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Conditional mutagenesis is becoming a method of choice for
studying gene function, but constructing conditional alleles is
often laborious, limited by target gene structure, and at times,
prone to incomplete conditional ablation. To address these issues,
we developed a technology termed conditionals by inversion
(COIN). Before activation, COINs contain an inverted module (COIN
module) that lies inertly within the antisense strand of a resident
gene. When inverted into the sense strand by a site-specific recom-
binase, the COIN module causes termination of the target gene's
transcription and simultaneously provides a reporter for tracking
this event. COIN modules can be inserted into natural introns
(intronic COINSs) or directly into coding exons as part of an artificial
intron (exonic COINSs), greatly simplifying allele design and increas-
ing flexibility over previous conditional KO approaches. Detailed
analysis of over 20 COIN alleles establishes the reliability of the
method and its broad applicability to any gene, regardless of
exon-intron structure. Our extensive testing provides rules that
help ensure success of this approach and also explains why other
currently available conditional approaches often fail to function
optimally. Finally, the ability to split exons using the COIN's arti-
ficial intron opens up engineering modalities for the generation of
multifunctional alleles.
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onditional alleles are rapidly becoming a method of choice
for the analysis of gene function, particularly for mutations
that result in embryonic lethality or when it is desirable to study
the role of a gene in a specific tissue or developmental stage. The
most commonly used conditional alleles are those alleles where
part of the gene of interest is flanked by site-specific recombinase
recognition sites (SRSs) in a manner such that deletion or in-
version of the SRS-flanked sequence—induced by the action of
a cognate recombinase—will result in the generation of a null
allele. Combined with the ability to spatiotemporally control the
expression and/or the activity of the recombinase, this methodology
enables induction of the null state in a cell type-selective as well as
temporally regulated manner. As a result, recombinase-regulated
conditional-null alleles have provided a powerful tool to query the
function of a target gene in specific cell types or tissues and/or at
different time points during the life of a model organism (1).
Conditional alleles can, however, be difficult to design and
engineer, and they may require laborious vector construction as
well as multiple manipulations in ES cells (example in ref. 2).
Approaches that involve flanking the entire exon-intron region
of the target gene with SSR sites while attempting to avoid dis-
ruption of associated transcriptional control elements are prac-
tical only for genes with compact exon—intron structure and well-
mapped regulatory regions. Therefore, alternative approaches
have been developed in which either only exons that are deemed
critical for a gene’s function are flanked by loxP sites (3) or de-
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letion is avoided altogether by inserting invertible elements into
introns and antisense to the target gene, with the intent that
these elements remain inert in their initial orientation but dis-
able the gene on conditional inversion to the sense strand (4) (S
Appendix, Fig. S17). Both of these approaches suffer from the
limitation that they are not applicable to single exon genes.
Furthermore, although the latter method is, in theory, more
amenable to broader and less customized use, in practice, it is
limited by the availability and location of targetable introns, and
it may yield hypomorphs before inversion and incomplete nulls
after inversion (4, 5). Finally, the majority of currently available
conditional approaches do not incorporate a reporter that can
mark individual cells where the conditional allele has been ac-
tivated, making it difficult to assess the efficiency and cell-type
specificity of the target gene’s inactivation in complex tissues.
In an attempt to rectify the deficiencies inherent in the cur-
rently available conditional-null allele methods, we sought to
develop a unique allele design that combines four properties:

i) Simple, modular, and standardized design that can be engineered
in a single bacterial homologous recombination (BHR) step and
a single targeting event in ES cells.

Significance

We describe conditional by inversion (COIN), a new design for
conditional alleles that uses an optimized conditional gene trap
module (COIN module) inserted into the target gene in an
orientation opposite to the gene’s direction of transcription.
Activation by Cre recombinase inverts the COIN module,
resulting in expression of a reporter and termination of tran-
scription, thereby inactivating the target gene while marking
the cells where the conditional event has occurred. Creation
of COIN alleles for more than 20 genes showed that it is
a robust and universal method—applicable to any gene re-
gardless of exon-intron structure—that overcomes the limi-
tations of previous conditional approaches.
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ii) General applicability to the vast majority of genes, regardless
of a gene’s exon—intron structure, to minimize the need to
define transcriptional control elements or functional do-
mains in the target gene most importantly and uniquely by
allowing for insertion into an exon by the creation of an
artificial intron.

iii) Optimal properties of conditional-null alleles (silent before
induction and null after induction by the recombinase).

iv) Ability to mark cells in which the targeted gene has been
inactivated by turning on expression of a reporter simulta-
neously with induction of the conditional allele.

We present here conditional by inversion (COIN), a method
that incorporates these properties. By applying rigorous tests of
conditionality to a set of well-studied genes, we establish the COIN
conditional-null reporter allele as a reliable and versatile gene
modification method that opens up unique design modalities.

Results

Structure of a COIN Conditional Allele. Like all conditional alleles,
COIN alleles are designed to modify a target gene in such a way
that the gene’s expression and function remain normal until the
allele is inactivated by a site-specific recombinase, which induces
a physical rearrangement that renders the gene inactive or alters
the function of the gene product. The COIN design (Fig. 14)
consists of two linked elements. The first element is a conven-
tional FRT-flanked drug selection cassette (DSC), which is re-
moved by Flp recombinase before use of the COIN. The second
element is the COIN module, the functional part of the allele,
which consists of initially inverted sequences that comprise a
terminal exon encoding a reporter protein, such as enhanced

A COIN module

GFP (eGFP), preceded by a 3 splice site (3'SS™) and followed by
a polyadenylation region (pA). Extensive testing of alternative
sequences for the 3'SS”' and pA and their positioning was per-
formed to optimize the COIN module (SI Appendix, Fig. S1). To
enable its inversion by Cre recombinase, the COIN module is
flanked by lox66 and lox71 sites in a head-to-head orientation (6).

