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(57) Abstract: Forced expression of a handful of transcription factors (TFs) can induce conversions between cell identities; however, the
extent to which TFs can alter cell identity has not been systematically assessed. Here, we assembled a "human TFome," a comprehensive
expression library of 1,578 human TF clones with full coverage of the major TF families. By systematically screening the human
TFome, we identified many individual TFs that induce loss of human-induced-pluripotent-stem-cell (hiPSC) identity, suggesting a
pervasive ability for TFs to alter cell identity. Using large-scale computational cell type classification trained on thousands of tissue
expression profiles, we identified cell types generated by these TFs with high efficiency and speed, without additional selections or
mechanical perturbations. TF expression in adult human tissues only correlated with some of the cell lineage generated, suggesting
more complexity than observation studies can explain.
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TRANSCRIPTION FACTORS CONTROLLING

DIFFERENTIATION OF STEM CELLS

RELATED APPLICATION DATA

{01}  This application claims priority to U.S. Provisional Application No. 62/492,552 filed
on May 1, 2017 and U.5. Provisional Application No. 62/517,307 filed on Junc 9,
28317, each of which is hercby incorporated herein by reference in its entivety for all

PUrposes.

STATEMENT OF GOVERNMERNT INTERESTS

{62} This invention was made with government sgpport under SPSOHGO0555¢ and
HGO0852S5 awarded by the National Iustitutes of Health. The government has certain

rights in the invention.
TECHNICAL FIELD OF THE INVENTION

{031 This invention is related to the area of cell fates. In particular, it relates to induction
of differentiated cells on the one hand and to the maintenance of stem cells on the

other hand.

BACKGROUND OF THE INVENTION

{04} The discovery of mouse embryonic stem cells (ESCs), human ESCs and mouse and
human induced phuripotent stern cells (hiPSC) has expanded the working modes in
hiology: unlike studying biological phenomena such as differentiation, gaining and

raintaining cellular identity in vive, we are now theoretically able to mimic some of
these processes in a dish. The use of hiPSCs facilitates studying the genesis of human
cell types in an ethically approved setting, and enables production of medically
velevant cell types for research and wmedicine. However, explotting the full
differentiation potency of stem cells is only possible with fow differentiated cell types.
So far, stem cell differentiation protocols are multifaceted and tailored to individual

cell types. These protocols often yield highly heterogencous populations, which may
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[05]

{06}

mask the cell type of interest. Whereas the initial triggers that drive stem cells out of
pluripotency are known, we know very little about subsequent molecular cvents that
occur during differentiation. For example, initial triggers include the application of
differentiation media, the addition of small molecules, application of growth factors or
3D culturing techniques. These stimuli act via cellular signaling cascades and
converge on transcription factors (TFs), which alter gene expression by activation
and/or repression. Some of these cascades may recapitulate in vive development, for
example retinogenesis in 3D retinal organoids whereas monolayer cultures seem to
follow alternative molecular differentiation routes although final cell types can have
high similarity with in vivo cell types. Examples of cell identity transitions, both
during the course of natural developrment in vivo and in synthetic in vitro systems,
demonstrate the importance of controlling these transcriptional programs. The ability
to control cell identity has led to the current preoccupation of the stem ccl field, as
facile access to primary-like human cells would enable many applications in disease
modeling, drug screening and regenerative medicine. Fundamentally, the ability to
find and control transitions between cell identitics would greatly cnhance our

understanding of cell identity.

Upon obtaining a celhular identity, its maintenance is a central feature of mudtcellular
organisms. This comprises terminally differentiated cells but also physiological stem
cells, which can give rise to specific cell types in the body. To maintain the stem cell
pool, transcriptional programs are active in large part by transcription factors that
prevent these cells from differentiating. 7» vitro, maintaining the pluripotency of ESCs
or iPSCs is essential to expand and maintain these cells for downstream applications.
Labor-intensive and delicate culturing techniques have been developed to maintain
pluripotency and to avoid spontancous differentiation. Advances in the formulation of
culture media have significantly improved the robustness of stem cell maintenance,
made feeder cell co-cultures dispensable and opened the usage of stem cells to a larger

scientific community.

Diie to the dependence on transcriptional programs to maintain or convert cellular
identitics it would be desirable to gain direct control at the transcriptomic level

Detailed study of the transcriptional control of the lac operon was the first example
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{071

that a certain class of DNA-binding proteins, transcription factors, initiates, enhances
or represses transcription. It was shown that one could obtain transcriptional control
on cell fate conversion within the same germ layer by ectopic TF expression, which
was pioneered by overexpressing MyoDd in fibroblasts, which subsequently converted
to myoblasts, and C/EBP-alpha to convert B cells into macrophages. Forced TF
induction can also convert cells arising from different germ layers, pioneered by the
three TFs BrnZ, Ascll and Mytll (BAM) that convert fibroblasts into neurons. It has
also been shown that certain sets of TF can change the identity of neurons in living
animals. Another stiking example is the generation of iP3Cs by overexpressing
Oct3/4, Sox2, Kif4 and c-Myc (“Yamanaka factors™) in fibroblasts. TF choices were
mostly “biologically inspired;” the ones known from in viveo development were tested
in vitro manually or proposed by computational approaches. This biased selection of
ectopic TFs led to the successful generation of a handful of cell types. Notably, the
fatlure rate of selected TFs to induce desired cell types from stem cells is relatively
high, ecither not working at all or resulting in unexpected cell fates. Due to
experimental and technical differences, for example gene delivery routes, transient or
inducible TF expression or differences in starting cell types, we cannot casily
troubleshoot these results. Since the forced TF expression in human stem cells can be
very cfficient, we wondered how one could confer this differentiation route
systematically on producing other cell types. Obviously, one needs o standardize the
technical aspects of TF delivery, cxpression, screenming and analysis. In contrast to
“bivlogically-inspired” TFs, an unbiased and systematic TF library screen to ideuntify
novel TFs that convert stem cells to other cell types or which reinforce pluripotency

would be desirable and complementary.

So far, there have not been unbiased, systematic open reading frame (ORF) screens for
converting cell identity. More recently, CRISPR-based activator screens have been
performed but not for cell conversion. CRISPR-based activators for cell conversion
appear to be insufficient to overcome barriers for cell identity conversion. Systematic,
RNMNAi-based screens have revealed important pluripotency factors to understand stem
cell biology, but over-cxpression 0 maintain pluripotency has not been systematically

performed.
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{08]

{09

Cell types derived from human induced pluripotent stem cells (hiPSC) have high
relevance for biomedical research and medicine, but robust, efficient and rapid
protocols are tacking for many cell type: could we generate new protocols to generate

cell types?

There is a continuing need in the art for methods of changing cell fate and maintaining
cell fate so that cell populations available for cellular transplantation and drug

screening can better reflect the diverse cell types in the hurnan body.

