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Introduction
Network Kernels
Extensive research to understand the development of sea urchin endomesoderm led to the
development of network models1-3. Network models are used to represent the highly
sophisticated circuits of regulatory interactions among transcription factors and their genes that
guide development4, 5. Within the sea urchin regulatory network, researchers have identified
‘evolutionarily inflexible sub-circuits’ that were named network kernels4. Network kernels
consist of combinations of 5-10 sequence specific DNA-binding transcription factors (SSTFs)
that maintain each other’s expression and thereby define a stable cell type. Our underlying
hypothesis is that cell types, such as hepatocytes, epithelial cells, keratinocytes, or fibroblasts,
are each defined by a distinct and unique network kernel. When a change in cell type occurs, the
established network kernel of that cell type is destabilized and another network kernel forms.
The recent success at reprogramming fibroblast cultures to become embryonic stem (ES)
cells is consistent with the idea that SSTFs network kernels specify cell type. Researchers
introduced different combinations of SSTFs into primary fibroblast or other somatic cell lines to
create induced pluripotent cells. They tried many different combinations of SSTFs. However,
they selected SSTFs that are normally expressed and play essential roles in the development of
ES cells. Expression of a specific combination of four SSTFs, such as Oct3/4, Sox2, c-Myc, and
Klf4, from retroviral expression vectors caused infected cells to obtain expression profiles that
were more similar to ES cells than to the original cell types6, 7. We infer that these SSTFs
constituted key components of the network kernel that specifies ES cells. Artificially introducing
this network kernel or a key subset of it triggered the establishment of the endogenous network

kernel that is normally stable in ES cells. If this inference is correct, then it suggests the
possibility that one cell type can be converted to a completely different cell type by transiently
introducing an appropriate network kernel into that cell.
Two other examples in the literature are consistent with this idea. First, it has long been
known that the muscle regulatory factors (MRFs), which are normally expressed in myoblasts,
can reprogram fibroblasts to a myogenic specification8,9. Second, it appears that ectopic
expression of Lhx3, which is normally expressed by postmitotic motorneurons, induces HBG3
cells to1 differentiate into cells with motorneuron characteristics10. The three cases referred to
above may represent special cases where ectopic expression of only one or a few SSTFs is
sufficient to establish a new kernel. Alternatively, they may represent cases in which many cell
types with similar kernels were generated by introduction of a partial kernel. The studies with
MRFs and HBG3 cells used only a few molecular markers, rather than full expression profiles, to
establish the ‘identity’ of the reprogrammed cell. Moreover, in almost no cases has the free
expression profile of in vivo cell types been established. This has two reasons. First, the scientific
community has not developed a consensus molecular definition of a ‘cell type’. Second, if one
assumes that a cell type is defined by a specific combination of SSTF expression levels, then we
have not yet developed tools to fully purify a cell type from an in vivo source.
Ladybird homeobox 1, Lbx1, is a homeobox transcription factor gene that is specifically
expressed and plays an essential role in the specification of dorsal spinal cord neurons and limb
muscle precursors in mouse embryos11-13. It is expressed in three early (dI4, dI5, and dI6), and
two late (dI4LA and dI4LB) dorsal interneuron populations in mouse embryos11. Each of these
five populations is respecified to a different dorsal interneuron population in Lbx1 mutants11.
This respecification suggests that Lbx1 plays a role in the network kernels that define each of

these cell types. Recent investigations indicate that Lbx1 is part of a large SSTF network that
specifies neural tube cell types during pattern formation. This network involves 25-30% of the
genome’s SSTFs. Active Node Constrained Epistasis Analysis (ANCEA) demonstrated that
Lbx1 is epistatic to 8% of the genome SSTFs in the five cell types where it is expressed14,15.
These results suggest that Lbx1 participates in establishing separate network kernels in each of
the cell types.
We intend to artificially and transiently introduce Lbx1-dependent network kernels into
cultured cells to test if dorsal interneuron or limb muscle precursor cell types can be created from
unrelated cell types. For instance, based on published expression patterns of SSTFs, we know
that Lbx1, Pax2 and Gbx1 are expressed in dI4LA neuron populations11, 16. Epistatic interaction
analysis showed that Lbx1 upregulated the expression levels of both Pax2 and Gbx1. Hence, we
will create an artificial kernel consisting of Lbx1, Gbx1, and Pax2. Artificially introducing this
kernel into a cultured fibroblast cell could trigger the establishment of the endogenous network
kernel of a dI4LA neuron and eventually lead to trans-differentiation of the cultured fibroblast
cell into a dI4LA neuron. Trans-differentiation can be checked by comparing the expression
profile of the resultant cell to those of the native dI4LA and the original fibroblast cells. Transdifferentiation will have occurred if the microarray expression profile of the converted fibroblast
has become closer to the profile of dI4LA cells than to the original non-converted fibroblast.
Subsequent removal of the artificially expressed kernel will be used to test if the corresponding
endogenous kernel has become stably established.

Design of a Transient Coexpression System
Expression and epistatic analyses of SSTFs are not completely identified. Many
candidate Lbx1-dependent artificial kernels can be proposed (Fig.1). We therefore wanted to
develop a transient coexpression system that would allow us to test many SSTF combinations
reliably with as little cloning as possible.
Cell Type
dI4LA
dI4LB

Kernels
Lbx1, Gbx1,
Pax8
Lbx1, Lmx1b,
Tlx1

Lbx1, Gbx1, Pax2
Lbx1, Lmx1b,
Brn3a

Lbx1, Gbx1,
Lhx1
Lbx1, Brn3a,
Tlx1

Figure 1. Possible Lbx1-dependent Network Kernels
Limb Muscle
Lbx1 Pax3
Introducing these network kernels artificially into cultured cells will
require a transient coexpression system. The cassette-based system that
is described in this thesis will facilitate the testing of the transdifferentiation hypothesis.
This thesis deals with the construction of a transient coexpression system to introduce
artificial network kernels into cells in culture and in vivo. An efficient coexpression system
requires three major features. First, it should consistently deliver a specific SSTF combination to
each transfected cell. The traditional approach was to construct an expression vector or retrovirus
for each SSTF and then co-transfect or co-infect cells with a mix of the expression vectors.
Although this approach may induce trans-differentiation in a cell, it is difficult to determine if,
and which, cells received all of the expression vectors. Moreover, there is typically variability in
the relative proportions of expression vectors received by each cell in a transfection. Finally, the
arrangement and relative copy number of multiple expression vectors is unclear, even if they all
integrate at a single chromosomal site. To resolve these problems, we sought to create a
polycistronic expression system that can express multiple SSTFs from a single transcription unit.
Such a polycistronic expression system is generated with the help of the Internal Ribosome Entry

