs 3G and 4G). The behavioral and
electrophysiological data indicate that converting either the
Setd4-Kcnj6 region or the Kcnj15-Mx2 region to two copies does
not rescue the cognitively relevant phenotypes caused by
Dp(16)1. This suggests that both Setd4-Kcnj6 and Kcnj15-Mx2 re-
gions contain dosage-sensitive genes and that the causative
gene(s) in either region can contribute to the cognitively relevant
phenotypes.

Examination of the impact of Dyrk1a and Kcnj6 by
generating and analyzing compound mouse mutants

We showed earlier that reducing the copy number of the Setd4-
Kcnj6 region from three to two inDp(16)1/Df(16)5mice did not im-
prove learning and memory compared with Dp(16)1/+ mice. This
result is unexpected because Dyrk1a and Kcnj6, the major candi-
date genes for DS-associated cognitive deficits (10), are located
within this interval. Dyrk1a encodes a dual-specificity tyrosine-
phosphorylation-regulated kinase, which plays a critical role in
signaling (20–22). Kcnj6 encodes for a G protein-activated potas-
sium channel, which regulates neuronal excitability by mediat-
ing the inhibitory effects of G-protein-coupled receptors for
neuromodulators and neurotransmitters (23,24). If copy number
increases of these genes contribute to the cognitively relevant
phenotypes, then normalizations of the copy number in Dp(16)
1/Df(16)5mice should have led to improvement of cognitive func-
tion when compared with Dp(16)1/+ mice. Therefore, we decided
to examine the impact of Dyrk1a and Kcnj6 using the subtractive
strategy with Dp(16)1 as the reference.

To examine the impact of Dyrk1a, we generated a Dyrk1a
mutant allele in mice using the SIGTR ES cell line XQ0369, which
carries Dyrk1aGt(XQ0369)Wtsi (abbreviated as Dyrk1am1). By se-
quencing the RT–PCR product, we confirmed the presence of the
specific fusionmRNA in theXQ0369 ES cells generated by insertion
of the beta-Geo cassette into intron 4 of Dyrk1a (Fig. 5B and Supple-
mentary Material, Fig. S1).This insertion causes a disruption in
the 321-amino acid kinase domain of DYRK1A, which occurs
after the first 14 amino acids encoded by exon 4. To examine the
impact of Dyrk1a and Kcnj6 simultaneously, we generated Df
(16Dyrk1a-Kcnj6)Yey [abbreviated as Df(16)7Yey or Df(16)7] in
mouse ES cells. MICER clones MHPN85f19 and MHPP54c08 (17)
were used to target loxP into the regions proximal to Dyrk1a and
distal to Kcnj6, respectively (Fig. 6A). The ES cell clones carrying
Df(16)7 were generated by transfection of a Cre-expression vector
into double-targeted ES cells and identified by Southern blot ana-
lysis (Fig. 6A). The deletion was confirmed by FISH analysis (Fig. 6B
and C).Dyrk1am1/+ andDf(16)7Yey/+micewere generated using the
aforementioned ES cells. Dyrk1am1/+ mice were maintained using
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beta-Geo-specific PCR-based genotyping (Fig. 5A). Dyrk1am1/+ mice
appear overtly normal. After backcrossing to C57BL/6J or 129Sv
mice, Dyrk1am1/+ mice showed transmission ratio distortion with

themutation transmitted at the ratio lower than predicted. There-
fore, Dyrk1am1/+ mice were maintained by crossing Dyrk1am1/+
mice either with wild-type (129Sv × C57BL/6J)F1 mice or with

Figure 3. Generation and analysis of Dp(16)1/Df(16)5 mice. (A) Strategy to generate Df(16)5. 5′, 5′ half of a HPRT minigene; 3′, 3′ half of a HPRT minigene; N, neomycin

resistance gene; P, puromycin resistance gene; Ty, tyrosinase transgene; Ag, K14-Agouti transgene; ►, loxP; A, AflII; K, KpnI. (B) Genomic locations of BAC probes for

FISH analysis. (C) FISH analysis of metaphase chromosomes prepared from Df(16)5/+ ES cells. (D) Southern blot analysis, using Probe 5C, of AflII-digested tail DNA

from a Df(16)5/+ mouse. (E) Dp(16)1/Df(16)5 (n = 13), Dp(16)/+ (n = 13) and +/+ (n = 16) mice were examined in the T-maze. (F) The three groups of mice in (E) were

examined in a contextual fear-conditioning test. The percentages of time frozen before the foot shock and during the 24 h contextual tests are shown. (G) Analysis of

hippocampal LTP. Brain slices from Dp(16)1/Df(16)5 (n = 9), Dp(16)1/+ (n = 9) and +/+ (n = 9) mice were analyzed using electrophysiological recordings in the CA1 region of

the hippocampus. Recordings of fEPSPswere carried out before and after TBS inductions. Evoked potentials were normalized to the fEPSPs recorded prior to TBS induction.