SUMMARY OF THE INVERTION

{16}

One aspect of the invention is a method of inducing differentiation of induced
pluripotent stem cells. A nucleic acid comprising an open reading frame (ORE)
encoding a transcription factor, the transcription factor {TF) protein, or an activator of
transcription of the gene encoding the transcription factor, is delivered to the induced
pluripotent stem cells. As a consequence, the amount of the transcription factor in the
induced pluripotent stem cells is increased, and the induced pluripotent stem cells
differentiate to form differentiated cells. The transcription factor may be one or more
of the group consisting of ASCLY; ASCLA; ATF1; ATE4; ATF7; ATOHI; ATTBI;
ATXNT; BARHL2; BARX]; BATF3; BHLHAILS, BOLAL; BOLA2; BOLAZB; BSX;
CAMTAZ, CDXE; CDX2; CEBPZ; CEZ1; CREBY; CREB3; CREB3LY;, CREB3L4,
CREBLZ; DACHZ; DLX1; DLX3; DMRTI; DRGX; DUXA; E2F2; EBF3; ELP3;
EMX1; ENI; EN2; EPAST; ETVI1; ETV2; FIGLA; FLI; FLI12895; FOXBI;
FOXCI; FOXDI; FOXD2;, FOXD4LZ; FOXEL FOXFI FOXF2; FOXHI; FOXI2;
FOXLY; FOXN2; FOXO6;, FOXP1; FOXRI; FOXRZ; GBXZ; GCM2; GLIT; GLIST;
GLIS3; GRHLY; GRHLZ; GRHL3; GRLF; G5C2; GZF1; HAND2; HESZ; HES3;
HES7;, HIC2; HLX; HMGAL;, HMXZ; HOXAL; HOXA10; HOXA6; HOXB13;
HOXB7;, HOXBE8; HOXBY; HOXC10; HOXCS; HOXD3; HSFL; BSFY 1 1D3; 1D4;
IKZFT;, IKZEF3; INSMI; IRF2Z; IRF3; IRF7; IRFS; ISLZ; KDMZA; KDM4E;
KIAAQL6E, KLFG;, KLFE; LBX2; LEUTX; LHXS5; LMX1A; LOC51058; LOC91661;
LYLI1; MAEL; MAFK; MBNL3; MEF2B; MEF2C; MEIST; MEIS3; MITF;, MKX;
MSC; MSGNI; MSXI, MXD3;, MXDd: NEUROD4; NEURODS; NEUROGH
NEUROGZ; NEUROGS; NFIC; NEXT; NFYB; NKX2-2; NKX2-6; NKX2-8; NKX3-
1; NKX3-2; NKX6-1; NKX6-3; NOTO; NPAS4; NRIBZ; NRIH3;, NR1H4; NR113;
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NR2FZ; NR3CT; NR3C2; NRF1; NRL; OSRZ; OTEX; OTP;, OVOLY;, OVOLZ;
PAXS; PAXS; PDXE; PEPP-2; PITXZ;, PKNOX2, PLAGY; PLAGLL;, POU2ES;
POUSFIB; PRDMS; PRDMSG; PRDM7; PRDMS; PROXZ;, PRRX1; RAX2; REL;
RELA; RFX1; RFX8; RFXANK; RUNXT; SALL3; SEBOX; SIM2; 5IX2; SIXG;
SiX4; 5KiL; SMADS; SMYD2; 530X10; SOX12; SOX13; SOX14; 530X21; 50X3;
SPIB; SREBFL; TBX10; TBXI18; TBX3; TBXS; TBX6; TCFI; TCF12Z; TCH1S;
TCHZ, TCR2L, TCFT, TCHF7L2, TERFI, TFAPZB; TFCPZLY; TFDRPZ, TFDPS3;
TFE3; TGIFT; TLX1; TLX2; TLX3; TSC22D3; TUB; UBPL; UNCX; UNKL; USFI;
VSXZ;, WDHDI; XBPI;, YY1, ZBTB1; ZBTB2; ZBTB24; ZBTB23; ZBTB41;
ZBTB44; £BTBTC; ZBTBEB; ZFP36L2; ZFPo4; ZFPY2; ZFPML; ZFX; ZGLPL;
FXC3, ZMATL, ZMATS; ZNF124; ZNF14; ZNF143; ZNF148; ZNF157; ZNFI6;
ZNF169; ZNF177, ZNF182; ZNF19; ZNF197: ZNF226; ZANF230; ZNF235; ZNF239;
ZNF254; ZNF26; ZNF271; ZNF273; ZNF3; ZNF305; ZNF316; ZNF319; ZNF320;
ZNF324; ZNF324B; ZNF326; ZNF333; ZNF34; ZNE347, ZNEF350; ZNF395;
ZNF396; ZINF404; ZNF408; ZNTF415; ZNFA26; ZNF4A4; ZNF440; ZNF441; ZNF442;
ZNF443; LNF449; ZNF45, ZNF454; ZNFATO; ZNF4AT4; ZNFARD; ZNF490; ZNF499;
ZNE306; ZNFSQ7, ZNFS12; ZNF514; ZNE5S16; ZNFS518B; ZNF319; ZNF524;
LNF543; ZNF347;, ZNF548; ZNF5356; ZNES560; ZNF376; ZNF382; ZNF584;
ZNFSB5B; ZNF392; ZNF593; ZNF594; ZNF599; ZNF600; ZNF616; ZNF626;
ZNFO39; ANF643; ZNFH40; ZNFGS2; ANFO33; ZNFGG, ZNFGE0; ZNF664; FNFE6E;
ZNFGTL, ZNFGTE;, ZNF6RZ, ZNFOE3; ZNFGR2, ZNFT06; ZNFT09, ZNFT14;
ZNF716; ZNF717, ZNFT718; ZNF720; ZNF721; ZNF729; ZNF749; ZNFTSA;
ZNFT7T6; ZINFT7T7; ZNFT808,; ZNFT783; ZNF785; ANFT91; ZNF799; ZNF8; ZNFR0S;
ZNFE35; ZNFR4; ZINFB41; ZNF843; ZNFBS; ZNFB52; ZSCAN22, ZSCANZS;
ZSCANZY; ZSCANSA; ZRCANSC, ZXDB;, MITE, NKX3-Z; ZNF643, CDXZ;
ZNF7T7; 50X14; ZNF3; MKX; ZNF474; NEUROGL, DMRTL;, PRDMS;
NEUROG3; ZNF273; FOXPI; MXD4; NRL; E2F2; ZNF44; ZNF616; SOX12;
HOXAI0; GLIT; LMX1A; TBX10; EPASI; HOXB7;, PRDM7; RELA; OVOLZ;
BARX1; ATOH1;, ZNF169; TSC22D3; NEUROGZ;, FOXD2Z; FOXIi2; NRIBZ;
MEF2C;, CAMTAZ, HOXCS; ZNF230; IRFZ;, TFDP3; RUNXL;, MSC; ZNF32¢;
ENT; ZNF84; RAXZ; NRI1H3; DLX3; ZNF148; LHXS; BOLAZ; TGIF], BOLAT;
ATF7; 1D3; HMGAL, ZNF783; MAFK; GRHLI; FLII; HES7; MAEL; ETVZ;
ZSCANSA; HOXAL, FOXF2; KLFS;, MBNL3, HES2; ATTB1;, GRLF1; ZNF593;
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XBP1; ZNF326; MSGNTL; BATE3; 1D4; ZIC3; ZNF718; MXD3; ZNF426; ZNFT06;
ZNF652; FOXDI, GBX2; NEUROD4; ZNF490; ZNF8S; SOX3; ZNF653; SIM2;
HOXC10; ZNF26; FOXB1; ZNF66E; ZNFYT76; NKX6-1; CDhX1; MEF2B; DLX1;
ZNF776; ZNFi6; EN2; HOXA6; NKX2-8; CREBL2Z; DRGX: DUXA; ZNF396;
ZNF692; VSX2; NR3CZ; NRIIZ; FIGLA; TLX1;, HMX2;, ASCL4; ZNF324B;
ZNFT5A; TCF21; BHLHALS; NKX6-3; ZNF720; TCHIS; PITXZ; HLX; ZNF124;
SIXZ; IKZF3; ZNF626; REXANK,; ATE4, ZNF67S; ZNF5314; GRHL2; FOXR2Z;
ZNF660; (CREBI1; TFAP2B; ZMAT3; TCF7L2; FOXR1; OVOLI;, HOXBI3;
HANDZ; TCF12; UNKL; ZNF324; ZNF333; ZNF843; CREB3; ZBTB24; TERFI;
ZNFTE3; FOXET, OSRZ; ZNF45; FOXLI, TBX3, ZNF157; NKX2-2; ZNF6TI;
PAXS; NFIC; TBX6; NKX3-1; ZNF319; ZNF408; ZNF5384; PRKNOX2; SOX13;
ZFP36L2; FLI12895; NFX1; NR3C1; ZNF395; GLIST; GLIS3; ZNF360; ZNF683;
PLAGLI; SKiIL; TCF1; UBPI; KLF8; ZNF239; TBX3; FOXF1; ZNF664; PRRX1;
ISL2; FOXD4L2; ZNF143; KDMA4E; ELP3; ZNF440; PEPP-2; PLAGL; TFE3;
ZNF226; NEURODG6; TCFZ; SMYDZ; ZNF409; ZNFG39; ZNF4RO; ZNF182;
KDMZA; NPAS4; LOCS51058; ATFL; SPIB; TLXZ; ZBTB1; POU2F3; ZSCAN23;
TUB; ZNF547; S1X4; KIAA0961; TFCP2ZLY; TCF7, ZNF177, YY1, ZNF385B;
ZINFIT7E; ZNF305; Z2BTB2; OTP;, NFYB: OTEX; ZNP443; ZNF832; ZNF64s6;
ZINFR35; ZNF682; ZNF6G; ZNF235; SIX3; MEIST; ZFPMI; ZNF441; LYLL
HOXBY;, GSC2; ZBTB7C; ZNF518B; FOXHL;, ZNFS16; ZNF394;, ZNF716;
ZNFT714; ZNF7808B; ZNF470; CIAE;, REXT; ZNF5392; SOX21; LBX2; ZNF709;
MSX1; LOC91661; PROXZ;, ZNF316; ZNF717; ZNF197; POUSFIB; ZBTB44;
ZSCAN22; ZNFT791; CREB3LI; GRHL3; REL; SOX10; SALL3; H5FY1; ZNF356;
INFE; ZMATL NRET; ZNEFS82; TBX1S; ZFX; ZNFA04; ZNF449; ZNF721; PDX1;
SREBF1;, GUM2; ZNF454; ZNF507; NRIH4; LEUTX; ZNF841; ZNF14; HES3;
ASCLI; ZGLPI; INSM2Z; EMX1; HSF1; TFDPZ; ZNF348; ZFP92; CREB3L4;
CEBPYZ; IKAFL; Z3CANSC; FOXNZ; ZNF524; ZFP64; EBF3; ZNF34; ZNF254;
ZINF512; ZNF729; ZNF600; BOLAZE; BSX; WDBHDI; ZNFI9; ZNF543; PRDM9Y;
ZXDB; ZBTBR25; GZF1; NOTO; HOXD3; ZBTB41; ZNF442; IRF7; DACH?; IRF3;
REXS; NR2F2; Y BTBEEB; PRDM6G; ZNFR0E; ZNF5536; ATXNT; ZSCAN29; NKX2-
6; ZNF599; HOXBS; ZNF347; HIC2; BARHLZ; ZNF5300; FOXC1; ZNF415; PAXS:
FOX06; ZNEF749; ZNF799; TLX3; UNCX: ETV1; SEBOX; MEIS3; IRFY; ZNF519;
USF1; and SMADG.
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{12}