Site (IRES). The IRES nucleotide sequence is generally located in the 5’-untranslated region
(UTR) of RNA viruses and has been discovered to initiate translation in a cap-independent
manner17. Due to its ability to initiate cap-independent translation, it has been previously used in
generating bicistronic eukaryotic expression vector systems18, 19. We intend to generate similar
expression systems containing three or more SSTF open reading frames (ORFs) interspersed
with IRES and test their ability to express multiple SSTF ORFs from a single message.
It is desirable to use minimal ORFs in such a construct. Minimal ORFs lack any 5’- and
3’-UTRs. Many studies have shown that 5’ and 3’ UTRs frequently contain translation and
mRNA stability regulating elements. A recent study showed a higher frequency of non-AUG
translational initiation sites in the 5’ UTR regions of mammalian mRNA20. Another study
investigated translational regulation due to formation of RNA-loops by RNA-binding proteins
interacting with the 5’- and 3’-UTRs of mRNA21. Moreover, many microRNA and RNAi
mechanisms work through cis-elements in 3’-UTRs. It is therefore desirable to remove such
variables when one wants to reliably express an ORF in an artificial system. Most available fulllength SSTF expression vectors contain pieces of the 5’ and 3’ UTRs because they were
constructed using convenient, unique restriction sites upstream and downstream of the desired
ORF. Such ORF containing restriction fragments could be moved into an expression system but
may contain, as yet undefined, regulatory elements.
Second, the coexpression system should allow one to rapidly test different SSTF
combinations. Although expression patterns of certain SSTFs and interactions of Lbx1 with other
SSTFs have been identified, there is still uncertainty about the exact combination of SSTFs in the
particular network kernel that defines each cell type. Hence, it is essential to build a coexpression
system that can readily be amended with different combinations of SSTF ORFs. A cassette-based

construction was therefore desirable. Minimal ORF cassettes must lack 5’ and 3’-UTR sequences
and must therefore be PCR amplified from commercially available complementary DNA
(cDNA) clones. Restriction enzymes are engineered at the start and stop codons by designing
them into the primers (Fig 2). The restriction sites used should be absent within all ORFs and
allow ORF cassettes to be easily concatenated in different combinations.

Figure 2. Amplification of Minimal ORFs
Minimal ORFs are generally PCR amplified from commercially
available cDNA clones. Unique restriction enzymes that are not present
internally of the ORF are placed in the start and stop codons of the ORF.
A third feature that should be in the design of a coexpression system is the ability to
only transiently express the kernel. One would like to readily remove the exogenous expression
cartridge after transfection so that one can test if the artificial kernel has ‘booted-up’ the
endogenous one. Our design will make use of tamoxifen-induced Cre recombinase (CRE)
activity to achieve the inducible inactivation of the polycistronic expression cartridge. The CREERT2 gene encodes CRE recombinase fused to a mutated ligand-binding domain of the estrogen
receptor, which binds tamoxifen instead of estrogen. In the presence of tamoxifen, CRE activity
rises and excises DNA regions between loxP sites22. We intend to flank the coexpression
cartridge with loxP sites and express CRE-ERT2 as a minimal ORF. The entire polycistronic
expression cartridge will be excised and separated from the CMV promoter when CRE-ERT2
gets activated by tamoxifen (Fig 3). Thus, all artificial expression should cease. If the

endogenous kernel has been activated, the cell should remain trans-differentiated based on the
microarray expression profile.

Figure 3. Design of the Transient Coexpression Vector
We intend to create this polycistronic transient coexpression system to
express ORF cassettes of different SSTFs as a single transcription unit.
The ORF cassettes are interspersed with IRES cassettes to allow capindependent translation. All the ORF cassettes have the same restriction
sites. CRE-ERt2 is located in the endogenous cartridge. When tamoxifen
is added, it gets activated and the cartridge within the loxP sites (red
triangles) is excised from the vector.
By building a transient coexpression system with the design presented above, we intend
to artificially introduce Lbx1-dependent network kernels into heterologous cells. We believe that
transfecting this expression system with the correct combination of SSTFs into a heterologous
cell could trigger establishment of an endogenous network kernel and thereby lead to transdifferentiation. Tamoxifen is expected to extinguish the artificial dsRed, SSTF, and CRE
expression in one step and will allow us to determine if an endogenous kernel has become
established, or if artificial SSTF expression is maintaining the trans-differentiated cell type.

Results
Vector to Receive Open Reading Frames Cassettes
ORFs of mammalian SSTFs were amplified by the polymerase chain reaction (PCR) and
cloned into a custom built vector (BS 531/534). This custom built vector was constructed by
inserting a synthetic oligonucleotide into the multiple cloning site (MCS) of the Escherichia Coli
cloning vector Bluescript, BS KS+, to create a new MCS with specific properties. The existing
MCS of BS KS+ was replaced with a custom polylinker that would allow the ORFs, subcloned
into the vector using PCR-generated ends, to be moved to other vector systems without PCR.
Easy transfer of cloned ORF cassettes to other expression systems using unique restriction sites
rather than PCR circumvents the need to re-sequence the ORF with each transfer.
Transferring an ORF cassette by unique restriction sites at the start and stop codons
requires that these sites are not found within the ORF itself. Designing a standard system of ORF
cassettes therefore required us to identify restriction sites that were not found in ORFs. Naturally,
all restriction enzyme sites are found in at least some ORFs. We therefore sought to identify
those restriction enzyme sites which were found least frequent in mouse ORFs. All known
mouse coding sequences were therefore collected from the Mouse Genome Informatics (MGI)
website and compiled in a database. The database of 13,430 consensus coding sequences was
used to determine the frequency of internal sites for six and eight-base cutters with sticky ends
(Fig.4).

Figure 4. Prevalence of Internal
Restriction Sites in Mouse
Coding Sequences
13,430 known mouse coding
sequences were analyzed for the
presence of internal six and
eight-base cutters with sticky
ends. The frequencies of
internal sites were plotted.
Isocaudomers were plotted
together to compare their
frequencies.

Two recognition sites, for the eight base cutters AsiSI (5’-GCGATCGC-3’) and PacI (5’TTAATTAA-3’), were the rarest sites within mouse ORFs. AsiSI and PacI were chosen as the
primary upstream and downstream restriction sites, respectively, for cloning PCR-amplified
minimal ORFs (Fig. 5).The end of the AsiSI recognition sequence (5’-CGC-3’) forms the distal
part of the Kozak sequence that was added to each minimal ORF by the upstream PCR primer
(Fig. 5A). The PacI recognition sequence forms two stop codons (TAA) spaced by a single
nucleotide. When placed next to the stop codon of an ORF, translation is stopped in all three
frames, ensuring that even incorrect translational initiation events were terminated (Fig 5B).
There was little preference in the Kozak consensus sequence at the second nucleotide before the
ATG. This nucleotide was therefore selected so that a palindrome, based on the nucleotide after
the ATG, was formed across the start codon. These palindromes can be cut with NcoI, PciI, or
BspHI to give a 5’ overhang (5’-CATG-3’) that would allow the fusion of HIS6-tags onto threefourths of the minimal ORFs using the NcoI sites found in most bacterial expression systems.

A

B

Figure 5. Rationale for Placement of Sites at the Start and Stop
Ends of ORFs
A.The end sequence of AsiSI coincides with the Kozak
sequence. B. PacI has two stop codons in its recognition
sequence. The second nucleotide before ATG can be adjusted
to get a palindrome that can be digested with appropriate
enzyme to allow fusion of tags.
PCR was used to amplify mouse ORFs from suitable reverse transcribed RNA or preexisting, sequence validated full length cDNA clones using primers with extensions bearing
AsiSI and PacI sites. The amplicons were digested with AsiSI and PacI enzymes and subcloned
into a polylinker that contained these sites. Once the sequence of the ORFs was confirmed, it can
be transferred to other vector systems as an AsiSI/PacI fragment using classic restriction enzyme
cloning procedures.
There were rare cases (1%) when an ORF had internal AsiSI or PacI sites. Cloning these
ORFs as described above would not be possible. In order to resolve this problem and make our
cassette system as universally applicable as possible, a polylinker was designed to have, in
addition to the central AsiSI and PacI sites, three sets of restriction sites at both the N-terminal
and C-terminal ends, respectively (Figs.6,7). Each set contained several restriction sites that
produced identical sticky ends and was designed to have enzyme sites with higher internal cut
frequencies placed further from the centrally-located AsiSI and PacI sites.