*P < 0.05 and **P < 0.01.
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Dp(16)1/+ mice. Sibling mating of Dp(16)1/Dyrk1am1 mice did not
result in any viable pups carrying either the Dp(16)1 allele or the
Dyrk1am1 allele alone, indicating that the homozygosity of either

mutation led to embryonic lethality. The embryonic lethal
phenotype caused by Dyrk1am1/Dyrk1am1 and the aforementioned
mutation-associated haploinsufficiency are very similar to the

Figure 4. Generation and analysis of Dp(16)1/Df(16)6 mice. (A) Strategy to generate Df(16)6. For the definitions of the abbreviations, see the legend in Figure 3A. A, AflII; K,

KpnI; X, XbaI. (B) Genomic locations of BAC probes for FISH analysis. (C) FISH analysis of metaphase chromosomes prepared from Df(16)6/+ ES cells. (D) Southern blot

analysis, using Probe 6C, of AflII-digested tail DNA from a Df(16)6/+ mouse. (E) Dp(16)1/Df(16)6 (n = 10), Dp(16)1/+ (n = 12) and +/+ (n = 11) mice were examined in the T-

maze. (F) The three groups of mice in (E) were examined in a contextual fear-conditioning test. The percentages of time frozen before the foot shock and during the

24 h contextual tests are shown. (G) Analysis of hippocampal LTP. Brain slices from Dp(16)1/Df(16)6 (n = 8), Dp(16)1/+ (n = 9) and +/+ (n = 9) mice were analyzed using

electrophysiological recordings in the CA1 region of the hippocampus. Recordings of fEPSPs were carried out before and after TBS inductions. Evoked potentials were

normalized to the fEPSPs recorded prior to TBS induction. *P < 0.05 and **P < 0.01.
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phenotypes of another Dyrk1a knockout mouse strain (25).
Df(16)7/+ mice were identified by Southern blot analysis (Fig. 6D).
Df(16)7Yey/+ mice appear overtly normal. The strain showed

transmission ratio distortion with the deletion transmitted at the
ratio lower than predicted.

To assess the impact on the level of mRNAs by the copy num-
ber variation of their coding genes, we analyzed expression of
App, Pigp, Dyrk1a, Kcnj6 and Hmgn1 in Dp(16)1/Dyrk1am1 and Dp
(16)1/Df(16)7 brains using TaqMan real-time quantitative PCR.
All five genes are present at three copies in Dp(16)1Yey/+ brains,
but Dyrk1a is converted to two copies in Dp(16)1/Dyrk1am1 mice
and Dyrk1a and Kcnj6 are converted to two copies in Dp(16)1/Df
(16)7 mice (Fig. 1). The quantitative PCR results showed that the
detectedmRNA levels reflected the copy numbers of their coding
genes in the mutants (Fig. 1 and Table 1).

To analyze the impact of Dyrk1a on DS-associated cognitively
relevant phenotypes, we compared Dp(16)1/Dyrk1am1 mice with
Dp(16)1/+ mice and wild-type controls in the T-maze and con-
textual fear-conditioning tests. Our results showed that Dp(16)
1/Dyrk1am1 mice performed better than Dp(16)1/+ mice in the
T-maze and contextual fear-conditioning tests (P < 0.01), even
though their performance did not reach the level achieved by
wild-type controls (P < 0.05) (Fig. 5C and D). When we compared