{13]

{14]

Another aspect of the invention is a method of maintaining pluripotency of induced
pluripotent stem cells. A nucleic acid comprising an open reading frame encoding the
protein, the protein, or an activator of transcription of an open reading frame encoding
the protein is delivered to the induced pluripotent stem cells.  The protein is a
transcription factor that is found in a high proportion of stem cells relative to
differentiated cells after delivery of a library of transcription factors to a population of
induced pluripotent stem cells. As a comnsequence of the delivery, the induced
phuripotent stem cells maintain expression of keratin sulfate cell surface antigen,

TRA-1-60, which is a marker of stem cell identity.

Another aspect of the invention is an engincercd human differentiated cell that
comprises one or more nucleic acids comprising an open reading frame. The one or
more ORFs encodes a transcription factor selected from the group consisting of
ATOHI, NEUROGS, {NEUROGT and NEUROG2}, {NEUROGT and NEUROGGZ
and EMX1}, INEUROGT and NEUROG? and EMX2E, { NEUROGT and NEUROGZ
and TBRI1}, {NEUROG! and NEUROGZ and FOXG1}, ETVZ, MYOG, FOXCI,
MITF, SOX14, WT1, TFPD3, CDX2, SMAD3, and ZSCAN|.

Yet another aspect of the invention is an engineered human differentiated cell which
compriscs a nucleic acid comprising an open reading frame encoding a protein. The
protein is selected from the group consisting of ZNF70; ZNF461; TFAPZB; ZNF426;
MITF;, CDX2; MEOX2; AKNA; NKX2-8; NKX3-2; NKX2-3; ZNFi6 / HZAFL,
ETV2; TEDP3; RELA / p65; NEUROGE; 1ID4; HER7;, MXD4, S0X14; FOXPL,
E2FZ; NEUROG3; ZNF148 / ZBP89; GRLF1 / ARHGAP35; BOLAZ; ZNF616;
MAX; ATOH1; PRDMS3; LHXS; ZNF273; MAFK; HOXAL; HIFZA / EPASI;
MAFB; E2F3; PRDM7; ZNF44; HMGAT; NRL; BATF3; MYOG; KLF15; LMX1A;
HOXB6;, DMRTBI, ATH7; SCRTZ; ZNEF593; HES2; ZSCANZ; MSX2; 1D3; SOX12;
GLII; DPRX; SMAD3; ZBED3; CAMTA2; MSC; ASCL3; BARXI;, DMRTI;
HOXAT0; TSC22D3; ZNF837, MXD3; ZNF692Z; NHLHZ; ZNF626; THAP3; SRY;
WTL: SHOX, ZNF43; and ZSCANI.