Figure 6. Sets of Isocaudomer Sites
in the Designed Polylinker
Three sets of restriction enzyme
sites upstream of AsiSI (3N, 2N,
1N) and downstream of PacI (1C,
2C, 3C) sites accommodated ORFs
with internal AsiSI or PacI sites.
Each set consisted of restriction
sites that produced identical sticky
ends. Within each set, the sites with
higher internal cut frequencies in
ORFs were positioned further from
the central AsiSI and PacI
BsiWI and SpeI restriction sites occurred at lower frequencies than other six base cutters.
Hence, sites for restriction enzymes that produce the sticky ends 5’-GTAC-3’ (BsiWI, Acc65I,
BsrGI) and 5’-CTAG-3’ (SpeI, AvrII, NheI, XbaI) were placed in the 1N and the 1C sets,
respectively. The 2N and 2C sets consisted of sites for the six base cutters that produce the sticky
ends 5’-TCGA-3’ (SalI, XhoI) and 5’-AATT-3’ (MfeI, EcoRI), respectively. These sites had the
next lowest frequencies of occurrence within ORFs sequences. Finally, as the frequencies of
internal sites that produce the sticky ends 5’-CCGG-3’ (BspEI, AgeI, NgoMI, XmaI) and 5’GATC-3’ (BamHI, BglI, BclI) were greatest, the sites for these enzymes were placed in the 3N
and 3C sets, respectively. Within each set, the sites were arranged so that those occurring at the
lowest frequencies within ORFs were placed closest to AsiSI and PacI. For example, in set 1N,
the BsiW1 site was placed closest to the AsiSI site because it had the lowest frequency within its
set. It was followed by the Acc65I and BsrGI sites. Restriction sites in the other sets were
arranged in the same manner.

Figure 7. Sequence of the Final Polylinker in Base Vector
Each boxed set (1N, 2N, 3N, 1C, 2C, and 3C) had restriction sites that produce identical sticky ends
(underlined) upon digestion. In each set, sites with the lower frequency of internal sites were closer to
either AsiSI or PacI sites.

The designed polylinker (Fig. 7) was too large to synthesize as a single DNA
oligonucleotide. It was therefore created by successively cloning two smaller oligo pairs in a
nested fashion. The first synthetic oligo pair, MKG 531/532 (Fig.8) was cloned into the KpnI
and SacI sites of BS KS+ vector. KpnI and SacI sites were present at the extreme ends of the BS
KS+ MCS and needed to be inactivated as the replacement polylinker was inserted. This was
accomplished by modifying the sixth position of their recognition sequences within the first
oligo pair. Oligo pair therefore had the appropriate sticky ends but produced dead KpnI and SacI
sites (denoted as KpnI/KpnI* and SacI*/SacI) upon ligation. The KpnI site was mutated from 5’ggtacc-3’ to 5’-ggtacg-3’ and SacI site was mutated from 5’-gagctc-3’ to 5’-cagctc-3’ (Fig. 8).

Figure 8. Sequence of the First Oligomer Inserted into BS KS+
Double stranded sense (MKG 531) and antisense (MKG 532) oligos were annealed by
heating them to 95o C and gradually cooling. Annealed oligos were phosphorylated at
the 5’-ends using T4 Polynucleotide Kinase (PNK). They were ligated into BS KS+
that had been digested with KpnI/SacI and dephosphorylated with CIP. Mutations in
the KpnI and SacI sites created dead KpnI and SacI sites upon ligation.

Ligations of the dephosphorylated vector and the kinased oligo pair were transformed
into XL-I Blue cells, which were made competent by the method of Inoue23. Transformant
colonies grew on Lucia Broth (LB) plates containing 50-100 μg/mL ampicillin (AMP) because
of an ampicillin resistance gene (β-lactamase) that was present in the BS KS+ vector. Several
colonies were picked and grown in 3 mL cultures. Plasmid DNA was extracted using alkaline
lysis minipreps.

Figure 9. Restriction Analysis of
BS 531/532 Clones
Miniprep purified clones of BS
531/532 were digested with
NgoMI. Two bands were expected
at 2.6 kb and 390 bp. Clones 1 and
3 produced the expected sizes.

.

Figure 10. Restriction Map of BS
531/532
BS 531/532 is a 2.9 kb vector that
consisted of custom designed
polylinker DNA, 531/532, in its
MCS. It included an ampicillin
resistance gene and a pUC origin
of replication site. The dead KpnI
and SacI sites created upon ligating
the polylinker 531/532 were
denoted by (KpnI/KpnI*) and
(SacI*/SacI).

NgoMI digests of the miniprep DNA were used to identify clones with a correct polylinker insert
(Fig.9). A midi-prep was used to prepare more plasmid DNA from one of these clones.

Sequencing of this DNA confirmed that a single copy of the oligo pair was inserted as expected.
The new vector was named BS 531/534 (Fig. 10).
The second oligonucleotide pair, MKG 533/534, was then inserted into the SalI
and EcoRI sites of BS 531/532 in a similar fashion. Kinased 533/534 primers (Fig.11) were
ligated into the SalI and EcoRI digested and dephosphorylated BS 531/532 vector. Plasmid
DNA from transformed colonies of these ligations was extracted and analyzed using restriction
enzyme digestion. Digestions with PvuII were expected to produce two bands at 2.5kb and 490
bp if the oligo pair was inserted. However, three bands at 3.0 kb, 1.6 kb, and 490 bp were
present in clones 2-5, 9, and 10. The band at 1.6 kb was perhaps a supercoil band due to
incomplete digestion of the plasmid DNA. No bands were visible in clones 1, 6, and 8 due to
absence of plasmid DNA or loss of DNA during the alkaline lysis miniprep. Only clone 7 had the
two expected bands (Fig.12). BS 531/532 was also digested with PvuII for an internal size
reference. The lower band of the BS 531/534 clones was slightly bigger than that of the reference
due to the addition of the second oligomer. The final vector (BS 531/534) consisted of the
complete polylinker DNA (Fig.7), and also included an ampicillin resistance gene and an origin
of replication site (Fig.13). This was the base vector into which ORF cassettes were initially
cloned after PCR amplification. Cassettes from the base vector can then readily be transferred to
other vectors as restriction fragments.

Figure 11. Sequence of the Second Oligomer Cloned into BS 531/532
To generate the base vector BS 531/534, two complimentary oligos (MKG 533 and
MKG 534) were annealed and phosphorylated at the 5’-ends using T4 PNK. The
kinased, double stranded oligo pair was ligated into BS 531/532 that was digested with
SalI and EcoRI enzymes.

Figure 12. Restriction Analysis of BS 531/534 Clones
Miniprep purified clones of BS 531/534 were digested with PvuII.
Two bands were expected at 2.5 kb and 490 bp. The lower band in
BS 531/534 clones was bigger than that of the BS 531/532 vector
due to the addition of the second oligo.