Table 1. Normalized relative values of expression in the brains
(RQ ± SEM)*

Gene
name

Dp(16)1/+
over +/+

Dp(16)1/Df
(16)5 over
+/+

Dp(16)1/Df
(16)6 over
+/+

Dp(16)1/Df
(16)7 over
+/+

Dp(16)1/
Dyrk1am1

over +/+

App 1.46 ± 0.10 1.56 ± 0.11 1.57 ± 0.15 1.55 ± 0.05 1.54 ± 0.03
Pigp 1.50 ± 0.10 1.05 ± 0.19 1.84 ± 0.22 1.67 ± 0.09 1.48 ± 0.07
Dyrk1a 1.52 ± 0.09 0.84 ± 0.07 1.22 ± 0.08 0.95 ± 0.03 1.03 ± 0.00
Kcnj6 1.37 ± 0.06 0.87 ± 0.09 1.23 ± 0.08 0.96 ± 0.06 1.28 ± 0.05
Hmgn1 1.55 ± 0.13 1.62 ± 0.26 1.10 ± 0.01 1.70 ± 0.08 1.67 ± 0.05

*The values represent the means of triplicated samples. Gapdh was used as an

internal control and is disomic in all strains. In the Hsa21 orthologous region on

Mmu16, App is located proximal to the Setd4/Cbr1-Fam3b/Mx2 region, Pigp, Dyrk1a

and Kcnj6 are located within the deleted region in Df(16)5 and Hmgn1 is located

within the deleted region of Df(16)6.

Figure 5.Generation andanalysis ofDp(16)1/Dyrk1am1mice. (A) The gene trap insertion site inDyrk1a in the ES cell cloneQX0369. Arrowheads indicate the primer locations

for RT–PCR. (B) Confirmation of the gene trap event by RT–PCR. RNAs were purified from the QX0369 ES cells and the brains of a Dyrk1am1/+ mouse and a wild-type

littermate. RT–PCR was performed using the forward primer located in exon 4 of Dyrk1a and the reverse primer in the beta-Geo cassette at the annealing temperature

of 70°C. The resulting product was 296 bp. Lane 1, Dyrk1am1/+ mouse; lane 2, wild-type littermate; lane 3, Dyrk1a gene trap cell clone QX0369; MW, 100 bp DNA ladder.

Sequencing of the PCR products confirms the presence of a fusion mRNA (Supplementary Material, Fig. S1). (C) Dp(16)1/Dyrk1am1 (n = 16), Dp(16)1/+ (n = 16) and +/+

(n = 16) mice were examined in the T-maze. (D) The three groups of mice in (C) were examined in a contextual fear-conditioning test. The percentages of time frozen

before the foot shock and during the 24 h contextual tests are shown. (E) Analysis of LTP. Brain slices from Dp(16)1/Dyrk1am1 (n = 13), Dp(16)1/+ (n = 13) and +/+ (n = 13)

mice were analyzed using electrophysiological recordings in the CA1 region of the hippocampus. Recordings of fEPSPs were carried out before and after TBS

inductions. Evoked potentials were normalized to the fEPSPs recorded prior to TBS induction. *P < 0.05 and **P < 0.01.
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hippocampal LTPs, we found that themagnitude of LTP after TBS
of the brain slices from Dp(16)1/Dyrk1am1 mice was higher than
that from Dp(16)1/+ mice (P < 0.01), but it was not as high as that

from the wild-type controls (P < 0.01; Fig. 5E). These data indicate
that Dyrk1a is indeed a causative gene for the cognitive deficits
observed inDp(16)1/+mice. To examine the simultaneous impact

Figure 6. Generation and analysis of Dp(16)1/Df(16)7 mice. (A) Strategy to generate Df(16)7. For the definitions of the abbreviations, see the legend in Figure 3A. H, HpaI; K,

KpnI; X, XbaI. (B) Genomic locations of BAC probes for FISH analysis. (C) FISH analysis of metaphase chromosomes prepared from Df(16)7/+ ES cells. (D) Southern blot

analysis, using Probe 7C, of HpaI-digested tail DNA from a Df(16)7/+ mouse. (E) Dp(16)1/Df(16)7 (n = 14), Dp(16)1/+ (n = 14) and +/+ (n = 14) mice were examined in the T-

maze. (F) The three groups of mice in (E) were examined in a contextual fear-conditioning test. The percentages of time frozen before the foot shock and during the