Still another aspect of the invention is an induced pluripotent stem cell which

compriscs a nucleic acid comprising an open reading frame encoding a protein. The
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protein is a transcription factor that is found in a high proportion of stern cells relative
to differentiated cells after delivery of a library of transcription factors to a population
of induced pluripotent stem cells. The induced pluripotent stem cell expresses keratin
sulfate cell surface antigen, TRA-1-60. The transcription factor may be one or more
of the group comsisting of AEBPIZ; AIRE; ARNT2; ARNTL; ATF6; BACHL;
BARXZ; CASZY; CLOCK; CREBRF; CTCHL; CXXC1; DLXZ; E2F1; EBFI; BEGRY
ELF4; ELF3; EMXZ, ETSL;, ETVE ETV7, FEZEL FOXI3; FOXL2; FOXNZ,
FOXCI; FOXP3; FOXS1; GATAL; GCML; HMBOXT; HOXBS; HOXCI0; HOXC6;
HOXD10; HOXD3; HOXDSE; HSF2; HAFY1; IRFS; IRFY; IRX2; KCMFT; KLFI;
KLF13; KLF16; KLF7;, KLFg;, LBX1; LCORL; MAF, MEFZA; MEIS2; MNT;
MYBL2; MYF6;, MYRF, NANOG; NEURODI; NFE2L2; NFE2L3; NFIB; NFIX;
NKRF: NOTO; NROBI; NRIB1; NRIB3; NRICZ; NRI1C3; NR1F3; NR11Z; NR2B2;
NRZCIT; NR3AL; NR3AZ; NR3C4; NRSA2; OSR1; PAXSG;, PAXT: PAXY; PHOXIE;
PKNOX1; PLAGLY; PREB; PRRX1; RBPJ; RC3HZ; RFX3; SATBI; SMADZ;
SMAD4; SP1; S5P4; SP6; SREBFY; STAT3; TAL2, TBX14; TBX1E8, TBX2I;
TBX22; TBXS; TEADZ; TERFKI;, TERF2;, TFAPZA; TFDP2, TFEB; THAPL,
THAPIO; TP63; TSHZ3; YEATSZ, ZBED2; ZBTB12, ZBTB14; /BTB17;, ZBTB21,
ZBTB35; ZBTBY;, ZEBI; AFHX3; ZFPM2Z; ZFY; ZFYVEZ6;, ZIC4; ZKSCTANI;
ZKSCANLZ;, ZKSCANI4; ZKSCTCANIS;, £ZKSCAN24; ZKSCAN4; ZKSCANS;
IMATZ, ZNF114; ZNF138, ZNF146; ZNF227, ZNEF253; ZNF266; ZNF280A;
ZNF280C; ZINF282; ZNF296; ZNF311; ZNF317; ZNF337; ZNF34; ZNF35; ZNF350;
ZNF366; ZNF396;, ZNF398; ZNF41; ZNF415: ZNF46(0; ZINF485; ZNF497; ZNF51;
ZNF512; ZNFSIT; ZNFS543; ZNF550; ZNFS86; ZNF613; ZNF615, ZNF619;
ZNF64Y; ZNFOd4; ZNFG4S;, ZNFG48; ZNF655; ZNFO3E; ZNFG62;, ZNFG64;
ZNF66Y; INFTO4, ZNFTAG, ZNEFTS4; ZNFTSA; ZNFTT74; ZNFTE9; ANFE; ZNF&G;
ZINF84, ZSCAN1G, ZSCAN22, ZSCAN32, ZXDA, ZXDC; and 77273,

{15] Another aspect of the invention is a method of inducing differentiation of induced
pluripotent stem cells. Increased cxpression is induced of a gene selected from the
group consisting of ATOH!, NEUROG3, {NEUROG] and NEUROGZ],
{NEUROG! and NEUROG2 and EMX1}, {NEUROGT and NEURGG? and EMX2],
{NEUROGI and NEUROGZ and TBR1}, {NEUROGI and NEUROGZ and
FOXG1}, ETVZ, MYOG, FOXCI, MITF, SOX14, WT1, TFPD3, CDX2, SMAD3,
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{16}

[17]

[18]

[19]

[20]

and ZSCAN1. The induced pluripotent stem cells thereby differentiate to form

differentiated cells.

Yet another aspect of the invention is a method of inducing differentiation of induced
phiripotent stemn cells. Expression of a gene is induced. The gene is selected from the
group consisting of ATOHI, NBEUROGGS, {NEUROG] and NEUROGRY,
{NEUROGT and NEUROG? and EMX1 Y, {INEUROGI and NEUROG2 and EMX2},
{NEUROG1 and NEUROG2 and TBRI1}, {NEUROGI and NEUROGZ and
FOXGI1}, ETV2, MYOG, FOXC1, MITF, 30X14, WTI, TFPD3, CDX2, SMADS3,
and Z5CAN1. The induced pluripotent stem cells thereby differentiate to formo

differentiated cells.

Yet another aspect of the invention is an engineered human differentated cell which
compriscs a nucleic acid comprising an open reading frame encoding a protein. The

protein is NKX3-2. The open reading frame may be intronkess.

Another aspect of the invention is a method of inducing differentiation of induced
pluripotent stem cells. Increased expression i3 induced of the NKX3-2 gene. The

induced pluripotent stem cells therchy differentiate to form differentiated cells.

Yet another aspect of the invention is a method of inducing differentiation of induced
pluripotent stem cells. Expression of the NKX3-2 gene is induced.  The induced

pluripotent stem cells thereby differentiate to form differentiated cells.

These and other embodiments which will be apparent to those of skill in the art upon
reading the specification provide the art with fools and methods for controlling the

cell fate of stem cell populations.

BRIEY DESCRIPTION OF THE DRAWINGS

{21}

Fig. 1. Workflow for screening the human TFome {(a comprehensive expression
fibrary of 1,578 human transcription factor (TH) clones with full coverage of the major

TF families) for loss of pluripotency in hiPSCs (buman-induced-pluripotent-stem-cell)

9
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{26}

{27

[28]

{291

{30

{31}

{32

{33]

Fig. 2. General strategy for high-throughput screening for cell type conversion

Fig. 3. The Human TFome expression library

Fig. 4. Expression vectors for delivery of human TFome

Fig. 5. Hits from high-throughput screening for stem cell differentiation [loss of stem

cell identity (TRA-1-60) in human induced pluripotent stem cells]

Fig. 6. Hits are enriched for developmental genes and protein domains

Fig. 7. Selected transcription factors that induce stem cell differentiation

Fig. 8. ATOH! induces neuronal differentiation from hiPSCs in stem cell media
without ecmbryoid body formation, additional growth factors or rechanical

manipulations

Fig. 9. NEUROGGS induces neuronal differentiation from hiPSCs in stem cell media
without ecmbryoid body formation, additional growth factors or rechanical

manipulations

Fig. 10. ETV2 induces endothelial differentiation from mPSCs in stem cell media
without ecmbryoid body formation, additional growth factors or rechanical

manipulations
Fig. 11. MYOG induces muscle differentiation from hiPSCs in stem cell media
without ecmbryoid body formation, additional growth factors or rechanical

manipulations

Fig 12, FOXC1 induces differentiation of hiPSCs i stem cell media without

embryoid body formation, additional growth factors or mechanical manipulations

Fig. 13. MITF induces differentiation of hiPSCs in stem cell media without embryoid

body formation, additional growth factors or mechanical manipulations

10
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{34]

{35]

[36]

{37

{38]

{391

{40}

{41}

{42]

{43]

Fig. 14. SOX14 induces hiPSC differentiation in stem cell media without embryoid

body formation, additional growth factors or mechanical manipulations

Fig. 15. ZSCAN1 induces hiPSC differentiation in stem cell media without embryoid

hody formation, additional growth factors or mechanical manipulations

Fig. 16. WT1 induces hiPSC differentiation in stem cell media without embryoid body

formation, additional growth factors or mechanical manipulations

Fig. 17. NEUROGENINT and NEUROGGENIN? induce neuronal differentiation from
hiPSCs in stem cell media without embryoid body formation, additional growth

factors or mechanical manipulations

Fig. 18. NEUROGENIN] and NEUROGENINZ and EMX]1 induce cortical neuronal
differentiation from hiP3Cs in stem cell media without embryoid body formation,

additional growth factors or mechanical manipulations

Fig. 19. NEUROGENIN] and NEUROGENINZ and EMX?Z2 induce cortical neuronal
differentiation from hiP3Cs in stem cell media without embryoid body formation,

additional growth factors or mechanical manipulations

Fig. 20. NEUROGENINT and NEUROGENINZ and TBR1 induce cortical neuronal
differentiation from hiP3Cs in stem cell media without embryoid body formation,

additional growth factors or mechanical manipulations
Fig. 21. NEUROGENINI and NEUROGENIN2 and FOXG1 induce cortical neuronal
differentiation from hiP3Cs in stern cell media without embryoid body formation,

additional growth factors or mechanical manipulations

Fig. 22. Selected transcription factors (first nine shown) are expressed at a low level

or not at all, compared to housekeeping genes (last three shown) in hiP5Cs

Fig. 23. Average copy numaber of TF ORFs integrated into the hiPSC genome

11
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{44]