Figure 13. Restriction Map of BS
531/534
BS 531/534 is a 3.0 kb vector that
consisted of custom designed
polylinker DNA, 533/534, cloned
into the SalI and EcoRI sites in the
MCS of BS 531/532. It included
an ampicillin resistance gene and a
pUC origin of replication site.

Figure 14. Restriction Analysis of
BS 531/534 Clone 7
Miniprep clones with correct band
sizes were grown in large cultures.
DNA from large cultures was
extracted using QIAGEN midiprep
protocol. Clone 7 of the BS
531/534 was analyzed using
several restriction enzymes before
sequencing the plasmid. A 1 kb
marker was used to measure the
band sizes.

A midiprep of clone 7 was prepared using the QIAGEN Midi Kit and was analyzed using
different restriction enzymes. All tested restriction enzymes, except for PvuII and ScaI, were
unique and present only in the polylinker region. Hence, only a single band at 3.0 kb was
observed when the plasmid was digested with NheI, EcoRI, PacI, and AsiSI. The ScaI site was
located outside the polylinker region. When digested with XhoI/ScaI, two bands at 1.2 kb and
1.8 kb were expected. However, a band at 3.0 kb was also observed, suggesting possibility of
incomplete digestion of the DNA by either XhoI or ScaI. Digestion of BS 531/534 and BS
531/532 with PvuII showed similar bands as in the previous figure (Fig. 14). When no restriction
enzyme was added (‘None’ in Fig. 14) nicked plasmid and supercoil bands were observed. Clone
7 was subsequently sequenced in both directions and showed the exact expected sequence.
PCR Amplification of the Gene Cassettes
The concatenated mammalian expression vectors we wanted to construct require minimal
ORF cassettes of SSTFs and detection tools such as enhanced green fluorescent protein (EGFP)
or Discosoma sp. red fluorescent protein (dsRed), and CRE-ERT2. The minimal ORF cassettes
were separated by IRES sequences, which allow ribosomes to initiate translation internally in a

eukaryotic mRNA (Fig.3). Most of the minimal ORFs were PCR amplified from pre-existing,
sequence-validated, full length CDS templates using gene-specific primers (Fig. 15). These
primers were designed with AsiS1 and Pac1 sequences juxtaposed at the start and the stop
codons, respectively. In addition to the AsiS1 recognition sequence, forward primers were
designed with a Kozak sequence to optimize translation initiation at the appropriate start codon.
Both forward and reverse primers had three extra nucleotides at the 5’-end to facilitate digestion
of the amplicon by AsiSI and PacI enzymes. The gene-specific primers for all SSTFs, EGFP, and
dsRed were designed with AsiSI and PacI sequences. IRES primers were designed with AscI and
PacI sequences.

Figure 15. Gene-specific Primers
to Amplify ORFs
These gene-specific primers were
used to amplify the ORFs of
SSTFs, EGFP, and dsRed from
their corresponding gene-specific
bacterial coding sequences. Notice
that the forward primer consisted
of the AsiSI sequence (5’gcgatcgc-3’) and a variation of the
kozak sequence. The reverse
primer consisted of the PacI
sequence (5’-ttaattaa-3’) followed
by the stop codon.

Each ORF required different PCR conditions for successful amplification. PCR
amplicons were analyzed on an agarose gel and the observed band sizes were compared to sizes
expected from the mouse genome database. Lbx1 was successfully amplified at 650C with 2mM
MgCl2. Isl1, Lmx1b, and Pax2 were amplified at different annealing temperatures ranging from

560 C to 640 C. Pax8 and dsRed were amplified at 570 C with 2mM MgCl2 (Fig.16). The
amplified ORFs were digested with AsiSI and PacI and purified using QIAquick PCR
Purification Kit to remove unpaired dNTPs, primers and enzymes.
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Figure 16. PCR Amplified ORFs
A. Lbx1ORF amplified at 650 C with 2 mM MgCl2 . B. Isl1 and Lmx1b ORFs were
amplified with 2mM MgCl2 with different annealing temperatures. C. Pax2 ORF
amplified with 2 mM MgCl2 at varying annealing temperatures. D. dsRed ORF was
amplified with 3 mM MgCl2 at 570 C. E. Pax8 ORF was amplified with 3 mM
MgCl2 at 570 C. 1 kb ladder was used to measure the band sizes.
Cloning the PCR Products into BS 531/534 Vector
PCR-amplified ORF fragments were ligated into the AsiSI/ PacI sites of the BS 531/534
vector. The vector was digested with AsiSI and PacI enzymes to create sticky ends with 3’overhangs. AsiSI and PacI are isocaudomers because they produce identical sticky ends. Ringclosure ligations of the vector were prevented by removing the 5’ phosphate groups from the

digested vector using calf intestinal phosphatase (CIP). The digested and CIP-treated vector was
excised from an agarose gel and purified using QIAquick Gel Extraction Kit (Fig. 17).

Figure 17. Excised Band of BS
531/534
BS 531/534 was digested with
AsiSI/PacI, treated with CIP, and
purified using gel extraction kit. It was
then ligated with ORFs that were
digested and purified
The purified ORFs and vector were ligated using T4 DNA ligase and transformed into
XL-1 Blue competent cells. Plasmid DNA was extracted from transformant colonies and
restriction enzyme digestions were used to identify clones with inserts in the correct orientation
(Fig. 18). The MacVector program was used to generate sequence and restriction maps of ORFs
inserted into the 531/534 vector in the desired manner. These maps were used to pick restriction
enzymes that cut the ORF asymmetrically so that distinctly different patterns were observed for
clones with sense and antisense insert orientations. Observed band sizes were compared with the
expected sizes to identify clones with the sense orientation. BS-Lbx1clones were digested with
SacI/EcoRI. Two bands, at 650 bp and 3.1 kb, were expected. Only clones 6 and 8 produced the
sizes expected for a correctly oriented insert (Fig.18A). BS-Pax8 clones were digested with
NcoI/EcoRI and four bands at 130 bp, 260 bp, 1.0 kb, and 3.0 kb were expected. Of all the
clones, only clones 1 and 2 had the expected bands. The 130 bp and the 260 bp bands ran off the
gel (Fig.18B). Bands at 750 bp and 3.3kb were expected for BS-Isl1clones when digested with
EcoRI. Clones 2, 3, and 8 produced the expected bands, making them good candidates for further
screening (Fig.18C).
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Figure 18. Restriction Analyses of Plasmid Clones
Transformations were plated on LB Amp plates. Several colonies were picked and
grown in a 3 mL culture. Plasmid DNA from each culture was prepared using
alkaline lysis minipreps. Each plasmid was analyzed for the presence of correct insert
using restriction digest analysis. A. BS-Lbx1 digested with SacI/EcoRI. B. BS-Pax8
digested with NcoI/EcoRI. C. BS-IslI digested with EcoRI. D. BS-EGFP digested
with XhoI/PacI. E. BS-DsRed digested with AsiSI/EcoRI. Clone numbers are shown
above each panel.
BS-EGFP clones generated bands at 600 bp and 3.0 kb when digested with XhoI/PacI. Clones
digested with either AsiSI or PacI would generate no band if the insert had wrong orientation.
This was because ligations of AsiSI and PacI ends produce a sequence not recognized by either
enzyme. This dead site was denoted as (AsiSI/PacI) and cannot be digested with either restriction