24 h contextual tests are shown. (G) Analysis of hippocampal LTP. Brain slices from Dp(16)1/Df(16)7 (n = 8), Dp(16)1/+ (n = 9) and +/+ (n = 9) mice were analyzed using

electrophysiological recordings in the CA1 region of the hippocampus. Recordings of fEPSPs were carried out before and after TBS inductions. Evoked potentials were

normalized to the fEPSPs recorded prior to TBS induction. *P < 0.05 and **P < 0.01.
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of Dyrk1a and Kcnj6 on cognitively relevant phenotypes, we com-
pared Dp(16)1/Df(16)7, Dp(16)1/+ and wild-type control mice in
the T-maze and contextual fear-conditioning tests. Our results
showed that Dp(16)1/Df(16)7 mice performed significantly worse
thanwild-type controls in the T-maze and contextual fear-condi-
tioning tests (P < 0.05). In addition, Dp(16)1/Df(16)7 mice did not
show improvement over Dp(16)1/+ mice in these tests (P > 0.05;
Fig. 6E and F). We compared hippocampal LTPs of these mice
and found that the magnitude of LTP after TBS of the brain slices
from Dp(16)1/Df(16)7 mice was significantly lower than that from
wild-type control mice (P < 0.01, Fig. 6G). Further comparison
showed that the magnitude of LTP from Dp(16)1/Df(16)7 mice
appeared slightly higher than that from Dp(16)1/+ mice, but the
difference is not statistically significant (P > 0.05; Fig. 6G).

The aforementioned genetic analysis based on Dp(16)1;
Ms1Rhr, Dp(16)1/Df(16)5, Dp(16)1/Df(16)6, Dp(16)1/Dyrk1am1 and
Dp(16)1/Df(16)7 mice indicates that both Dyrk1a and Kcnj6 are
key genes in DS-associated cognitively relevant phenotypes,
with Dyrk1a playing a causative role and Kcnj6 playing a critical
mediating role in these phenotypes. Dp(16)1;Ms1Rhr mice,
but not Dp(16)1/Df(16)5 mice, showed improved cognitive
function when compared with Dp(16)1/+ mice, suggesting that
the Kcnj15-Mx2 interval contains a causative gene(s) for DS-
associated developmental cognitive deficits (Fig. 1).

Discussion
Many surprises have occurred in the history of genetic analysis of
DS. This is because DS is caused by the triplication of the entire
human chromosome 21. Actions and interactions of approxi-
mately 175 gene orthologs associated with Hsa21 often led to
unexpected results in relationship to DS phenotypes.

In this study,we focussedongenetic analysis of the Setd4/Cbr1-
Fam3b/Mx2 region, which is built upon the previous results from
other laboratories as well as from our own laboratories. Using
the subtractive strategy, we confirmed the importance of the
Cbr1-Fam3b region in causing developmental cognitive deficits in
DS using Dp(16)1;Ms1Rhrmice. In the attempt to identify the loca-
tion(s) of the causative gene(s), we generated and analyzed two
compound mutants, Dp(16)1/Df(16)5 and Dp(16)1/Df(16)6, each of
which carries a deletion spanning approximately half of the
Setd4-Mx2 region (Fig. 1 and Supplementary Material, Table S1).
The first major surprise is that neither compoundmutant showed
improvement over Dp(16)1/+ mice in T-maze and contextual fear-
conditioning tests. Based on this result, we speculate the possible
presence of at least two dosage-sensitive causative genes, with at
least one in each deletion region. Our speculation is that when the
causative gene(s) in the Setd4-Kcnj6 region is normalized in Dp(16)
1/Df(16)5 mice, the causative gene(s) in the Kcnj15-Mx2 region
could still exert its effect on causing cognitive deficits. Similarly,
when the causative gene(s) in the Kcnj15-Mx2 region is normalized
inDp(16)1/Df(16)6mice, the causative gene(s) in the Setd4-Kcnj6 re-
gion could still be able to have an impact on cognitive function.

Because Dyrk1a and Kcnj6 have been proposed as the major
causative genes for cognitive deficits in DS, we generated and
analyzed Dp(16)1/Dyrk1am1 and Dp(16)1/Df(16)7 mice. The im-
proved performance of Dp(16)1/Dyrk1am1 mice in T-maze and
contextual fear-conditioning tests over Dp(16)1/+ mice confirms
the causative role of Dyrk1a (Figs 1 and 5). This result is similar
to the data generated using Ts65Dn mice-based subtractive ap-
proach (26), even though there are significant genomic differ-
ences between Ts65Dn and Dp(16)1/+ mice, such as the extra 15
Hsa21 gene orthologs triplicated in Dp(16)1/+ mice over Ts65Dn
mice, and the triplication of the Mmu17 centromeric region

which is orthologous to a region of Hsa6 in Ts65Dn mice but not
inDp(16)1/+mice. The analysis of the next compoundmutant led
to the second major surprise of our study that Dp(16)1/Df(16)7
mice showed no significant improvement of cognitively relevant
phenotypes over Dp(16)1/+ mice when both Dyrk1a and Kcnj6
were converted to two copies in the Dp(16)1/Df(16)7 mice.