Although COINs can be engineered into native introns (S/
Appendix, Fig. S6), it is their ability to be introduced into exons
that renders COINs a general strategy applicable to the majority
of genes. Insertion into an exon is enabled by embedding the
COIN module (and DSC) into an exogenous artificial intron
(Fig. 14) (hereafter referred to as the COIN intron). This
strategy requires that (i) the COIN intron is efficiently spliced so
that the COIN allele remains silent in its original orientation and
(if) the COIN module operates as a terminal exon when inverted
into the sense orientation. We based the COIN intron on rabbit
B-hemoglobin (HBB2) intron 2, because it has been shown to
function in the context of several genes (7). To maximize the
chances of efficient splicing when the COIN module is operating
in different genomic contexts, we chose an efficient (8, 9) (S/
Appendix, Fig. S1) and coevolved 3'SS*'-pA pair from HBB2
(10). A protocol detailing where to place the COIN intron can be
found in Materials and Methods.

COIN allele targeting vectors are engineered by BHR to insert
the linked DSC and COIN module elements into a defined site
within the target gene (Fig. 1B), such that the COIN module’s
protein coding, splicing, and pA sequences are antisense to the
direction of transcription of the target gene, thereby ensuring
that the COIN module is not incorporated into the target gene’s
transcript (Fig. 1C). After targeting in ES cells, we use FLPe
recombinase (11) to excise the DSC, resulting in a silent COIN

FRTed DSC (Neo example)

vd | xd6d

UBC promoter region 3'SS
VNGO JaN

I I targeting
I l removal of DSC

Inversion of the COIN module |

Pl >

lax72 loxP

Fig. 1. Design of COIN alleles. (A) Detailed schematic of the COIN intron (version eGFP, phase 0; neo). The COIN module was inserted into the Mfel site (Mf)

of HBB2 intron 2, and it is comprised of a 3'SS”-eGFP-rBglpA flanked by lox71 and lox66 in a mirror image configuration to enable inversion of 3'S5”-eGFP-
rBglpA; 3'SS”' is the 3’ splice region of HBB2 intron 2 (SI Appendix, Fig. S14). Postinversion (Pl) indicates that this 3'SS participates in trapping the message of
the COIN allele after inversion of the COIN module. rBglpA is mainly the 3'UTR region of HBB2 (S/ Appendlix, Fig. S15). FRTed DSC is an FRT-flanked drug
selection minigene [e.g., Pyscdriven neomycin phosphotransferase (Npt)] (S/ Appendix, Fig. S16); FTR sites are indicated as gray arrows. The 5’ splice site (5’SS)
and 3’ splice site (3'SS) of rBgl i2 mark the boundaries of the COIN intron (blue line). Restriction sites are shown below the sequence line. MlI, Mlul; Ps, PspOMI;
X, Xmal. All elements are drawn to scale. (Scale bar: 200 bp.) (B) A hypothetical gene comprised of n number of exons is rendered conditional-null by insertion
of the COIN intron (elements not drawn to scale) into exon 1, (C) splitting exon 1 into a left exon (1L) and a right exon (1R). After BHR, targeting, and removal of
the DSC, the resulting exCOIN allele encodes a WT transcript, because the COIN module is in the antisense strand and therefore, stealth to transcription. (D)
Inversion of the COIN module results in a null allele encoding for a transcript that incorporates exon 1L and eGFP. In addition, Cre-mediated inversion of the COIN
module through lox71 and lox66 gives rise to a double mutant lox site, /ox72 (red arrowhead), and /oxP (black arrowhead). The COIN module is framed by a blue
box in C and D to facilitate visualization of the region being inverted.
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Table 1. List of COIN alleles and their pre- and postinversion phenotypes

Placement of Initial exon Exon L or Exon R or Preinversion Postinversion

Gene VG no. COIN module or intron size intron L size intron R size phenotype phenotype
Acvr1b 1601 Exon 2 240 125 115 WT NULL
Chrd n.a. Intron 2 372 206 105 WT HYPO
Ctgf 1511 Exon 2 223 120 103 WT NULL
Dicer1 1399 Intron 6 4,162 3,770 446 WT NULL
Dkk4 4003 Intron 1 953 730 223 WT n.d.
Dll4 1407, 1513 Intron 3 808 631 144 WT NULL
Exosc3 1788 Intron 3 649 235 327 WT NULL
Exosc10 1790 Intron 2 1,328 412 1,018 WT NULL
Gdf11 1422 Exon 1 472 297 175 WT NULL
Gpri124 1402 Exon 1 371 133 238 WT NULL
Gt(ROSA)26Sor 2154, 2234 Intron 1 5,632 1,036 4,595 WT (Tg) NULL (Tg)
Hprt1 1272 Exon 3 184 85 99 WT NULL
112rg 1253 Exon 1 201 89 112 WT NULL
112rg 1452 Exon 1 201 89 112 NULL* n.d.
Mstn 1427 Exon 1 478 185 293 NULLY n.d.
Pixnd1 1618 Exon 2 177 97 80 WT NULL
Ret 1541 Exon 2 264 121 143 WT NULL
Drosha 1390 Intron 3 6,536 5,548 925 WT HYPO
Drosha 1483 Exon 4 834 625 209 WT NULL
Scn9a 1589 Exon 2 308 105 203 WT n.d.
Sirt1 n.a. Exon 3 242 141 101 WT n.d.
Sost 1445 Intron 2 2,492 938 1,504 WT NULL
Sox2 1413 Exon 1 2,457 441 2,016 WT NULL
Sox10 n.a. Intron 3 2,493 94 2,358 WT DN
Tek 1379 Exon 1 393 354 40 WT NULL
Tgfbri 1602 Exon 2 246 90 156 WT NULL
Tiel 1260 Exon 1 424 380 34 WT NULL
VegfR1 1308 Exon 1 347 291 56 WT n.d.
VegfR2 1345 Exon 1 327 272 55 WT NULL