enzyme. This was evident in clone 7, where a single band, at about 3.6 kb, was observed. This
plasmid was only digested with XhoI (Fig.18D). Clones 5 and 6 had the correct two bands.
Finally, BS-dsRed clones were analyzed with AsiSI/EcoRI digestions. Clones 2, 3, 4, 6, and 8
had insert in the wrong orientation because only a single band, at 3.6 kb, was observed. Clones 1,
5, 7 had inserts in the correct orientation because the expected sizes, 600 bp and 3.0 kb, were
observed (Fig. 18E).
In most cases, several clones with the proper orientation were identified. The clones with
the correctly oriented inserts were sequenced throughout the ORF from both ends to verify that
the cloned sequence lacked mutations that change protein coding. Schematic maps of minimal
ORFs that were cloned into the BS 531/534 vector using AsiSI and PacI ends were created using
MacVector (Fig.19). Note how each cassette can be removed by these enzymes without
polylinker contributing to the 5’and 3’ UTR. In many cases, several clones needed to be
sequenced to identify insert that lacked PCR-generated point mutations. The frequency of such
mutations was high and mutations often resulted in the formation of premature stop codons in the
ORF. It appeared that SSTF clones with debilitating point mutations occurred at a frequency
exceeding that expected from the error rate of the polymerase (see Discussion). The difficulty in
isolating and the poor growth of SSTF ORF clones suggested that plasmids bearing SSTF ORFs
were slightly deleterious to the host bacteria. Cassettes made with the 3N, 2N, 1N and 1C, 2C,
and 3C enzymes would also lack stretches of polylinker at the 5’ and 3’ UTR.

Figure 19. Base Vectors Bearing Minimal ORF Cassettes
The minimal ORFs encoding two fluorescent proteins
(dsRed, EGFP), and four SSTFs (Lbx1, Isl1, Pax2, and
Lmx1b) were cloned into the BS 531/534 base vector

Creating ORF-IRES Cassette in a Mammalian Expression Vector
Pre-existing expression vectors can be adapted to accept cassettes from the BS 531/534
base vector. We adapted both a chick and mammalian vector system. However, only the latter is
described here. The mammalian expression vector, pcDNA 3.1(+), was adapted to accept ORF
cassettes by inserting synthetic oligo pair, MKG 575/576 (Fig.20), to replace the original MCS
using a strategy similar to that described earlier for creation of BS 531/532. The MKG 575/576
synthetic oligo pair was designed to have one restriction site from each set (3N, 2N, 1N, 1C, 2C,
3C). This would allow the minimal ORF cassettes from the BS 531/534 base vector to readily be
transferred to the new mammalian expression vector, pcDNA 575/576 (Fig. 21), without using
PCR. The enzymes chosen in the MKG 575/576 design were the enzymes with the lowest ORF
cutting frequency in each set that were not present elsewhere in the expression vector. The MKG
575/576 oligo pair also included AsiSI and PacI sites. However, PacI site was placed after the
site of the 3C set (BamHI) and an AscI site (Fig.20). This was done to allow IRES to be inserted
as an AscI/PacI fragment and ultimately allow us to generate SSTF-IRES or IRES-SSTF
cassettes bounded by AsiSI and PacI ends.

Figure 20. Custom MCS to Replace the MCS of pcDNA 3.1(+) Vector
A modified MCS was created by inserting polylinker (MKG 575/576) into
MCS of pCDNA 3.1(+). The NheI and XbaI sites were intentionally mutated
at the sixth position so that they became inactive after ligation.

Figure 21. Restriction Map of
pcDNA 575/576
An oligonucleotide pair encoding
3N, 2N, 1N, 1C, 2C, 3C sites was
used to replace the MCS of pcDNA
3.1 (+). The vector included an
ampicillin resistance gene, a pUC
origin of replication, and a CMV
promoter region

Insertion of IRES Cassette to pcDNA 575/576 Vector
An IRES cassette was cloned into pcDNA 575/576. IRES was amplified from pCAIRES-EGFP template using gene specific primers that attach AscI and PacI sites to the amplicon.
The amplicon was digested with AscI and PacI enzymes and ligated into the AscI and PacI sites
of the pcDNA 575/576 vector (Fig.22). The sequence of IRES was confirmed in the selected
clone (Fig.23).

Figure 22. PCR Amplification of
IRES
IRES ORF was amplified with
IRES primers and pCA-IRESEGFP as a template. A 600 bp
band was amplified as expected.

Figure 23. Restriction Map of
pcDNA-IRES
PCR generated IRES was
inserted into the AscI and PacI
sites of pCDNA 575/576 vector

Building ORF-IRES or IRES-ORF Cassettes in pcDNA-IRES
Minimal ORF cassettes could be inserted as AsiSI/PacI fragments into the PacI site
downstream of IRES in the pCDNA-IRES vector to generate IRES-ORF cassettes. Ligation of
AsiSI and PacI generated sticky ends destroys both recognition sequences and the PacI/AsiSI
composite site between the IRES and ORF cassette is dead; consequently, both the AsiSI site
before the IRES and the PacI site after the ORF become unique again. By a similar principle, a
second AsiSI/PacI ORF cassette can then be inserted into the AsiSI site before an IRES-ORF
cassette to generate an ORF-IRES-ORF cartridge bounded by unique AsiSI and PacI sites.
Alternatively, a minimal ORF cassette could be inserted into the AsiSI site before the
IRES cassette in the vector to generate ORF-IRES cassette and a second AsiSI/PacI ORF
cassette could be inserted into the PacI site behind the ORF-IRES cassette to generate an ORFIRES-ORF cartridge bounded by unique AsiSI and PacI sites. Each time a new cassette is added,
the internal ligation kills these sites and makes the external AsiSI or PacI sites unique again.
Once an ORF-IRES-ORF cartridge is created, it can be extended by inserting with either IRESORF or ORF-IRES cassettes at external AsiSI or PacI sites, respectively. Thus, we have created
a cassette-based system for concatenating minimal ORFs (Fig.3).

Methods and Materials
PCR Amplification
The ORFs of Lbx1, Isl1, Pax8, Pax2, Lmx1b, IRES, EGFP, and dsRed were amplified
using the Eppendorf Thermocycler PCR machine. The PCR reaction conditions and the cycling
protocols used for amplifying each ORF are listed in Tables 1-8.