Through this study, we established two important facts. First,
Dyrk1a is a causative gene because partial rescue occurs when
Dyrk1a was converted to two copies in Dp(16)1/Dyrk1am1 mice.
Secondly, Kcnj6 plays an important role because no rescue occurs
when both Dyrk1a and Kcnj6 were converted to two copies in Dp
(16)1/Df(16)7 mice. To interpret all our data generated in this
study, we hypothesize the presence of a causative gene ‘X’ for
DS-associated cognitive deficits in the Kcnj15-Mx2 region and fur-
ther hypothesize that the effect of the triplication of this gene is
suppressed by the triplication of Kcnj6. In Dp(16)1/+ mice, the
presence of three copies of Dyrk1a contributes to cognitive defi-
cits, whereas the effect of the triplication of X is suppressed by
the triplication of Kcnj6 (Fig. 7A). In Dp(16)1;Ms1Rhrmice, convert-
ing Dyrk1a to two copies causes partial rescue of cognitive defi-
cits. Because there is another causative gene(s) outside of the
Cbr1-Famb3 region in the Hsa21 orthologous region on Mmu16,
the rescue is only partial. X is present only in two copies in Dp
(16)1;Ms1Rhr mice, so it does not contribute to cognitive deficits
(Fig. 7B). In Dp(16)1/Df(16)5 mice, Dyrk1a is present in two copies
anddoes not contribute to cognitive deficits, whereasX is present
in three copies and Kcnj6 is present in two copies, so the effect of
the triplication of X is not suppressed by Kcnj6. Therefore, X con-
tributes to cognitive deficits in Dp(16)1/Df(16)5 mice (Fig. 7C). In
Dp(16)1/Df(16)6mice,Dyrk1a is present in three copies and contri-
butes to cognitive deficits, whereas X is present only in two cop-
ies and does not contribute to cognitive deficits (Fig. 7D). InDp(16)
1/Dyrk1am1 mice, converting Dyrk1a to two copies causes partial
rescue of cognitive deficits, while the effect of the triplication of
X is suppressed by the triplication of Kcnj6 (Fig. 7E). In Dp(16)1/Df
(16)7 mice, Dyrk1a is present in two copies and does not contrib-
ute to cognitive deficits, whereas X is present in three copies and
Kcnj6 is present in two copies, so the effect of the triplication of X
is not suppressed by Kcnj6. Therefore, X contributes to cognitive
deficits in Dp(16)1/Df(16)7 mice (Fig. 7F).

Our results set up a framework bywhich Kcnj6may contribute
to cognitive deficits associated with the triplication of the Setd4/
Cbr1-Fam3b/Mx2 region (Fig. 7). This information may also ex-
plain why ethosuximide, an inhibitor of the Kcnj6-encoded pro-
tein, cannot rescue cognitive deficits of Ts65Dn mice (27),
because Dyrk1a is present in three copies in Ts65Dn mice and
also reducing the effectiveness of Kcnj6 could enhance the effect
of the triplication of another causative gene, i.e. X in the Kcnj15-
Mx2 region (Fig. 7).

One of the next challenges is to establish the identity of the
X gene, which is necessary to understand the mechanism of
Kcnj6-associated suppression. Among 16 Hsa21 gene orthologs
in the Kcnj15-Mx2 region, Ets2, Psmg1, Brwd1, Hmgn1, Wrb, Pcp4
and Dscam are the potential candidates because they are well ex-
pressed in the brain (28–38). One of the approaches to identify
the X gene is to compound a null allele of a candidate gene with
Dp(16)1andDf(16)7 simultaneously. This can beachievedby trans-
ferring Df(16)7 or the null allele of the gene to the chromosome
homolog carrying Dp(16)1 by crossover. The identity of the X
gene will be revealed by partial rescue of cognitive deficits in
such a triple compound mutant. Alternative to individual null al-
leles, smaller engineered deletions within the Kcnj15-Mx2 region
could be used in the same compounding strategy to systemically
dissect the region with the goal to identify the X gene.
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Our aforementioned reasoning and gene-hunting strategy are
built upon the hypothetic presence of a single causative gene in
the Kcnj15-Mx2 region, but an additional unknown causative
gene(s) may exist in the Kcnj15-Mx2 region and/or the Setd4-
Kcnj6 region. Thus, the gene-hunting strategy may need to be
expanded to identify the potential additional causative gene(s).