Gene names are those names used in the public genome servers. VG no. is the VelociGene number of each COIN allele after removal of the drug selection
cassette. Placement of COIN module denotes the number of the exon or intron where the COIN module was introduced, whereas initial exon or intron size
lists the size of the respective exon or intron. In the case of genes that are alternatively spiced, the numbering of the exon or intron corresponds to the longest
form. Exon L or intron L size denotes the size of the 5’ part of the split exon or intron, whereas exon R or intron R size denotes the size of the 3’ part of the
split exon or intron. For intronic COINs, the left and right parts of the modified intron are defined by the boundaries with the COIN module, thereby defining
the position of the COIN module within the intron. Preinversion phenotype indicates the phenotype observed before inversion of the COIN allele in either
homozygosis (COIN/COIN) or hemizygosis with a null allele (COIN/null), whereas for X-linked genes, such as Hprt1 and //2rg, it is the phenotype associated
with the COIN/Y genotype. A WT designation indicates that, before inversion of the COIN module, the phenotype observed in COIN/COIN, COIN/null, or COIN/
Y cells or mice matches the WT cells or mice. Postinversion phenotype indicates the phenotype observed after inversion of the COIN allele in either
homozygosis (COIN-INVICOIN-INV) or hemizygosis with a null allele (COIN-INV/null), whereas for X-linked genes, it is the phenotype associated with the
COIN-INVIY genotype. A NULL designation indicates that the phenotype observed in COIN-INV/COIN-INV, COIN-INVInull, or COIN-INV/Y cells or mice pheno-
copies COIN-INV/COIN-INV, COIN-INV/null, or COIN-INV/Y cells or mice. The Tg designation appended to the two Gt(ROSA)26Sor alleles (VG2154 and VG2234)
indicates that the WT and NULL designations are based on the analysis of artificial COIN transgenes built into the Gt(ROSA)26Sor locus rather than the
biological function of the locus itself. The DN designation for SRY-box containing gene 10 (Sox70) indicates that the corresponding inverted COIN allele is
dominant negative as intended by design. For the i2COIN allele of chordin (Chrd) and the i3COIN allele of Drosha (VG1390), the HYPO designation indicates
that the allele resulting from inversion of the COIN module is hypomorphic and does not phenocopy the null allele (in homozygosis). For DIl4, two different
COIN alleles where generated; VG1513 replaced VG1407 because of improved reporter function. The Ctgf COIN allele has been presented elsewhere (27).
Data on Acvr1b, Chrd, Dkk4, Exosc3, Exosc10, Ret, Scn9a, Sirt1, SRY-box containing gene 2 (Sox2) (28), Sox10, endothelial-specific receptor tyrosine kinase
(Tek), Tgfbr1, vascular endothelial growth receptor 1 (Vegfr1), and vascular endothelial growth receptor 2 (Vegfr2) COINs will be presented elsewhere. n.a.,
not applicable; n.d., not determined; WT, wild type; Tg, transgene; HYPO, hypomorphic allele.

*For I12rg, line VG1452, the NULL designation reflects the fact that VG1452 is a reverse COIN, where the COIN module is placed in the sense orientation with
respect to //2rg, thereby deliberately generating a null allele before inversion of the COIN module.
For the COIN allele of myostatin (Mstn), the listed NULL designation indicates that Mstn®' 9" mice phenocopy Mstn2?2Z mice.

allele ready for induction (Fig. 1C). Our experience is consistent
with observations reported by others (12, 13) (i.e., that removal
of the DSC is essential to avoid the generation of partially de-
fective hypomorphic alleles).

Upon Cre-mediated inversion of the COIN module, its re-
porter-coding exon is brought in position to trap the target gene’s
transcript by splicing to the 3’SS of the module and terminating
transcription at the pA of the module, simultaneously abrogating
transcription of the target gene’s downstream exons (Fig. 1D).
Moreover, the inverted COIN is effectively fixed into the sense
orientation, because Cre-mediated inversion converts the lox66-
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lox71 pair into an lox72-loxP pair, which does not support rein-
version (14); in fact, we never observed a reinversion event in the
course of these studies.

To validate the COIN method, we engineered COIN alleles
for 26 protein-coding genes whose inactivation would result in
known or predicted phenotypes and scored them (Table 1) using
the following criteria: (i) normal Mendelian inheritance and wild
type (WT) phenotype in mice either homozygous for the non-
inverted and thus, silent COIN allele (COIN/COIN) or com-
pound heterozygous with the corresponding null allele (COIN/
null); (if) phenotypes and inheritance patterns identical to those
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of KO mice (null/null) in mice either homozygous for the
inverted COIN allele (COIN-INV/COIN-INV) or compound
heterozygous with the corresponding null allele (COIN-INV/
null); (iii) normal target gene expression for the COIN allele
compared with the unmodified gene; and (iv) COIN module
reporter expression on inversion of the COIN. Where noted,
phenotypes of some COIN alleles were studied in ES cells. Based
on these criteria, nearly all of the COIN alleles were found to be
completely WT before inversion and completely null post-
inversion (Table 1); our extensive testing revealed COIN design
rules to help prevent rare failures (i.e., to prevent perturbation of
WT functionality before inversion and ensure complete nullness
as opposed to hypomorphism after inversion). The following
sections describe COIN allele examples that show the efficacy of
the design and illustrate features and properties that can affect
the performance of the alleles.
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Hprt19%3<0IN: A stringent Test for a Cellular Null Phenotype. The
COIN method was initially tested using the X-linked hypoxan-
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thine guanine phosphoribosyl transferase 1 (Hprtl) gene, be-
cause it provides a rapid and stringent functional test in targeted
XY ES cells in culture: the toxicity of 6-thioguanine (6-TG) is
dependent on expression of Hprt1 (15), with as little as 5% of WT
Hprtl protein levels being adequate for 6-TG-mediated cell
death. The Hprt1®3CON allele was engineered by inserting the
COIN intron into exon 3 of Hprtl, thereby dividing this 184-nt
exon into two new exons, 3L and 3R, of 85 and 99 nt. Exon 3 was
chosen over exons 1 and 2, because both of them are too short
to accommodate insertion of the COIN intron. As would be
expected if the COIN allele was functionally equivalent to WT
before inversion and completely null postinversion, the pre-
inversion Hprt1®3C?Njy ES cells died on treatment with 6-TG
just as the unmodified parental ES cells did, whereas the post-
inversion Hprt1°3CO™NNVy cells survived (Fig. 2B).
Quantitative RT-PCR analysis showed that, preinversion, the
artificial intron is correctly spliced at the exon 3L/3R junction
and insertion of the COIN module did not alter Hprtl mRNA
levels in the Hprt1“““°™N/y ES cells (Fig. 2C and SI Appendix,
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Fig. 2. Hprt1¥39 yalidates COIN approach in ES cells. (A) Engineering of Hprt19*<©'N_(j) Schematic of Hprt1*°N jllele. The exon-intron region of Hprt1
adapted from Ensembl.org. Exon 3 (ENSMUSE00000491684) is highlighted together with the loss-of-allele (LOA) probes (TUP, TDP) and primers (TUF, TUR;
TDF, TDR). The same probes and primers are used for RT-PCR to quantitate Hprt7 mRNA levels. (ii) The COIN intron was placed after the 85th nucleotide of
exon 3 (S/ Appendix, Fig. S2), splitting exon 3 into exons 3L and 3R. (i) Before inversion, the Hprt1®*<°/N allele generates a normal message as the COIN
intron is spliced out. (iv) After inversion, the COIN module becomes the terminal exon of the modified gene (Hprt13©'NNY) abrogating transcription of the
downstream exons and resulting in a functional null allele. Exons 3L and 3R of Hprt1e*<°V allele are shown as light gray boxes. Blue line denotes the COIN
intron sequence. L66, lox66; L71, lox71; L72, lox72. lox and FRT sites are not drawn to scale. (Scale bar: ii-iv, 500 bp.) (B) Hprt13°'NNVy cells are Hprt1-null.
ES cells were cultured in either the absence (Upper) or presence (Lower) of 10 pM 6-TG for 10 d, and then, they were fixed and stained with Giemsa. Hprt1*/Y
and Hprt193©Nyy cells die on treatment with 6-TG, whereas Hprt1®*©NNVyy cells survive. (C) Insertion of the COIN element does not alter the expression
level of Hprt1 before inversion but ablates it after inversion. Quantitative RT-PCR analysis of Hprt1 and eGFP-encoding mRNA from Hprt1*/Y (+/Y),
Hprt13<OINyy (COINIY), Hprt1€3CN-INVyy (INVIY), and Hprt1*/Y; Gt(ROSA)2650r°C* (+/Y; R26°FP*) ES cells. (Upper Left) Level of Hprt1 mRNA relative to
Hprt1*1Y; Gt(ROSA)2650r°S™"* detected using probe TUP. (Upper Right) Level of Hprt1 mRNA relative to Hprt1*/Y; Gt(ROSA)2650r°"*"* detected using probe
TDP. (Lower Left) Level of Hprt1 mRNA relative to Hprt1*/Y; Gt(ROSA)2650r°°"*"* detected using a probe that detects exon 9 of Hprt1. (Lower Right) Level of
eGFP-encoding mRNAs relative to Hprt1*/Y; Gt(ROSA)2650r°°""* detected using a probe for eGFP.
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Fig. 3. 1[2rg®"“©"NV provides in vivo validation of COIN and shows the functionality of the reporter. (A) Schematic of //2rg