Preparation of PCR Amplified Fragments for Ligation
Amplified ORFs were purified using QIAGEN PCR Purification Kit to remove enzymes,
dNTPs, and incorporated primers. The complete instructions for PCR purification are present in
the QIAquick Spin Handbook manual. DNA was eluted with 20 µL of TE instead of 50 µL buffer
EB. Kit purified amplicons were digested with AsiS1 and Pac1, and seperated on agarose gels.
DNA from excised bands was extracted from agarose using QIAGEN Gel Extraction Kit. The

complete instructions for gel extraction are present in the QIAquick Spin Handbook manual.
DNA was eluted with 30 µL TE instead of 50 µL of buffer EB.
Ligation and Chemical Transformation
Concentrations of the gel purified vector and ORFs DNAs were measured using the
nanodrop spectrophotometer and sometimes confirmed by electrophoresis next to quantization
standards of 30, 100, and 300ng linearized plasmid DNA. A 3:1 molar ratio between the insert
and the vector was calculated from the concentrations and the sizes of the fragments. Two
parallel reactions, ‘vector only’ and ‘vector plus insert’ were prepared. The ‘vector only’ ligation
allowed us to determine how many colonies of the transformation were due to incorrect ligation
events. Both reactions contained 0.05 pmol vector, 1U T4 DNA ligase, and 1x ligation buffer
(50mM Tris-HCl, 10mM MgCl2, 10mM Dithiothreitol, 1mM ATP, pH 7.5 @ 25oC) from New
England Biolabs. Ligations were at room temperature overnight.
Ligations were used to transform XL-1 Blue cells that have been made competent to take
up DNA by the method of Inoue23. Half of each ligation was placed in 4ml polystyrene tubes on
ice and 200 μl of competent cells, thawed between fingers and resuspended by pipetting, were
added to each tube and gently mixed by pipetting. The mix was kept on ice for 45 min, heat
shocked at 42o C for 90 sec, placed on ice for 90 sec, and 800 μl of pre-warmed SOC (SOB w/o
Mg, 1/100 vol. 2M glucose) medium was added. Cultures were shaken at 37o C for 50 min and
0.3 ml was plated on LB Agar plates containing 50-100 μg/mL Ampicillin. Plates were
incubated at 37o C overnight.

Alkaline Lysis Minipreps
Bacterial colonies were picked from LB Amp plates, inoculated into 3 mL of LB broth
containing 50-100 μg/mL Ampicillin in large test tubes, and shaken at an angle at 37oC
overnight. Alkaline lysis minipreps were performed to extract plasmid DNA from the cultures.
Half of the culture was transferred to 1.5 mL eppendorf tubes and centrifuged for 10 min at room
temperature. The supernatant was aspirated from brown bacterial cell pellet. Cells were
resuspended in 100 μL of Lysis I buffer (50mM glucose, 25mM Tris-Cl (pH 8.0), 10mM EDTA
(pH 8.0)) and 200 μL Lysis II buffer (0.2 M NaOH, 1% SDS) was added to lyse cells. Lysates
were mixed by gentle inversions, uncapped, and kept at room temperature for 2-5 min before
adding 150 μL of Solution C (5M KOAc, acetic acid). Samples were shaken vigorously 3-10
times to form a flocculent white precipitate, placed on ice for 10 min, and centrifuged at 4o C for
10 min. The supernatant was removed, added to 400μL of phenol, vortexed vigorously for 15
sec, and centrifuged for 3 min at room temperature. The aqueous top layer was removed and
added to 1 ml of room temperature 95% EtOH, mixed by inverting, and centrifuged for 10 min at
room temperature. The ethanol (EtOH) supernatant was aspirated and the DNA pellet was
resuspended in 30 μL of TE containing 30μg/mL RNase A.

DISCUSSION
The overall goal of the project was to create a polycistronic mammalian expression
system that enables expression of several minimal ORF cassettes from a single transcription unit.
The minimal ORFs were PCR amplified from templates by using gene-specific primers that
included unique restriction sites for AsiSI and PacI next to the start and stop codons,
respectively. A base vector was created with a custom polylinker to receive PCR generated
minimal ORFs. A custom polylinker was also used to adapt the mammalian expression vector,
pCDNA 3.1(+), to receive minimal ORF cassettes from the base vector by classic recombinant
rather than PCR-based methods. A retroviral IRES inserted into the adapted mammalian vector
allowed ORF-IRES or IRES-ORF constructs to be easily generated when AsiSI/PacI ORF
cassettes from the base vector were transferred. Further insertion of minimal ORF, ORF-IRES,
or IRES-ORF cassettes could be integrated into unique AsiSI or PacI sites. These unique sites are
regenerated in each cloning cycle so that an indefinite number and arrangement of cassettes
could be concatenated into a polycistronic expression cartridge.
Adapting Other Vector System to Accept ORF Cassettes
The polylinker of the BS 531/534 base vector was designed so that most other vector
systems could receive all minimal ORF cassettes from it with only one simple initial
modification. In general, the polylinker of available vectors that we would want to use can be
replaced by a custom designed oligonucleotide that kills the two external sites of the original
polylinker. The sites in the custom linker should naturally include AsiSI and PacI, which can
receive the 99% of minimal ORF cassettes. The remaining 1% ORFs need to be accommodated
by other sites. Many six-base cutters can be grouped into sets of isocaudomers by the common
sticky ends they produced upon cutting DNA. We designed three sets of isocaudomer cut sites

both upstream of AsiSI site and downstream of PacI site in the base vector, into which minimal
ORFs were initially cloned by PCR. The custom linker used to adapt other vector systems need
to include only one site from each isocaudomer set. These must be chosen based on absence in
the new vector system and lowest frequency of occurrence in ORFs. In this way, an ORF that
contains internal AsiSI or PacI sites can also be transferred from the base vector to the new
vector without PCR. One isocaudomer site that is absent in the ORF is fused to a cognate
isocaudomer site that is absent in the adapted vector.
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Figure 24. Redesigning a Bacterial Expression Vector to Receive ORF Cassettes
A. Original pET vector with the restriction sites of the BS 531/534 polylinker shown. B.
Adapted pET vector showing a custom MCS with restriction sites from each isocaudomer
set surrounding the central AsiSI and PacI sites. The selected sites should be the site of
each set that has the lowest internal cut frequency in mouse ORFs and is not present in
the vector
In the couse of our work, we inserted custom linkers into mammalian (pcDNA 3.1(+))
and chick (βA-IRES-EGFP) expression vectors. We also looked at several other commercial
expression systems and designed custom linkers to replace their original polylinkers, so that
minimal ORF cassettes from our base-vector can be transferred to them without PCR.
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Figure 25. Redesigning a Yeast Expression Vector to Receive ORF Cassettes
A. Original pESP vector with the restriction sites of the BS 531/534 polylinker shown. B.
Adapted pESP vector showing a custom MCS with unique restriction sites from each
isocaudomer set surrounding the central AsiSI and PacI sites. The selected sites should be
the site of each set that has the lowest internal cut frequency in mouse ORFs and is absent
in the vector.
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Figure 26. Redesigning a Mammalian Expression Vector to Receive ORF Cassettes
A. Original pCMV vector with the restriction sites of the BS 531/534 polylinker shown.
B. Adapted pCMV vector showing a custom MCS with restriction sites from each
isocaudomer set surrounding the central AsiSI and PacI sites. The selected sites should be
the site of each set that has the lowest internal cut frequency in mouse ORFs and is not
present in the vector.