By generating and analyzingmultiple compoundmutants, we
showed here a highly complex picture of gene actions and inter-
actions associated with the Setd4/Cbr1-Fam3b/Mx2 region as well
as the impact of these events on developmental cognitive deficits
inDS. Such complexities present a challenge to fully elucidate the
precise mechanisms underlying DS-associated developmental
cognitive deficits.

Materials and Methods
Generation of mouse mutants

We generated new chromosomal deletions using Cre/loxP-mediated
chromosome engineering (39). Specific MICER clones (17) were se-
lected for use as the targeting vectors to deliver loxP to the two end-
points of each deletion in the genomeofmouse ES cells, i.e. AB2.2 ES
cells (40). Prior to gene targeting,MICER cloneswere linearized in the

mouse genomic DNA inserts with specific restriction enzymes (Sup-
plementaryMaterial, Table S2). The linearized targeting vectorswere
electroporated into ES cells, which were then selected with G418 or
puromycin. Double-targeted ES cell clones were identified by South-
ern blot analysis using PCR products as probes. ES cell culture and
electroporation were carried out as described (41). To induce recom-
binationbetween targeted loxP sites, aCre-expressionvector, pOG231
(42), was electroporated into double-targeted cells. ES cell clones car-
rying individual deletions were identified by Southern blot analysis
with ES cell DNA digested with specific restriction enzymes and hy-
bridizedwith specific probes (SupplementaryMaterial, Table S2) and
confirmed by FISH analysis.

To generate a Dyrk1a mutant allele in mice, the SIGTR ES cell
line XQ0369, which carries Dyrk1aGt(XQ0369)Wtsi (i.e. Dyrk1am1),
was obtained from theMutant Mouse Regional Resource Centers,
(http://www.informatics.jax.org/allele/MGI:4338238). This mu-
tant ES cell line was generated by the Wellcome Trust Sanger In-
stitute via a gene trap event in intron 4 of Dyrk1a using the gene
trap vector pGT01xf (http://www.sanger.ac.uk/resources/mouse/
sigtr/). We examined this mutant ES cell line by carrying out
RT–PCR analysis of ES cell RNA with PCR primers based on exon
4 of Dyrk1a (forward primer: 5′-GGGCCAGGGGGACGATTCCAGT-
3′) and the beta-Geo cassette in the gene trap vector (reverse

Figure 7.Actions and interactions of the genes in the Setd4/Cbr1-Fam3b/Mx2 region in relationship to DS-associated cognitive deficits. D,Dyrk1a; K, Kcnj6; X, a gene located

in the deletion interval of Df(16)6. PR, partial rescue observed; NR, no rescue observed.
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primer: 5′-CGCCAGGGTTTTCCCAGTCACGA-3′) (Fig. 5A). The RT–
PCR product was sequenced to confirm the presence of the spe-
cific fusion mRNA as the consequence of the gene trap event
(Fig. 5B and Supplementary Material, Fig. S1). Our sequence is
identical to the junction sequence generated by the Wellcome
Trust Sanger Institute for this cell line (http://www.genetrap.
org/cgi-bin/annotation.py?cellline=XQ0369).

The ES cell lines carrying the aforementioned individual mu-
tations were used to generate germline chimeras by injecting
them into blastocysts isolated from C57BL/6J mice, as described
previously (19,41,43). Deletion mutant mice were identified by
Southern blot analysis ofmouse tail DNA (SupplementaryMater-
ial, Table S2). Dyrk1am1/+ mice were identified using beta-Geo-
specific PCR-based analysis of mouse tail DNAwith the following
primer pair: 5′-ACGAGTTCTTCTGAGCGGGACTCT-3′ and 5′-GA
TAACCGTATTACCGCCTTTG-3′ (Fig. 5A) and confirmed by se-
quencing the junction between exon 4 of Dyrk1a and the gene
trap vector pGT01xf using cDNA generated from brain mRNA of
Dyrk1am1/+ mice (Fig. 5B).