ex1COIN gllele. The exon—intron

region of //12rg (isoform 1/2rg-001, CCDS30312) is shown as adapted from Ensembl.org. The COIN intron was placed after the 90th nucleotide of exon 1 (S/
Appendix, Fig. $3), splitting exon 1 into exons 1L and 1R. Before inversion, the /12rg®*"““ allele generates a normal message as the COIN intron is spliced out.
After inversion, the COIN module becomes the terminal exon of the modified gene, abrogating expression of the downstream exons and resulting in
a functional null allele incorporating eGFP. Naming conventions, abbreviations, and markings are as noted in Fig. 2. (Scale bar: 200 bp.) (B) IgM*, B220* B-cell
population is largely absent in bone marrow and spleen cells of /12rg®"“©"N"NVyy (288748) but unaffected in 12rg®"“©'N/y (270876) compared with 2rg*/Y
(290735) mice. Numbers denote mouse identity. (C) Insertion of the COIN element does not alter the expression level of //l2rg before inversion but ablates it
after inversion. Northern analysis of RNA isolated from spleens of /l2rg*/Y (290736, 290735, and 283124), /i2rg®'“°"}y (270877, 270876, and 283125), and
112rg®?OININVyy (278947, 288748, and 283126) mice. Probes are (Top) /12rg, (Middle) eGFP, and (Bottom) Gapdh. The positions of 185 and 285 rRNAs are
marked. Numbers denote the identification of each mouse belonging to each genotypic class; the same mice were analyzed phenotypically (B) (S/ Appendix,
Fig. 54). (D) Bone Marrow, thymic, and splenic lymphocyte populations from /12rg®'“©"N!NVy mice express eGFP. eGFP expression is absent from /12rg®'<©™Nyy

lymphocyte populations.

Fig. S2). In contrast, after inversion of the COIN module, the
Hprtl mRNA is entirely ablated and replaced with an eGFP-
encoding mRNA; the latter is absent in HprtI*/Y and
Hprt1“3CCIN1y ES cells. Therefore, by two different criteria—
functionality (resistance to 6-TG) and Hprtl mRNA expression—
Hprt1°9°O™N'y ES cells are identical to WT, whereas their post-
inversion counterparts, Hprt1*““O™INV7y ES cells, exhibit a phe-
notype identical to HprtI-null ES cells.

112rg®"<©!N7y: A Stringent Test for a Complete Null Phenotype in Mice.
To extend the in vitro observations made with the Hprtl COIN
allele to the organismal level, we created a COIN allele for the
gene encoding the common receptor y-chain used by IL-2 and

Economides et al.

related cytokines [interleukin 2 receptor, gamma chain (//2rg)]
because of the well-established immunological phenotypes as-
sociated with loss of this X-linked gene (16-19). The [I2rg™/ O™V
allele was engineered by inserting the COIN intron into exon 1
immediately after the start codon (initiating ATG; Fig. 34 and SI
Appendix, Fig. S3). I12rg™ ““'N}Y mice were identical to WT mice
for every immune parameter examined; in contrast, the immune
properties of postinversion I/2rg™ C?™NINVy mice matched the
published phenotypes of 1/2rg-null lines (SI Appendix, Table S1).
For example, the B220*, IgM™* compartments of bone marrow
and splenic lymphocytes in preinversion 712rg“““'/y mice
were indistinguishable from the corresponding compartments
in WT I[2rg*/Y mice, but this lymphocyte class was nearly
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Fig. 4. DII4*©N provides a stringent test for engineering COIN alleles that are WT before inversion. (A) Schematic of DII4©'N allele. The exon-intron region of