Three different expression vectors, pET (bacterial expression vector), pCMV-Script (mammalian
expression vector), and pESP (yeast expression vector) are shown above (Figs.24,25,26). The
examples illustrate how most, if not all, vectors can be redesigned to receive PCR-generated
minimal ORFs from the BS 531/534 base vector.
Note that the custom polylinker that replaces the original MCS systems differs in each
case. Each custom linker is built from a subset of the sites found in the MCS of the BS 531/534
vector (Fig. 7). The custom polylinker for each vector must be designed with the restriction sites
that are not present in the vector. For instance, to build a polylinker cartridge for the pET
bacterial expression vector, we initially looked for the presence of AsiSI and PacI sites in the
vector. As these were absent, they formed the heart of the custom polylinker. Next, we scanned
the pET vector for sites of the 1N (BsrGI, Acc65I, BsiWI) and 1C (SpeI, AvrII, NheI, XbaI)
isocaudomer sets. We started with the restriction sites that have the lowest frequency of
occurrence in ORFs. BsiWI and SpeI sites were absent in the vector, and were therefore used to
occupy the 1N and 1C position of the custom polylinker, respectively. Similarly, SalI and MfeI
sites were absent from the pET vector and had the lowest cut frequencies in their sets. Therefore,
they occupy 2N and 2C position in the custom polylinker, respectively. Finally, the same process
was used to select the restriction sites from 3N and 3C sets (Fig 24A,B). Notice that AgeI was
chosen for the 3N set instead of BspEI, which has a lower cut frequency in ORFs. This was done
because a BspEI site already exists in the backbone of the vector (~ position 3000). We therefore
chose the restriction site of the 3N set with the next lowest cut frequency that is absent in the
vector. Essentially, we have created a custom polylinker of restriction sites unique to the pET
vector, and which also can receive all minimal ORF cassettes excised by unique N- and Cterminal restriction sites from the base vector, BS 531/534.

Building a custom polylinker in the generic format (3N, 2N, 1N, AsiSI, PacI, 1C, 2C, 3C)
is not always possible. Notice that the custom polylinker designed for the pESP yeast expression
vector does not include any restriction sites from 2N, 2C, and 3C sets (Fig.25A,B). This is
because all sites from these sets were found in the vector backbone and therefore could not be
included in the custom polylinker. Nevertheless, minimal ORFs cassettes can be transferred from
the base vector as AsiSI/PacI cassettes into the AsiSI site, or in other configurations, such as
AsiSI-C1, N3-CI, or N2-C1 fragments.
Amplification of ORFs
We tried to amplify ORFs of 26 SSTF and non-SSTF genes using gene-specific primers
with AsiSI and PacI restriction sites (Table 9). Twelve ORFs were both amplified and cloned
into the base vector, nine were amplified sometimes, and five were never amplified. We have not
found a single PCR condition to amplify the ORFs of all genes. Finding such a condition would
greatly accelerate the initial cloning of minimal ORF cassettes into the base vector. We therefore
compared several parameters that we thought could influence amplification of the ORF between
these three groups.
First, we compared percent guanine and cytosine composition (%GC) in the upstream
and downstream primers. We expected that primers for ORFs that were amplified may have had
different %GC composition than primers that failed to amplify their ORFs. No apparent trend
was observed. The composition of both upstream and downstream primers for genes of the
amplified and cloned (AC), sometimes amplified (SA), and never amplified (NA) groups all
showed high and low %GC contents. This was observed both in the cognate region of the primer,
which recognizes the template in the first cycle, and in the total primer, which includes the
artificially added restriction sites.

Second, we also calculated melting temperatures (Tm) of both upstream and downstream
primers and compared their differences (ΔTm) among the three groups. We expected to observe
that the Tm values for primer pairs of genes that were amplified would be better matched. Again,
no trend was apparent. The ΔTm values for primers in the AC, SA, or NA groups were similar in
both cognate regions of primers and in the total primers (Table 9).
Third, we compared the 3’-end sequences of upstream and downstream primers. No
apparent between the three groups was observed. The 3’-end nucleotides or the match of the 3’end nucleotides of upstream and downstream primers appeared similar in all three groups. We
therefore think that other considerations may better explain why some ORFs amplify and others
do not.

We tried to amplify ORFs from reverse transcribed RNA that had been purified from
neural tubes of E12.5 mouse embryos. All five ORFs in the NA group failed to amplify from
either heterozygote (Lbx1Lbx1/GFP) or mutant (Lbx1GFP/GFP) first strand cDNA. The gene model
for Tshz2 has recently been updated and indicates that our upstream primer was intronic. We will
design another upstream primer based on the new gene model to amplify this ORF. Most of the
ORFs in the AC group were available in cloned templates. Only Olig3, NPY, and SST ORFs
were directly amplified from neural tube cDNA. Validated cloned cDNAs bearing full length
ORFs were currently not available for most of the ORFs in the SA and NA groups. Cloned
templates were only available for Uncx4.1 and Foxd3 in these groups. This may explain why
ORFs in these groups have not been amplified and cloned. Reverse transcription may not have
been processive enough to create first strands with full length ORFs. Alternatively, the RNA
source did not contain a sufficient copy number of the desired mRNAs.
It is also unclear if the known gene models are the same splice variants that are expressed
in the neural tube. Given that alternative splicing occurs in the majority of mouse genes, it is
preferable to amplify ORFs from cDNA generated from appropriate tissue. Our primer designs
were based on available gene models. These models are often derived from cDNAs generated
from RNA of tissues other than neural tube. If an SSTF ORF actually used in the neural tube
differs from the ORF of the gene model, then one would not expect to amplify it from neural
tube cDNA using primers designed using the gene model.
Many of the SSTF ORFs were selected based on regulated by Lbx1 observed with
ANCEA14. These analyses may have detected SSTFs that are expressed and regulated by Lbx1
predominantly in the hindbrain. If these ORFs are expressed more strongly in hindbrain than in

the neural tube, then they may amplify using cDNA templates reverse transcribed from
heterozygote and mutant hindbrain RNA.
We performed range-finding experiments to identify efficient annealing temperatures and
MgCl2 concentrations for most amplifications. In most of these tests, we used cloned templates at
amounts that approach the copy numbers of 100 pg of cloned template. To prevent this, small
quantity of template from being adsorbed to the tube walls, we included yeast tRNA at 10μg/ml
in the diluents and PCR reactions. We found that many ORFs amplified at annealing
temperatures ranging from 56o C to 64o C. However, there were some that required higher
annealing temperatures for effective amplification. For example, the Lbx1 ORF was only
amplified at 65o C (Fig.27). Range-finding experiments to optimize Mg+2 concentrations showed
that 2-3 mm MgCl2 generally produced good amplification. Amplifying at greater magnesium
ion concentrations typically produced better results at all annealing temperatures tested (Fig.28).

Figure 27. Identifying the Correct Annealing Temperature for the Lbx1
ORF
Lbx1 was amplified from C-Lbx1-IE template at different annealing
temperatures ranging from 58o C to 65oC. A faint amplification was
observed at 650C.