[45]

[46]

Fig. 24A-24F. Examples of validation and characterization of TFome transcription
factors (TFs). (Fig. 24A) Validation of TFs identified by TFome loss-of-pluripotency
(LOP) screens as driving differentiation of hiPSC. Whereas the initial screen assesses
LOP by loss of TRAT-60 staining, validation screens look directly at NANOGG, 30X2,
and OCT4. Each pair of bars represents the loss of gene expression in hiPSC when the
indicated TFome TF is induced vs. cclls in which it is uninduced. (Fig. 24B)
Clustering of TFome TFs identified as having high LOP by RNA-seq expression
profiles, as represented by the first three Principal Components (PC). The clustering
indicates that diverse cell types are generated, but only some clusters can be clealy
associated with differentiated cell types. (Fig. 24C- Fg. 24D TF FoxCl drives
differentiation towards a cardiac mwscle fate, as shown by gene ontology enrichments
scores (Fig. 24C) and expression of a subset of cardiac marker genes (Fig. 24D).
When induced, TFome TFs HoxB6 and NKX32 aiso upregulate some cardiac
markers. (Fig. 24E- Fig. 24F) Different TFome 1soforms of the TF ETV?2 differentiate
hiPSC towards endothelial cells with different efficiencies. Al four isoforms of
ETV2 on the Uniprot database {indicated by their Uniprot accession numbers; see
{Fig. 24E)) were cxpressed from TFome constructs in hiPSC. (Fig. 24F) Isoform 1
(O00321-1) was highly potent and resulted in 90% of cells expressing endothelial
marker VE-Cadberin, while isoform-2 (000321-2), which differs from isoform | only
hy having 28 additional amino acids, only induced VE-Cadberin in ~50% cells.
Isoforms K7ERX2 and Q3KNT2Z only induced ~20% and 0%, respectively. All
experiments summarized in this Figure were conducted with PGPI hiPSC containing
piggyBac-integrated dox-inducible TFome constructs, for which dox was induced for

4 days in pluripotency-reinforcing media.

Fig. 25. Ceils were pulsed with transcription factor ETV2 by induction of expression
of the transcription factor for varving mumbers of days as indicated. VE-cadherin, an

endothelial marker, shows as purple and nuclet show as blue.

Fig. 26A-26D. NRKX3-2 induces deterministic stromal cell differentiation. Fig. 26A:
The percentage of VIM-positive cells was determined by flow cytometry.  Fig. 26B:
Cells were differentiated for four days, and RNA was harvested from differentiated

cells and stem cells, and then sequenced and quantified Fig. 26C: Additional stromal
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cell markers were evaluated compared to stem cells on a loga(stromal cell/stem cell)
scale. Fig. 261 Protein levels were determined by antibody staining. A single cell is

magnified in the inscrt.

Fig. 27A-278. TFome screen for loss of stem cell identity. (Fig. 27A) 367 TFs were
statistically significant at inducing stem cell differentiation compared to uninduced
control. (Combined from whole library screen with n = 3 independent fransductions,
Wald test, and sub-pool screen with n = 6, t-test). (Fig. 278) Differentiation upon
doxyeycling induction after four days as assessed, validated by loss of any of
NANOG, SOX2Z, or OCT4. Error bars show standard error of the mean (s.em.), (n =
3, t-test). Fig. 28A-28B. Characterization of NKX3-2-induced stromal cells. (Fig.
27A) Brightfield tmages of NKX3-2 cells incubated with or without doxycycline for 4
days, then embedded in a collagen gel. Scale bar, 4mm. (Fig. 27B) Quantification of

cell surface area (n = 3, ¢-test).

BETAILED DESCRIPTION OF THE INVENTION

{48]

[49]

The inventors have developed techniques for inducing differentiation of stem cells
into particular cell hineages, as well as technigues for inducing stem cells to continue
to proliferate as stem cells. Rather than using special growth conditions, small
molecules, or growth factors, the techniques deploy tfranscription factors {TFs) to
trigger differentiation programs or stem cell renewal programs that prevent

differentiation.

As determined, certain transcription factors are able to induce stem cells to
differentiate to particular lincages. For example, MITF causes stem cells to form
melanocytes.  Similarty, CDX2 causes stem celis to form placental cells. MYOG
causes stem cells to form smooth muscle cells. An initial indicator of differentiation
can be the loss of stem cell specific markers. For example, the keratin sulfate cell
surface antigen, TRA-1-60, can be assayed in the cells, as it is lost early in the process
of differentiation. Using loss of stem cell markers as an indicator also provides a
general means for detecting velevant transcription factors, rather than looking for
acquisition of a marker that is newly expressed duoring differentiation by a particular

cell lincage. Loss-of-marker screening may be applied to cell types other than stem

13
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[50]

{51}

cells, for instance, to identify TFs that directly convert fibroblasts into cell types of
interest. In soroe aspects, combination of transcription factors may be used to achieve
differentiation to a particular ccll lineage. The combination may achieve a cell type or
a cell sub-type that is not achieved by either transcription factor alone. Altermmatively,
the combination may achieve the same cell type as one of the transcription factors

alone, but may achieve it more efficiently.

Stem cells may be sorted from differentiated cells or differentiating cells by various
means, typically based on differential gene expression. For example, fluorescence
activated cell sorting may be used to separate cells on the basis for their expression of
TRA-1-60.  Alwermatively, certain differentiated cells may be sorted from other
differentiated cells and from cells on the basis of their expression of a lincage-specific
cell surface antigen. Yet another means is by assessing expression at the RNA level,
by single cell RNA sequencing without any sorting or pre-selection step. Such
techniques are known in the art and may be used as is suitable and convenient for a

particular application.

Any means known in the art for increasing the amount of a transcription factor in a
stem cell can be used. This may involve delivery of cither a nucleic acid comprising
ail open reading frame encoding the transcription factor, delivery of the transcription
factor itself, or delivery of an activator of the transcription factor or its expression.
Axny technigue known in the art for such delivery may be used. For example, for
delivery of a cDNA, a viral or plasmid vector mnay be used. The open reading frame
{encoding any isoform of the TF) may be inducible or repressible for control, to
achieve a suitable level of expression. The nucleic acid cormprising the open reading
frame may be a ¢cDNA, an mRNA, or a synthetic or engineered nucleic acid. Some
wanscription factors may require a critical amount of expression to effecuvely induce
differentiation, such as the equivalent of at least 5, 10, 15, 20, 23, or 50 copies of the
ORFK per cell.  Any amount over a diploid nurober per cell is termed high copy
number. Other factors may require less than a certain threshold of expression due to
possible toxicity at high levels, such as less than 20, 10, or 5 copies per cell
Increased levels of expression may also be achieved by increasing the copy number of

an ORF, for example, by using a higher copy number vector or by using a transposon.