DIl4 was adapted from Ensembl.org. The COIN module was inserted into intron 3. Before inversion, the DII4<©'N jllele generates a normal message as the COIN
intron is spliced out. For brevity, the DII4¢O"NV a]jele is not depicted schematically; however, as depicted in Fig. 1, after inversion, the COIN module becomes
the terminal exon of the modified gene, abrogating expression of the downstream exons and resulting in a functional null allele incorporating TMeGFP. The
DII43T?ACOIN glele is identical to the DII4>ON allele, except for the incorporation of a T2A peptide leading into the marker (TMT2AeGFP). Naming conventions,
abbreviations, and markings for different elements are as noted in Fig. 2. (Scale bar: 500 bp.) (B) The DII47¢O""NV 3]lele corresponds to a null allele. Embryos from
a DII43“O'N x Nanog-Cre cross were collected at E10.5, visualized by light microscopy, genotyped, and compared with D//4-2%* E10.5 embryos. Embryos and yolk sacs
with genotypes (i and v) DII4*"; LocXV2m°9- e (414); (ji and vi) DII4™CO™N™ (COIN/+); (iii and vii) DII4ZOMN-INVi+[ gcxNanog-Crels (COIN-INV/+); and (iv and vii) DIl4-2<Z*
(LacZ/+) are shown. DII47CONNVI+ embryos phenocopy DII4-2#* embryos. (C) Inversion of the COIN module in DII4”<“'N mice at postnatal day 5 (P5) results in
abrogated maturation of the retinal vasculature. P5 mice were treated with tamoxifen to activate CreER™ or vehicle; 48 h later, retinas were collected, and their
vasculatures were visualized. Neither (i and v) the COIN allele in homozygosis [DII4ZO"V3COIN: GH(ROSA)265OR*™, denoted as COIN/COIN; CreERt2/+] nor (iii and vii)
the activation of CreER™ by tamoxifen (+/+; CreERt2/+) has any impact on retinal angiogenesis and (iv and viii) phenocopy of DIl4*"*; Gt(ROSA)2650R*R2"(ji and
vi) Activation of CreER™ in DJI43“ON3COIN, GHROSA)26SORER®2" results in abrogated maturation of the retinal vasculature. Treatment with tamoxifen is in-
dicated. (D) Inclusion of T2A in DII4”3T2AOIN restores function of the reporter (TMT2AeGFP). Fluorescence photomicrographs of skin from D/I47 720N GHROSA)
2650R"*ER2 mice (i) before and (ii) after treatment with tamoxifen. Note the expression of eGFP in the arteries (A) but not veins (V) only in ii.

absent in postinversion I12rg®™! “?"N-"NV}y mice (Fig. 3B and SI  lymphocyte populations isolated from 112rg™ """y mice (Fig.
Appendix, Fig. S4). As expected from the pheno%Pes, the ex-  3D). Therefore, by phenotype, mRNA size and quantity, and
pression of I2rg mRNA in the spleens of 1/2ig™/““™V/Y mice was  expression of the reporter after inversion of the COIN module,
largely unperturbed (Fig. 3C), whereas in 112rg*/“?""NVjy mice,  the II2rg COIN allele functioned as intended. Because even a few
the Ilr2g mRNA was replaced by an mRNA-expressing eGFP, ~WT cells can reconstitute the immune system, the severe

which was evidenced by the presence of green fluorescent cells in  immune-deficient phenotype of the I2rg™/CO™NINV)y mice
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stringently confirms that the inverted COIN allele confers
a completely null phenotype in all cells.

DII4COIV; A Sensitive Test for Conditionality. To further establish
that preinversion COIN alleles are innocuous, we created a COIN
for delta-like 4 (DIl4). Embryos heterozygous-null for this auto-
somal gene display a severe angiogenesis phenotype resulting in
death during gestation (20-22). Therefore, if the preinversion
DI43“O™N allele were to cause even a small reduction in DII4
function, then it might be expected to produce an observable
angiogenesis phenotype in embryos. To avoid disruption of
a conserved CpG island, we opted to place the COIN module
within intron 3 (Fig. 44). As would be expected if the preinversion
COIN allele of DIl4 functioned at WT levels, embryonic day 10.5
(E10.5) DI47“O™'* embryos appeared normal (Fig. 4B). Fur-
thermore, E10.5 DI43CO™NNY* embryos (i.e., embryos heterozy-
gous for the postinversion allele generated by breeding to an
Nanog-Cre transgenic line) displayed a severe angiogenesis
phenotype identical to the phenotype observed in DI4-*“%/*
embryos heterozygous for a conventional null allele (Fig. 4B, iii
and iv and SI Appendix, Table S2). This COIN allele also func-
tioned postnatally when conditionally inverted by tamoxifen/
CreER%-mediated recombination, because such inversion repro-
duced the angiogenic abnormalities seen with pharmacological D14
blockade in the postnatal developing eye (23) (Fig. 4C). Lastly,
eGFP fluorescence was detected in the arterial vasculature of the
skin, which is analogous to the pattern previously seen with
conventional reporter alleles (21) (Fig. 4D), indicating correct
expression of the COIN module’s reporter postinversion.

Failure of an Intronic COIN Allele to Function as a KO Postinversion Is
Corrected by Reengineering the Allele as an Exonic COIN. The vast
majority of conditional-null alleles engineered as COINs and
analyzed to date have functioned as intended: they are WT pre-
inversion and null postinversion (Table 1). Exceptions to this ex-
perience are two intronic COINs, Chrd?“°™N and Drosha O™,
that both function as incomplete nulls postinversion. For example,
mice carrying the postinversion Drosha”““" allele in conjunction
with a conventional null allele (Drosha®““™NNVEacZy are born
and survive (although runted), whereas this same null allele,
Drosha™*“?, results in embryonic lethality when homozygous
(Drosha™<“"-aczy gSI Aﬁ\g)endix, Table S3). The reason the post-
inversion Drosha>““™NN" allele is not a complete null is that it
still produces low levels of WT mRNA, apparently because of
alternative splicing that removes the inverted COIN module (S
Appendix, Fig. S19); similar observations have been made with
conventional gene traps, accounting for the hypomorphic char-
acter observed with many of them (24, 25) and highlighting one of
the major weaknesses of gene trapping.