Figure 28. Typical Range Finding Experiment to Optimize [Mg+2]
and Annealing Temperature
PCR amplified with 1, 2, and 3mM MgCl2 at various annealing
temperatures ranging from 560 C to 620 C using the gradient function
of the Eppendorf thermocycler

Difficulty in Obtaining Minimal ORF Clones
Cloning ORFs of SSTFs was more difficult than we expected. We encountered technical
problems in obtaining minimal ORF clones that we generally did not encounter when subcloning
other fragments or when cloning synthetic oligos. The number of colonies obtained from
transformations of standard ligations tended to be lower, the fraction of miniprep cultures that
failed to grow or grew poorly was higher, the fraction of minipreps that failed to produce
detectable quantities of plasmids was higher, and the fraction of clones that failed to re-grow
after some time in the refrigerator was higher. All of these observations together led us to believe
that correctly cloned minimal ORFs of SSTFs may be toxic to the host bacteria, even though the
base vector, BS 531/534, is not an expression vector. We had observed that the dsRed ORF in
the base vector produced red colonies with inserts in either orientation. It therefore appeared that
there was at least some low level of expression of ORFs in the base vector. Thus, low level
expression of SSTF ORFs could account for the technical difficulties we encountered in cloning
SSTF ORFs. Low level expression of correctly ligated SSTF ORFs may impede proper growth.
Colonies with mutated or improperly inserted inserts would not produce low levels of the SSTF

and would therefore grow more easily than colonies with correct inserts. Thus, incorrect clones
would become overrepresented.
To test this idea, we compared the ratio of colonies observed with ‘vector plus insert’
(V+I) and ‘vector only (V.O.) ligations to the fraction of clones with inserts observed in
minipreps. The number of colonies with the correct sized inserts was far lower than expected
based on the V+I/V.O. ratios (Table 10).
Table 10 Transformation Analysis of BS-ORF clones
Correct sized inserts
Expt
372-25
372-25
372-25
372-25
372-25
372-27
372-27
a

Ligation
Pax2
Pax8
Isl1
Lmx1b
Lbx1
Pax2
Lmx1b

a

V+I
21
23
27
21
54
13
34

b

V.O.
10
10
10
10
0
3
3

c

#minipreps
17
20
17
15
8
10
10

Expected
8
9
6
7
0
2
1

d

Actual
1
2
5
3
2
1
1

Orientation
Sense
1
2
5
1
2
1
0

Antisense
0
0
0
2
0
0
1

minimal ORFs were ligated into BS 531/534 base vector

b

Vector with Insert (V + I) transformants have 3:1 mole ratio between ORF and BS 531/534
Vector Only (V. O.) transformants have vector with TE
d
Expected number of correct sized inserts is calculated using ((V+I)-(V.O.))/(V+I))*(#minipreps)
c

For instance, if the transformation produced a 29:1 ratio of colonies on V+I and V.O., we would
expect that 29 out of 30 randomly picked colonies would have correct sized inserts. From Table
10, we notice that the ratio of V+I and V.O. for ‘Pax2’ transformations is 21:10. We expect at
least half of the minipreps to produce clones with inserts. However, only one clone out of 17 had
an insert. For SSTFs, the fraction of minipreps with the correct inserts was generally less than
expected.

We observed 12 clones out of 15 clones with correct sized inserts had inserts in the
correct orientation (80%). This is consistent with the idea that the inserts prefer ligating in the
desired sense orientation (AsiSI/AsiSI-PacI/PacI) rather than the antisense orientation
(AsiSI/PacI- AsiSI/PacI). This would be a fortuitous advantage that we could not anticipate.
Further experiments will determine if this observation is current luck or a reproducible pattern.
We found mutations (point and frame-shift mutations) in the sequences of many of the
recovered clones with inserts. Mutations seemed to be more common in SSTF ORFs than in nonSSTF ORFs. We detected 4 mutations in 3 Isl1 clones (insert size of 1.1kb), 2 mutations in 1
Pax2 clone (insert size of 1.2 kb), and 2 mutations in 1 Lmx1b clone (insert size of 1.0 kb), 0
errors in Lbx1 clones (insert size of 800 bp), 0 errors in Pax8 (insert size of 1.2 kb), and 4 errors
in Olig3 (insert size of 1.0 kb). Thus, a total error rate of 1.16 x 10-3 errors/bp was observed for
all SSTF inserts of the correct size. The average error rate was 1.58 x 10-3 ± 0.34 x 10-3 errors/bp
for SSTFs with observed sequence errors. For non-SSTF ORFs that were sequenced (dsRed,
EGFP, hBirA, NPY, SST, Cre-ERT2), a total error rate of 4.17 x 10-4 errors/bp was observed.
The average error rate was 1.25 x 10-3 ± 0.59 x 10-3 errors/bp for SSTFs with observed sequence
errors.
The total error rate for non-SSTF ORFs was significantly lower than that of SSTFORFs. The error rate for non-SSTF ORFs was closer to the error rates of Taq Polymerase,
obtained from the literature (Table 11). Although the average error rates for both SSTF and nonSSTF ORFs were in a similar range, data from more ORFs could provide us with better trends.
The error rate for SSTF ORFs was considerably higher than that established for Taq polymerase
(Table 11). We used Pfu polymerase in some of our amplifications. Pfu is advertised to have

higher fidelity than Taq. The higher observed than the predicted error rates are consistent with
the idea that mutated ORFs were recovered preferentially to intact ORFs.

Table 11: Error Rate of Taq Polymerase for Different Assaysa
Error Rate
1.1 x 10 base
substitutions/bp

Assay
Reversion of opal suppression in
LacZ
Denaturing Gradient Gel
2.1 x 10-4 errors/bp
Electrophoresis
-5
8.9 x 10 errors/bp
DGGE
-5
2.0 x 10 errors/bp
Loss of LacI function
-4
1.1 x 10 errors/bp
Loss of LacZ function
a
This table was obtained from the Invitrogen website, which also
-4

FUTURE STUDIES
Building and Extending ORF-IRES-ORF Cartridges
We are currently in the process of building IRES-ORF cassettes. We will soon begin
working on ORF-IRES cassettes. Once IRES-ORF and ORF-IRES cassettes are built, AsiSI/PacI
ORF cassettes can be added to the AsiSI site of pCDNA-IRES-ORF vectors to generate vectors
bearing ORF-IRES-ORF cartridges. Similarly, ORF cassettes can be added to PacI site of
pCDNA-ORF-IRES constructs to generate other ORF-IRES-ORF cartridges. Once an ORFIRES-ORF cartridges have been generated, they will be extended by either inserting IRES-ORF
or ORF-IRES cassettes at their ends.
Testing the Cassette-Based Mammalian Expression Vector
The reason to build a polycistronic expression vector is to ensure that each transfected
cells expresses all of the ORFs. The best way to check this is by creating a polycistronic
expression vector with ORFs of 3 or 4 colored fluorescent proteins (EGFP, dsRed, CFP, YFP) in
different orders. Fluorescent microscopy can be used to compare the intensity and colors in
transfected cells. This will establish if all the ORFs are expressed and if ORFs at front or end
positions show better or worse expression
Confirming the Function of Single IRES-SSTF Expression Cassette
We can confirm the function of single IRES-SSTF cassettes in standard transactivation
assays. Each vector with a single IRES-SSTF will be co-transfected with reporter genes to

establish that the expressed SSTF is functional. The reporter genes will include multimerized
binding region sites for the SSTF, a minimal promoter, and a reporter gene constructed from
ORF such as dsRed. When the SSTF is expressed, it is expected to bind to the binding sites on
the reporter gene and initiates expression of the reporter gene.
Assemble Artificial Network Kernels and Test Trans-Differentiation Hypothesis
We would like to transiently introduce an artificial expression vector with the proposed
SSTF combinations in network kernel of dI4LA and dI4LB neurons (Table 1). The artificial
expression vector will be transfected into a fibroblasts or other primary somatic cell derived from
the Lbx1GFP mouse line. Expression of GFP from the knock-in allele will be used to enrich for
clones that could have activated an endogenous Lbx1-dependent kernel. The expression profile
of these clones will be compared to the profiles of the endogenous cell types to establish the
degree of trans-differentiation.
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