14
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{54

In some erohodiments, nuclease-mull or “dead” Cas9 variants may be used to activate
the transcription of a desired transcription factor. See, e.g., Chavez ct al., Nature
Methods 13:563-569, 2016, In other embodiments, modified RNAs — RNAs that
encode the transcription factor, but use synthetic nucleotides that improve stability
and reduce degradation — may be used. In some cases, use of culture media adapted
for a particular cell type may increase the expression of the ORF that induoces
expression of that cell type. Expression of an ORF can be increased from a non-
cxpressed gene, from a genc expressed at a low level, or from a gene expressed at a
robust level. Gverexpression is expression at level that is higher than the level that i
cxpressed before induction from a gene that is expressed at a low, medium or high
fevel. A period of induction of less than 10, 3, 3, or 1 day may be sufficient to induce
differentiation. Indeed, a period of less than 24, 18, 12, 6, 4, 2, or 1 hour may be
sufficient to induce differentiation. A shorter peried of induction may be sufficient

particuilarly when an induced ORF is present in high copy number.

An cxogenous open reading frame is typically an open reading frame that differs from
the similar gene or mRNA in the cell. It may be engineered to have a different control
sequence or sequences, such as promoter, operator, enhancer, terminator, etc. It may
be enginecred to have no introns. It may be engineered to be fused to a second open

reading frame to which it is not fused in the human genome.

The differentiated cells that can be produced using the methods described here will
have multiple applications. They can be used for regenerative medicine, such as
transplanting the cells into a recipient in need of a certain type of cell. They can he
used for drug testing, both in cell culture as well as after transplantation. The cells
may be used to deliver a product to a part of a body, for exarnple, if they nanmally

produce or are engincered to produce and secrete the product.

Drug testing in the celis may use substances that are known or unknown to have a
certain biclogical activity. The substances may be elements, compounds or mixtures,
whether natural or synthetic. The cells may be used to determine a desirable activity
of a potential drug or converscly to determine undesirable effects of a substance or

fack of such effects. The contacting of the substance with the cells may be in culture
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or in a human or animal body. The activity or side effects of the substance may be

determined in vitro or in vivo, irrespective of where the contacting occurred.

Changes that are observed in the cells being tested are not limited. The cells can be
observed for effects on cell growth, apoptosis, secreted products, expression of
particular products, ctc. The genome of these cells may be edited to match mutations
found in patients with disease. Any type of assay known in the art for such changes
may be used, including bot not muted to immuonological assays, morphological
observations, histochemical stains, reverse transcription polymerase chain reaction,

protein blots, mass spectrometry, hybridization assays, electrophysiology, etc.

The stem cels may be obtained from any source. One particularly usefol source is
human induced pluripotent stem cclls. Mouse induced phuripotent stem cells and
mouse embryonic stem cells may also be used, as well as such cells from other
animals. The use of human embryonic stem cells may be regulated or cthically

undesirable, but these may be used as well.

Differentiated cells may be identified by any property or sct of properties that is
characteristic or defining of that type of differentiated cell. For example, different ccll
types have a unique transcriptome. The transcriptome may be used as a means of
matching and identifying an unknown cell type to a known cell type. The
transcriptome may be used qualitatively or quantitatively. Similarly a proteome may
he used a means of identifying an unknown differentiated cell type. Some cell types

1ay be identifiable based on morphology, growth habit, secretion products, enzymatic
activity, celiular function, and the like. Any means known in the art for identifying

cells may be used.

The above disciosure generally describes the present invention. All references
disclosed hercin are cxpressly incorporated by reference. A more complete
understanding can be obtained by reference to the following specific examples, which
are provided herein for purposes of illustration only, and are not intended to limit the

scope of the invention.
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EXAMPLE 1

[59]

[60]

{61}

We decided to compose a compiete TF ORF library by combining factors from
existing resources. Absent THs were obtained by de novo gene synthesis. This “human
TFome”, comprises 1,578 canonical human TFs driven by an inducible promoter
systerm within an all-in-one Tet-ON lentiviral vector backbone for stable integration in
hiPSCs. By screening the human THome we found over 70 TFs that induce loss of
hiPSC identity, suggesting pervasive potency for TFs to alter cell identity. This
resource, the entire library as well as individual TFs, will be publicly available at
Addgene (non-profit plasmid repository) and a subsct of hiPSC lines in which certain
TFs can be induced will be available. We applied the human TFome as single TFs per
hiPSCs to identify individual TFs that convert stem cells to other cell identities or
reinforce pluripotency. High-tbroughput fluorescence cell sorting (FACS) in
combination with next genecration sequencing and subsequent bicinformatic analyscs
was performed to screen for TFs in two hiPSC lines. We show that expression levels
are critical and can be elevated by using tansposon-mediated integration of
expression cassettes. The application of the human TFome in liPSCs resulted in the
validation of over ten THs cell fate converting THs. Furthermore, we discovered over
one hundred TFs that reinforce pluripotency, which may help to improve the

robusiness of stem cell cultures.

EXAMPLE 2

Generating and applying the human TFomne

Systematic and comprehensive TH-wide induction screening in human stem cells
requires the availability of a TH-expression hbrary. Notably, only partial human
libraries, for example TFs included in the ORFeome, were accessible. Thercfore, we
decided to assemble TFs from available resources or by de nove gene synthesis 1o
compile the “human TFome”, an expression library of 1,578 TFs representing all

canonical human transcription factors (Vaquerizas et al. 2009) and further curated.

The pLIX403 lentiviral vector was chosen because it allows for genomic transgene
integration, doxycycline-inducible TF expression from a Tet-On system  and

puromycin selection of transdoced cells. The individual TFs in shuttling vectors
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[63]

{pENTR) were cloned into plIX403 by pooled gateway cloning. To discriminate the
ectopic TFs from intrinsic expression, the TFs were marked by a V5 epitope fag
transiated on the backbone downstream of the (Gatcway recombination site on the C-
terminus of the TF. The pLIX403 vector comprises a second ubiguitous promoter
cassette driving the rTA3 gene needed to activate the TetOn promoter in the presence
of the small molecule doxyeycline and bicistronically a puromyein selection marker.
About 98% of the TFs were detectable by next-generation sequencing after subcloning
in the DNA plasmid hibrary, which subsequently was used to produce lentiviral

particies.

We ansduced the PGP1 from the Personal Genome Project and ATCC DYS0100
human iP3C lines with the human TFome at a low multiplicity of infection (MOI =
0.1), such that cells would receive a single lentiviral integration at most. In total, we
transfected both cell lines each with a complete human TFome pool as well as with
two subpools that we have six independent tansductions. To obtain sufficient
coverage of the library, we ensured that on average cach TF was present in at feast one
hundred celis after lentiviral transduction. Genes that confer resistance to the
antibigtics bleomycin, blasticidin, and hygromycin, which should not induce
differentiation, were also transduced as negative controls. Transduced cells were then
sclected for TH-integration using puromycin, expanded and doxyeycline was added for
four days for continuous TF induction. FACS separated the stained population into the
differentiated TRA-1-60" and the pluripotent TRA-1-60"" population. For each of
these populations, the integrated genes were amplified using universal primer PCR,

and scquenced.

EXAMPLE 3

Transcription factors-wide screening for alterations in pluripotency in huwman
induced pluripotent stem cells

To identify TFs that induce stem cells into any differentiated cell, we devised a
strategy to screen for individual TFs that potentdy cause loss of phuripotency rather

than enriching for cells with any specific cell type marker. We used a fluorescence-

activated cell sorting (FACS) approach, which enables multiplexed assessment of the
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human TFome followed by TF identification by using next-generation sequencing. To
measure the loss of pluripotency, we stained for the keratin sulfate cell surface antigen
TRA-1-60, which is rapidly lost upon exit from pluripotency. lmportantly, because we
aimed to identify potent inducers of differentiation, we performed the screen in the

standard mTeSR1 stem cell media.