We hypothesized that the hypomorphic phenotype of an
intronic COIN postinversion could be corrected by placing the
COIN module contained within a discrete artificial intron (intronic
COIN) into a nearby exon. This hypothesis was tested t;\y engi-
neering a COIN allele in exon 4 of Drosha (Drosha®*““™) (Fig.
5A and SI Appendix, Fig. S5); postinversion, this allele resulted in
early embryonic lethality when paired with a conventional null
allele (Drosha®*cO™N-INVILacZy " indicating that the exonic place-
ment of the COIN module corrects the problems observed with
intronic placement (SI Appendix, Table S4). Unlike the intronic
COIN allele of Drosha, the postinversion exonic COIN completely
lacks WT Drosha mRNA (Fig. 5B) and abrogates the function of
Drosha (26) in pri-miR processing (Fig. 5 C and D). These data
indicate that exonic placement of the COIN module more reliably
generates completely null alleles postinversion compared with
placement of the COIN module into native introns.

COIN Method Is Applicable to a Wide Variety of Genes. We further
validated the COIN method by analyzing COIN alleles for an
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Fig. 5. The exonic COIN of Drosha is a postinversion functional null. (A) Sche-
matic of Drosha®*©"V allele. The exon-intron region of Drosha (splice variant
001, transcript ID ENSMUST00000090292) was adapted from Ensembl.org. Light
blue vertical arrow indicates the point of insertion of the COIN intron within
exon 4 (S| Appendix, Fig. S5). Before inversion, Drosha®“““N generates a normal
message as the COIN intron is spliced out. For brevity, Drosha®““°N'NV is not
depicted schematically; however, as shown in Fig. 1, after inversion, the COIN
module becomes the terminal exon of the modified gene, abrogating expression
of the downstream exons and resulting in a functional null allele incorporating
eGFP. The region replaced in the Drosha"®“ allele VG549 is marked by brackets.
Naming conventions, abbreviations, and markings for different elements are as
noted in Fig. 2. (Scale bar: 100 bp.) (B-D) Inversion of the COIN module results
in abrogation of expression of Drosha and microRNA maturation and conco-
mitant accumulation of pri-miRs. Northern analysis of Drosha using exon 4
(ENSMUSE00000563117) as a probe reveals lack of Drosha mRNA (B, Upper,
white arrow) in Drosha®#“O'NINVILacZ Eg cells and the presence of a hybrid/fu-
sion message encoding exons 1-21 of Drosha plus LacZ (B, Upper, black arrow),
which is also detected with a LacZ probe (C, black arrow). Loss of Drosha ex-
pression results in accumulation of pri-miR293 (B, Lower, gray arrow) and loss
of the mature miR-293 (D, Upper, gray arrow) in Drosha®#C/NINVILacZ g ce||s,
Maturation of the miR is not affected by induction of Cre activity or expression
of eGFP (D, lane 2). The positions of 18S and 28S rRNAs (B and C) as well as the
positions of U6, miR-293, and a small RNA ladder (D) are marked. Genotype
key: +/+, Drosha*™; +/LacZ, Drosha*-*% CreERt2/COIN-INV, Drosha*™*; Gt
(ROSA)26Sor<"eERIZICOININY. - COIN-INV/LacZ, Drosha®*“ONNVLaZ,  GHROSA)
26SorCreERR 1+ COIN/LacZ, Drosha®**<©™N'2Z 1 and c2 denote clones 1 and 2
of Drosha®#OIN-INVILacZ, GH(ROSA)2650r"ER2* derived from treatment with
tamoxifen.

PNAS | Published online August 5, 2013 | E3185

wv
=2
o
a
w
<
=
[

GENETICS


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1217812110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1217812110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1217812110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1217812110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1217812110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1217812110/-/DCSupplemental/sapp.pdf
http://Ensembl.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1217812110/-/DCSupplemental/sapp.pdf

additional 23 genes (Table 1). Representative data from a subset
of these genes are provided in ST Appendix or as indicated: Ctgf
(27), Dicerl (SI Appendix, Fig. S7 and Table S5), Gdfil (SI
Appendix, Fig. S8 and Table S6), Gpri24 (SI Appendix, Fig. S9
and Table S7), Gt(ROSA)26Sor (SI Appendix, Fig. S10), Plxnd1
(SI Appendix, Fig. S11 and Table S8), Sost (SI Appendix, Fig. S12
and Table S9), Sox2 (28), and Tiel (SI Appendix, Fig. S13
and Table S10). With the exception of Mstm®/“N, which was
hypomorphic before inversion for reasons that are not fully un-
derstood, all of the COIN alleles were shown to function as in-
tended (Table 1)—WT before inversion and null after inversion.

Discussion

COINs Provide a State-of-the-Art Method for Engineering Conditional-
Null Alleles. As a flexible and widely applicable method for gen-
erating conditional alleles, the COIN allele addresses the limi-
tations inherent in other conditional methods while opening up
unique design modalities. COINs are subject to few design con-
straints; they use an optimized gene trap-like cassette—the
COIN module—that is modular and adaptable to high-
throughput schemes while overcoming the limitations and defi-
ciencies of existing gene trap and conditional-null allele ap-
proaches. The COIN method is applicable to the majority of genes
as it is independent of the target gene’s intron—exon structure,
eliminates the need to flank entire genes with recombinase rec-
ognition elements or define critical regions, and also, reduces
concerns about disrupting or deleting essential regulatory ele-
ments. Although most of genes where COIN has been tested are
protein-coding genes, the method is applicable to noncoding
genes, as shown by the COIN allele of Gt(ROSA26)Sor.

In addition to its broad applicability, the COIN allele design
includes a reporter (e.g., eGFP) that enables visualization of the
cells in which the conditional induction of the allele has oc-
curred. The COIN reporter gene can be easily replaced by any
transgene or engineered exon of choice. This latter capability is
being exploited to generate conditional mutant alleles to model
human genetic disorders (29). However, the most unique tech-
nological advance introduced by COINs is the engineering mo-
dality of splitting exons and exploiting artificial introns. Exon
splitting enables the application of COIN technology even to
single exon genes, which comprise ~15% of the protein-coding
genes in the mouse genome (30). This property is being used by
EUCOMMTOOLS to generate conditional-null alleles for single
exon genes (www.knockoutmouse.org/about/eucommtools/vectors).