Fluorescent in situ hybridization

FISH analysis was performed as described previously (18,19). The
metaphase chromosome spreads of ES cellswere prepared, as de-
scribed previously (18,19). To detect the chromosomal deletions
between Setd4 and Kcnj6, between Kcnj15 and Mx2 or between
Dyrk1a and Kcnj6 on Mmu16, individual BAC clones carrying
mouse genomic DNAmappedwithin these regionswere selected
and labeled with digoxigenin and detected with anti-digoxigenin-
rhodamine antibody (Supplementary Material, Table S2). A BAC
clone carrying mouse genomic DNA mapped to a Hsa21 ortholo-
gous region on Mmu16 but proximal to the Setd4/Cbr1-Fam3b/
Mx2 region was used to identify Mmu16 and labeled with biotin
and detected with fluorescein isothiocyanate-avidin (Supplemen-
tary Material, Table S2). Chromosomes were counterstained with
4′,6′-diamidino-2-2phenylindole.

Animals

Dp(16)1/+ mice were identified by Southern blot analysis (13) as
well as by a PCR-based genotyping strategy. The latter was
designed on the basis of the unique 355 bp junction sequence
between the 5′-HPRT vector backbone and the mouse genomic
DNA insert in the targeting vector pTVZfp295 (13) using the for-
ward primer 5′-CTGCCAGCCACTCTAGCTCT-3′ and the reverse
primer 5′-AATTTCTGTGGGGCAAAATG-3′. Mutant mice carrying
Dp(16)1, Df(16)5, Df(16)6 and Df(16)7 were first established in a
(129Sv × C57BL/6J)F1 background and backcrossed to C57BL/6J
mice for five generations. Dyrk1am1/+ mice were first established
by crossing chimeras with C57BL/6J mice, and the mutant
progeny were maintained by crossing to (129Sv × C57BL/6J)F1
mice. Ms1Rhr mice were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA) andmaintained by crossing to (C57BL/6JEiJ
× C3Sn.BLiA-Pde6b+)F1 mice (44). Dp(16)1;Ms1Rhr mice were gen-
erated by crossing Dp(16)1/+ mice to Ms1Rhr mice.

All mice were maintained at a temperature- and humidity-
controlled animal facility with a 12 h light and dark schedule
and had ad libitum access to food and water. All mice used in
the experiments were 2–4 months old. Before behavioral experi-
ments, each mouse was pre-handled for 2 min every day for 1
week. All the experimental procedures were approved by the
Institutional Animal Care and Use Committee at Roswell Park
Cancer Institute.

RT–PCR and real-time quantitative RT–PCR

RT–PCR and real-time quantitative RT–PCR were used to analyze
expression of the selected genes in ES cells and mice carrying
different genotypes. Gapdh, located onMmu6,was used as the in-
ternal disomic control for all of the mice examined. Total RNAs,
isolated from ES cells or mouse brains using TRIzol Reagent (Life
Technologies, Grand Island, NY, USA), were used to generate
cDNA by Superscript version III reverse transcriptase (Life Tech-
nologies), which were then used as the templates for PCR experi-
ments. For real-time quantitative RT–PCR analysis, the cDNA
samples from three mice with each genotype were analyzed
using the gene-specific primers and probes from TaqMan Gene
Expression Assays System (Life Technologies). The PCR reactions
were carried out in the StepOnePlusTM Real-Time PCR systems
(Life Technologies) with the following amplification conditions:
an initial activation and denaturation at 95°C for 10 min, followed
by 40 cycles of denaturation at 95°C for 15 s, primer annealing and
extension at 60°C for 1 min.

T-maze spontaneous alternation test

A modified protocol of Deacon and Rawlins (45) was used for the
continuous spontaneous alternation task to examine hippocam-
pal function. The maze was made of opaque acrylic (Plexiglas)
with a sliding door separating the start arm (90 cm × 10 cm × 20
cm) from the rest of the apparatus, which comprised a choice
point at the intersection of the start arm with the left and right
arms of the maze (37 cm × 10 cm× 20 cm for each arm). A divider
panel (20 cm× 20 cm) was centered at the intersection of the ‘T’
so that it extended 10 cm into the start arm. At the start of the
test, a mouse was confined to the start arm for 5 min and then
permitted free access to the rest of the maze for 10 min. The
T-maze was cleaned with 10% ethanol between mice. A choice
was recorded when the whole body of the mouse including its
tail left the start arm and entered into one of the lateral arms.
Entry into a lateral arm opposite to the one previously chosen
was defined as an alternation. Alternation performance was de-
fined as the percentage of times the mouse alternated between
the lateral arms over the total number of possible alternations.