We first aimed to comprehensively identify single TFs that would induce loss of
plaripotency. To score each TF for its differentiation potential, we computed a ratio of
cach TF by dividing the nomber of normalized reads sequenced in the differentiated
TRA-1-60"°" population versus the pluripotent TRA-1-60"¢" population. We cxpect a
TF that induces differentiation to be highly enriched in the TRA-1-60°" population
compared to the pluripotent TRA-1-60"" population, and hence have a high ratio.
Conversely a TF that reduces spontaneous differentiation, for instance by maintaining
phiripotency, would have fewer veads in the differentiated population compared to the
phiripotent population. We set a threshold for a TF having no effect based on the
score of the truncated fluorescent proteins. TEs that increase cell proliferation without
affecting pluripotency would be expected to have differentiation scores similar to

these truncated fluorescent proteins.

Based on this differentiation scoring metric, we identified over 70 TEs that induce loss
of pluripotency (“differentiation-inducing TFs”) and over 100 TFs that reinforce
plaripotency  (“ploripotency-reinforcing  TFS™), as compared o the ouncated
fluorescent protein controls. To assess the quality of this screen, we conducted gene
sct enrichment analysis (GSEA} on the differentiation-inducing TFs. We discovered
that differentiation-inducing TFs are enriched for developmental processes and system
development, which is consistent with thetr ability to induce loss of ploripotency in
our screen. In terms of protein domains, basic helix-loop-helix DNA-binding
domains, which arc often present in THs involved in development were enriched,
whereas, zine fingers and Kilppel-associated box (KRAB) domains were depleted.
Overall, these results suggest that our screen in human stem cels recovers

developmentally important TFs that have been identified in model organisms in vivo.