Previously, conditional allele design methods, such as FIEx (5)
and KO-first (3), have attempted to address some of the prob-
lems associated with traditional conditional-null methodology
(SI Appendix, Fig. S17). Of these two methods, FIEx is most
similar to COIN in that it relies on an invertible conditional gene
trap cassette that incorporates a reporter, but it retains the
limitation of gene traps in that it must be inserted into introns;
with one exception (5), it has been used solely in gene trapping
(4). Although the value of FIEx has yet to be realized, KO-first is
one of the methods adopted by large-scale mouse KO projects,
such as EUCOMM and KOMP (31). KO-first alleles are tar-
geted gene traps that can be converted, posttargeting, into either
null or conditional-null alleles (SI Appendix, Fig. S17). KO-first
alleles are, however, limited to genes for which a critical exon
(i.e., an exon with deletion that places the coding sequence of
downstream exons out of frame; thus, they are predicted to result
in a null through the process of nonsense-mediated decay) (32)
can be identified, and they lack a reporter that can mark the cells
where Cre-mediated inactivation of the conditional allele has
taken place. In overcoming the limitations of both of these
methods, COINs provide a reliable alternative conditional allele
design strategy.
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Fig. 6. COIN methodology enables unique engineering modalities. (A) Exon
splitting enables floxing of single exon genes as well as genes lacking critical
exons. A hypothetical protein-coding gene comprised of a single exon (1) is
depicted. This exon is split into exons 1L and 1R using an intron that contains
an loxP site. Another loxP site is placed downstream of exon 1R in a parallel
configuration, rendering exon 1R amenable to deletion by Cre. Black triangles
denote /oxP sites, protein-coding sequence is denoted by gray color, and
splicing is denoted by dotted black lines. All other elements are as described in
Fig. 1. (B) Converting a noncritical exon to critical using a FIEx-COIN hybrid
design. A hypothetical protein-coding gene comprised of three exons is
depicted, where the exons are in the same phase (phase 0). Exons are shown as
gray boxes, splicing is denoted by dotted black lines, the starting and end
phases of each exon are denoted by numbers above the corresponding spot on
each exon, and black and yellow triangles denote loxP and lox2372 sites, re-
spectively. Exon 1 is rendered critical (3) by splitting it using the COIN intron in
a manner such that exon 1L ends in phase 2. Recombination by Cre results in
inversion of the COIN module and simultaneous deletion of exon 1R. (A version
where exon 1R is preserved is shown in S/ Appendix, Fig. $18.) Consequently,
exons 1L and 2 are out of phase; thus, even if the COIN module is spliced out,
the resulting mRNA will encode for a truncated, nonfunctional protein.

Exonic COINs Provide Unique and Reliable Engineering Modalities for
Engineering Conditional Alleles. The majority of both exonic and
intronic COIN alleles was shown to be WT before inversion of
the COIN module and null after inversion (Table 1). One in-
structive exception was the postinversion hypomorphism en-
countered with two intronic COINs, Chrd?°™N and Drosha>cO™.
For the latter, this problem was corrected by engineering an
exonic version (Drosha®*““™) in the immediate downstream
exon, indicating that exonic COINs reduce the possibility of
regenerating WT mRNA by alternative splicing postinversion,
thus more reliably generating completely null alleles compared
with intronic COINs. Although this property of exonic COINSs is
not fully understood, the 3’SS™" of the COIN module and the 3’
SS*! of the COIN intron are identical and matched to the 5SS
and pA site in a tried-and-true arrangement in which the COIN
module 3'SS™" and pA site dominate, resulting in full use of the
COIN module’s exon as a terminal exon and concomitant ter-
mination of transcription after inversion. Regardless of mecha-
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nism, our discovery that even an optimized gene trap cassette,
such as the COIN module (SI Appendix, Fig. S1), can be spliced
out when placed into some dominant native introns provides
a cautionary note for the use of gene traps as null alleles (24, 25)
and indicates that exonic COINs present a more reliable method
for generating conditional-null alleles.

Without exception, the alleles described here have been
designed as conditional-nulls. It should be apparent, however,
that the COIN method expands the repertoire of possible allele
designs. For example, the COIN intron can be used for simple
splitting of an exon (Fig. 64) in cases where deletion of part of
the exon is a desirable outcome and particularly, enabling the
design of simple, deletion-based floxed alleles for single exon
genes. More complex designs, such as hybrid COIN-FIEx alleles
(Fig. 6B and SI Appendix, Fig. S19), are equally achievable and
useful where both the COIN module functionality and the ability
to delete part of the floxed sequence is desired. Other possibil-
ities include rescue COIN alleles, where the starting allele is
mutant and the WT state is induced after inversion (29) (for
example, VG1452, the reverse COIN allele of 1/2rg) (Table 1).
Given that the reporter present in the COIN module can be
replaced with a variety of functional sequences, the use of COINs
to generate conditional alleles of point mutations, exon swaps,
domain swaps, and fusion proteins and even coexpress these
engineered proteins or reporters with small noncoding RNAs are
variations on the COIN theme currently being used.

Designing reliable conditional alleles remains a challenging
art. Any approach, including the currently described COIN ap-
proach, will have some failure rate. We report probably the most
extensive testing and characterization of a conditional allele
approach and find perhaps the lowest failure rate ever docu-
mented. Thus, the data that we provide suggest the COIN ap-
proach to be exceptionally reliable, generally applicable, and
flexible enough to allow broad adoption and exploitation for
designing alleles beyond conditional nulls.

Materials and Methods

Engineering COIN Modification Cassettes. The COIN module is comprised of
a 3'SS” (denoted as such to indicate that it is intended to function as a 3'SS
after inversion of the COIN module to the sense strand of the modified
gene) with sequence 5-CGG GCC CCT CTG CTA ACC ATG TTC ATG CCT TCT
TCT TTT TCC TAC AG-3’ derived from the second intron of rabbit HBB2
(GenelD 100009084) (SI Appendix, Fig. S14) (9) followed by the ORF of eGFP
(33) and the pA region of HBB2 (rBglpA; coordinates 32041:32560 in
gb|M18818.1|RABBGLOB) (S/ Appendix, Fig. 515). The 3'SSP-eGFP-rBglpA
module is flanked by left element/right element (LE/RE) mutant /ox sites,
lox66 and lox71 (6), to generate the complete COIN module, [lox66]-3'SS"'-
eGFP-rBglpA-lox71, where lox66 and lox71 are in a head-to-head configu-
ration with respect to each other and this relationship is denoted by
showing lox66 within brackets ([...]) (Fig. 1).