Contextual fear-conditioning test

The contextual fear-conditioning test was performed as de-
scribed previously (9). In brief, each mouse was given 2 min to
explore the test chamber (baseline activity). The floor was a
grid of stainless steel rods connected to an electric shock gener-
ator. A video camera was mounted in the front of the chamber
and a ceiling light illuminated the interior through the transpar-
ent ceiling. Delivery of a foot shock (1 mA scrambled) for 2 s was
controlled by Video Freeze Software (Med Associates, St. Albans,
VT, USA). The mouse was allowed to stay in the chamber for an
additional 30 s and then removed. Approximately 24 h later,
each mouse was returned to the chamber and monitored for
freezing behavior for 3 min, without any foot shock being deliv-
ered. Freezing behavior was recorded automatically by Video
Freeze Software. Mean freezing activity during the contextual
exposure was calculated as a measure of contextual learning.

Foot-shock sensitivity test

To facilitate accurate interpretation of the data from the fear-
conditioning tests, we performed a foot-shock sensitivity test
using the fear-conditioning test chamber. A foot shockwas deliv-
ered every 10 s starting at 0.05 mA, with a 0.05 mA increment
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between each shock. Theminimal level of current needed to elicit
flinching or vocalizing was recorded.

Hippocampal slice preparation

The procedure for hippocampal slice preparation used in electro-
physiological recordings was as described previously (12). Briefly,
after being removed from the skulls, brains were placed in an
ice-cold solution (pH 7.4) consisting of the following (in m):
sucrose 110, NaCl 60, KCl 3, NaH2PO4 1.25, NaHCO3 28, MgSO4 7,
(+)-sodium--ascorbate 0.6, CaCl2 0.5 and glucose 5. The solution
was continuously bubbled with oxygen gas (95% O2–5% CO2).
The hippocampal formation was resected and sectioned into
350 µm transverse slices using a vibratome. After the slices
were transferred to an interface-recording chamber (Automate
Scientific, Inc., Berkeley, CA, USA), they were submerged in artifi-
cial cerebrospinal fluid, which comprised the following (in m):
NaCl 119, KCl 3, NaHCO3 26.2, MgSO4 1.3, NaH2PO4 1, CaCl2 2.5
and glucose 11. Incubation was carried out for at least 1 h at a
constant temperature of 28 ± 1°C. The top surfaces of the slices
were exposed to humidified oxygen gas (95% O2–5% CO2).

Electrophysiological recordings and induction of synaptic
plasticity

Standard extracellular recording techniques were employed as
described previously (12). In short, Schaffer collateral-commis-
sural fibers were stimulated with a bipolar Teflon-coated tung-
sten electrode (Microprobes, Gaithersburg, MD, USA). fEPSPs
were recorded using a glass microelectrode filled with 2  NaCl
positioned in the stratum radiatum of the CA1 hippocampal
area. LTP was induced by TBS which includes 15 bursts of four
pulses at 100 Hz and delivered at an interburst interval of
200 ms through the stimulating electrode.We performed electro-
physiological recordings for 80 min on each brain slice, including
20 min of baseline recording and 60 min after the TBS induction.
Signals from recording electrodes were amplified with Model
1800 microelectrode AC amplifier (A-M Systems, Carlsborg, WA,
USA) and digitized at a 10 kHz sampling rate by an Axon Digidata
1400 A Data Acquisition System (Molecular Devices, Sunnyvale,
CA, USA). Traces were obtained by pClamp 10.2 and analyzed
using Clampfit 10.2 software (Molecular Devices).

Statistical analysis

Data from the T-maze spontaneous alternation test, contextual
fear-conditioning test, foot-shock sensitivity test and hippocam-
pal LTP from electrophysiological experiments were subjected to
one-way analysis of variance between genotypes. In the behav-
ioral phenotyping experiments, n indicates the number of mice.
In the electrophysiological analysis, n indicates the number of
slices analyzed. All values reported in the figures and tables are
expressed as means ± SEM.

Supplementary Material
Supplementary Material is available at HMG online.
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