The COIN module was inserted into the antisense strand of intron 2 of
HBB2 at the unique Mfelsite. Placement of the COIN module in the antisense
strand allows introduction of the COIN intron into exons, thereby rendering
possible the engineering of COIN alleles even for genes comprised of only
a single exon. In addition, to accommodate in-frame insertions into any
particular location within a gene of interest, COIN modules were generated
in all three different reading frames by altering the phase of the eGFP-
coding sequence. Furthermore, in cases where the gene product of the gene
of interest is a protein that bears a secretion signal, a transmembrane ver-
sion of eGFP (TMeGFP) was used as the reporter, and later, it also in-
corporated the T2A peptide (34) between the transmembrane domain of
TMeGFP and eGFP (TM-T2A-eGFP) to enable expression of a minimally
modified eGFP.

To facilitate BHR in Escherichia coli and targeting in ES cells, an antibiotic/
DSC minigene was placed within the COIN intron in its antisense strand and
between the unique Plel and PspOMI sites. The DSCs used were either
a neomycin phosphotransferase artificial minigene (neo) or hygromycin B
phosphotransferase artificial minigene (hyg) flanked by flippase recognition
target (FRT) sites to allow removal of neo or hyg by Flp recombinase or its
derivatives (35). Other than the ORF encoding neomycin phosphotransferase
(npt) or hygromycin B phosphotransferase (hph), the elements of both
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minigenes are identical. Expression of npt or hph in mammalian cells was
driven by the promoter region of the human ubiquitin C (UBC) gene
(coordinates 125398319:125399530 in the antisense strand of human chro-
mosome 12; Human CCDS set: CCDS9260) (36), whereas expression in E. coli
was driven by the EM7 promoter (Invitrogen). To ensure polydenylation of
the neo or hyg messages, the 3’ region of the mouse Pgk1 gene containing
a pA and associated sequence (37) (coordinates 103398979-103399440 of
chromosome X) was cloned past the stop codon of the npt or hph ORFs.
Details on the engineering of an optimal COIN module are provided in
SI Appendix.

Genetic Engineering of Alleles, ES cell lines, and Mouse Lines. Velocigene
technology was used to generate the genetically modified ES cells and mice
used in this study (38). Briefly, targeting vectors were generated by modi-
fying BACs using BHR (39). Targeting was performed into F1H4 ES cells,
a 12956/ScEvTac-C57BL/6NTac hybrid line, or ES lines derived from F1H4
(through gene targeting). Gene names and ch coordinates and chromo-
some numbers, where noted, correspond to nucleotide coordinates in
mouse genome Ensembl release 58—May 2010; we have provided these
coordinates to allow precise definition of the alleles being engineered and
facilitate future annotation of these alleles into the genome. Gene names
are also as they appeared in Ensembl release 58, May 2010. Details of the
sets of primers and probes used for genotyping as well as the targeting
frequencies obtained for each allele are listed in Dataset S1. Unless other-
wise noted, all genotyping was performed using loss of allele (LOA) assay as
described (38). Mouse lines were generated either by microinjection or
using the VelociMouse method (40) as noted. The design of each allele used
in this study along with detailed protocols for ES cell targeting and geno-
typing of COIN alleles are described in S/ Appendix.

Genetic Engineering of COIN Alleles: Guidelines and Practices. A simple set of
rules guides the design of COINs:

i) Splitting of exons shorter than 100 bp should be generally avoided, be-
cause exons shorter than 50 bp are rare in the mouse genome (41).

ii) After splitting of the original exon, each of the resulting new exons [left
(L) and right (R)] should preferably be no less than 50 bp. (However, for
the four COIN alleles generated with exon 1L that are shorter than 50
bp_TekexiCOIN’ Tie1eX1COIN, Vegfr1ex1COIN’ and VegfrZeXICOIN (Table 1)_
there were no apparent negative consequences, and all of these COIN
alleles functioned as intended.)

iii) Splitting of the exon by the COIN intron is preferably rendered after an
MAG trinucleotide motif in the exon, hence preserving the MAG/gtragt
5'SS consensus (where M= A or C, r =aor g, and “/” denotes the cleavage
site; nucleotides in uppercase are exonic, and nucleotides in lowercase
are intronic) (42). If an MAG is not available in the target exon, one may be
engineered by introducing appropriate silent mutations; the Gpr12487<°N
allele provides such an example (S/ Appendix, Fig. S9).

iv) Insertions within the first exon or intron are preferred to render as much
as possible of the gene’s sequence inaccessible to transcription.

v) Disruption of CpG islands and conserved regulatory regions is avoided
whenever possible. (However, we found that, in two alleles where
the CpG island was disrupted by insertion of the COIN intron—
Gdf11eX7€ON and Sox2°*“©'N_there were minimal and no apparent
consequences, respectively.)

vi) Lastly, a cautionary note regarding use is necessary. Before use of COIN
alleles, the DSC must be removed to avoid aberrations in the splicing of
the modified gene as well as its level of expression (13) or avoid even
effects on neighboring genes (12, 43, 44).

For all COIN alleles presented in this paper, the DSC was placed in the
antisense strand with respect to the direction of the COIN module, and for
exonic COINs, it was contained within the COIN intron (Fig. 1). Additionally,
all COIN alleles were studied only after excision of the DSC with FLPe (11).
The types of COIN alleles—exonic (exCOIN) or intronic (iCOIN)—generated
for each gene are listed in Table 1. The choice of COIN cassette was de-
termined by placement requirements: in the case of exCOINs, the modifi-
cation cassette was the full COIN intron plus DSC, whereas in the case of
iCOINs, the modification cassette is the COIN module plus DSC without
COIN intron sequence 5 to the COIN intron’s Mlul and 3’ to its Xmal site
(Fig. 1 and S/ Appendix, Fig. S6). In addition, the phase of the reporter
(eGFP, TMeGFP, or TM-T2A-eGFP) was chosen so that after inversion of the
COIN module into the strand encoding the target gene, the reporter will
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be in frame with the target’s gene-coding sequence upstream of the COIN
module insertion point. The particular version of COIN modification cas-
sette used for each allele is indicated as “reporter; phase number; DSC”.
Details regarding the placement of the COIN modification cassette for
each allele are provided in Dataset S1.
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