19



WO 2018/204262 PCT/US2018/030216

{66} The genomic DNA of differentiated and stern cell samples were extracted, and ectopic
TFs were identified by deep sequencing. For each TF, a differentiation score was
computed based on the log: ratio of reads in the differentiated gate compared to the
stem cell gate. We identified 160 differentiation-inducing candidate TFs, including
known factors such as NEUROG2, which had statistically significant differentiation
scores commpared to non-induced conirol cells (Fig. 27A). When we repeated the
screen we found additional transcription factors that induced differentiation. These
are ASCLL; ASCL4; ATFI; ATF4, ATF7; ATOHI, ATTB1;, ATXN7; BARHL?Z;
BARX1; BATF3; BHLHALS; BOLAL; BOLAZ; BOLA2B; BSX; CAMTAZ; CDX1;
CDX2, CEBPZ, CIZY; CREBY, CREB3; CREB3LY; CREB3L4; CREBLZ; DACH?;
DLXT; DLX3; DMRTL; DRGX; DUXA; E2F2; EBF3; ELP3; EMXE; ENI; EN2;
EPASL; ETVI; ETVZ; FIGLA; FLIL; FLI12895; FOXB1; FOX{C1; FOXD1,;, FOXD2;
FOXD4L2; FOXEL; FOXFL; FOXF2; FOXHI; FOXI2; FOXLI; FOXNZ; FOXO6;
FOXPL; FOXRY; FOXR2, GBXZ; GOM2; GLIT; GLIST; GLIS3; GRHLI,;, GRHLZ;
GRHIL3;, GRLF1, GSC2; GZF1;, HANDZ2; HESZ; HES3; HES7, HICZ; HLX;
HMGAL;, HMXZ; HOXAL, HOXA10; HOXA6: HOXB13; HOXB7;, HOXBE;
HOXB9;, HOXCI16; HOXCS; HOXD3; HSFI; HSFY1; ID3; ID4; IKZFL; IKZF3;
INSMZ2; IRFZ; IRE3; IRF7; IRFS; ISL2; KDMZA; KDMA4E, KIAA(961;, KLF6;
KLFE;, LBXZ; LEUTX; LHXS5;, LMX1A; LOCSI058; LOCS1661; LYLY, MAEL;
MAFK; MBNL3; MEF2B; MEF2C; MEIST;, MEIS3; MITF, MKX; MSC; MSGNT;
MSX1: MXD3; MXD4; NEURGD4; NEUROD6; NEUROGE, NEUROGZ;
NEUROG3; NFIC; NFX1; NFYB; NKX2-2; NKX2-6; NEX2-8; NKX3-1; NKX3-2;
NKX6-1; NEX6-3; NOTGO; NPAS4;, NRI1B2; NRIH3; NRIH4;, NR1I3; NRZFZ;
NR3CH; NR3C2; NRF1; NRL; OSR2; OTEX; OTP;, OVOLL, OVOL2; PAXS;
PAXY; PDX1; PEPP-2; PITX2; PKNOX?2; PLAGL; PLAGLI; POUZF3; POUSKFIB;
PRDMS; PRDMG; PRDM7; PRDMY; PROX2; PRRX1; RAXZ; REL; RELA; RFX1;
REXE; RFXANK; RUNX1; SALL3; SEBOX; SIM2; SIEXZ; SIX3; SIX4; SKIL;
SMADGS; SMYD2Z; SOX10; SOX12; SOX13; 530X14; SOX21;, 50X3; SPIB;
SREBFT, TBX1G; TBX1g; TBX3; TBXS; TBX6, TCFL; TCF12, TCFIS; TCF,
TCF21; TCF7;, TCFIL2; TERFI1; TFAP2ZB; TFCP2LY; TFDP2; TFDP3; TFE3;
TGIFL; TLXT; TLX2; TLX3; TSC22D3; TUB; UBPT; UNCX,; UNKL; USFi; V5XZ;
WDHDE, XBPL;, YY1, ZBTBI; ZBTB2; ZBTB24; ZBTBIS, ZBTB41; ZBTB44;
ZBTBTC; ZBTB3B; ZFP36L1L; ZFP64; ZFP92; ZFPMI; ZFX; ZGLPL, ZIC3;
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IMATL, ZMATS; ZNF124; ZNF14; ZNF143; ZNF148; ZNF157; ZNF16; ZNF169;
ZNF1T7 ENFI82Z; ZNFI9; ZNF197; ZNF226; ZNF230; ZNF235; ZNF239; ZNF254;
ZNF26; ZNF2T71; ENE2T3; ZNE3; ZNF305; ZNF316; ZNE319; ZNF320;, ZNF324;
ZNF324B; ZNF326; ZNF333; ZNF34; ZNF347; ZNF350; ZNEF395, ZNF396;
ZNF404; ZNF408, ZNF415; ZNTF426; ZNF44; ZINF444; ZNF441; ZNF442; ZNF4435;
ZNFA4AG; ZINF4S; ENFAS4; ZNFATO; ZNFAT4, ZINFAB0; ZNF490; ZNF499; ZNF506;
ZNES07; ZNF512; ZNFS14; ZNF516;, ZNE518B; ZNFS19; ZNE324; ZNF543;
INF547; ZNF548; ZNF5356; ZNF5360; ZNFS76;, ZNF5382; ZNF584; ZNEF53B853B;
FNFS92; ZNF393; ZNF5394; ZNF599; ZNF600; ZNFo16; ZNF626;, ZNF639;
ZNFO43; ZNF646; ZANFE52; ZNFG53; ZNFO6; ZNF6G0; ZNF664; ZNF668; ZNF6TE;
ZNFOTE;, ZNFGRZ; ENF683; ZNF6Y2; ZNETO6; ZNFT09;, ZNF714;, ZNFT716;
ZNF7V7, ZNF718;, ZNF720; ZNF721; ZNF729; ZNF749; ZNFT5A; ZNF776;
ZNF777, ZNF7808; ZNFT83; ZNFT785; ZNF791; ZNF799; ZNF&; ZNF808; ZNF833;
ZNF84; ZNF841; ZNF843; ZNF85; ZNF852; ZSCAN22; ZSCAN23; ZSCAN2ZY;
ZSCANSA; ZSCANSC, ZXDB; MITE, NKX3-2; ZNF643; CDX2; ANFTTT, 50X14;
ZNEF3 MEKX; ZNF474; NEUROGGE, DMRTE, PRDMS; NEUROGSE; 4NF273;
FOXPL, MXD4;, NRL; BE2F2; ZNF44; ZNF616; SOX12; HOXALG, GLIL; LMX1A;
TBX18; EPAST;, HOXB7; PRDM7T; RELA; OVOL2; BARX]1; ATOHI; ZNF169;
TSC22D3; NEUROG2; FOXD2; FOXIZ2; NRIB2; MEFR2C, CAMTAZ;, HOXCS;
ZNF23G; IRF2; TFDP3; RUNXTE, MSC, ZNF320; ENT; ZNES4; RAXZ; NRIHI;
DLX3; ZNF148; LHXS; BOLAZ, TGEL, BOLAL, ATF7; 103, HMGATL, ZNF783;
MAFK; GRHLI; FLII; HES7; MAEL; ETVZ2; ZSCANSA; HOXATL; FOXF2; KLF6;
MBNL3; HES2; ATTB1; GRLFI; ZNF593; XBPI; ZNF326; MSGNI1; BATES; ID4;
ZIC3; ZNFTI8; MIXD3; ZNF426; ZNFT06; ZNF652; FOXDI; GBX2; NEURODY;
ZNEAS0; ZNFS5; SOX3; ZNF633; SIMZ, HOXCIO, ZNF26, FOXBL;, ZNF668,
ZNFST6; NKX6-1; CDX1; MEF2B; DLX1; ZNF776; ZNF16; EN2; HOXAG, NKX2-
&; CREBLZ; DRGX; DUXA; ZNF396; ZNFA92; VEXZ; NR3C2; NRI1I3; FIGLA;
TLXT1; BMXZ; ASCL4; ZNF324B; ZNF75A; TCRF21; BHLHALS; NKX6-3; ZNF72{;
TCF1S; PITX2; HLX; ZNF124; SIX2; [KZF3; ZNFG26; REXANK; ATH4; ZNF67S;
ZNFST4; GRHLZ, FOXR2; ZNF660; CREBT, TFAP2ZE, ZMAT3; TCF7LZ; FOXRL;
OVOLL; HOXB13; HANDZ; TCF1Z; UNKL; ZNF324; ZNF333; ZNF843; CREB3;
ZBTB24; TERF; ZNF783; FOXE]; OSR2; ZNF45, FOXLY; TBX3; ZNF157;
NKX2-2; ZNF671; PAXS; NFIC, TBX6; NKX3-1;, ZNF319; ZNF408; ZNF584;
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PENGOXZ: SOX13; ZFP36L2; FLIT12895; NFX1; NR3CT; ZNF395; GLIST; GLIS3;
ZNFS60; ZNF6E3; PLAGLY; SKIL; TCH1; UBPI; KLF8; ZNF239; TBXS; FOXFI;
ZNF664; PRRXT; ISL2; FOXD4L2Z, ZNF143; KDM4E; ELP3; ZNF440; PEPP-2;
PLAGIE; TFE3; ZNF226; NEURODS; TCEZ; SMYD2; ZNF499; ZNFG39; ZNF4A8G;
ZNFI182; KDMZA; NPAS4; LOCSI058; ATFL; 3PIB: TLX2; ZBTBI1; POU2ES;
ZSCAN23; TURB; ZNF347; 5IX4; KIAAQ961; THECP2LY;, TCF7, ZMNF177; YY1,
ZNF385B; ZNF2T71; ZNF3(5; ZBTB2; OTP; NFYB, OTEX,;, ZNF443; ZNF852;
ZNF646; ZNFB3S; ZNFG682; ZNF66; ZNFZ235; SIX3; MEIS1; ZFPMI; ZNF441;
LYLY; HOXBY;, GSC2; ZBTB7C; ZNF3188; FOXHI, ZNFS16; ZNF594; ZNF716;
ZNETI4, ZNFIB0B,; ZNF470; CI4E; REXT; ZNF5392; SOX21; LBX2; ZNFT09;
MSX1 LOCO1661; PROXZ; ZNF316; ZNF717; ZNF197;, POUSFKIB; ZBTB44;
ZSTANZ2; ZNF791; CREB3LI; GRHL3; REL:; SOX1{0; SALL3; HS5FY1; ZNF350;
ZNF&; ZMATI; NRF1; ZNF382; TBX1§; ZFX; ZNF404,; ZNF449; ZNF721; PDX1;
SREBF1; GCM2; ZNF454; ZNF507; NR1H4; LEUTX; ZNF&41; ZNFi4; HES3;
ASCLY; ZGLPL; INSM2; EMX1; HSFI;, THDP2; ZNF548; ZFP92; CREB3L4:;
CEBPZ; IKZFT; ZSCANSC; FOXN2; ZNF524; £FP64; EBF3; ZNF34; ZNF254;
ZNF512; ZNF729; ZNF6G0; BOLAZB; BSX; WDHD1; ZANF19; ZNF343; PRDMY;
ZXDB; ZBTBZS5; GZF1; NOTO; HOXD3; ZBTB41; ZNF442; IRF7; DACH?Z; IRF3;
REXE; NR2ZF2; ZBTBEB; PRDMSG; ZNFROE; ZNF5536; ATXNT;, ZSCANZS; NKX2-
6; ZNF599; HOXBS,; ZNF347; HIC2; BARHL2Z; ZNF506; FOXC1; ZNF415; PAXS;
FOX(6; ZNF749; ZNF799; TLX3; UNCX; ETVE; SEBOX; MEIS3; IRF9; ZNF519;
USF1; and SMADSG.

{67} We validated TF candidates based on their score and gene ontology. To streamline
cell-line engineering, we crploved a PiggyvBac transposon vector, which could be
directly electroporated to make inducible, stable stem cell lines for cach candidate TF.
We noticed that PiggyBac-integrated TF cell lines differentiated with higher efficiency
than those generated by lentiviruses (88+2% and 57+£2% differentiation, respectively).
A set of 15 TFs were tested: they showed significant loss of pluripotency using the
orthogonal markers NANQG, OCT4POUSFL, and SOX2 (Fig. 27B) and altered

morphology.
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EXAMPLE 4
Transcription factors induce rapid and efficient differentiation when expressed

at high levels

To craft genetic recipes that rapidly and efficiently induce hiPSCs into cell types, we
engineered inducible single-TF expressing cell lines that could produce cell types of
interest on demand. We originally aimed to mimic closely the conditions of the
screen, namely single-copy lentiviral integration. Our imitial efforts successfully
validated the screen, however the differentiation efficiencies were weak (~10%),
similar to CRISPR-Cas® activator-based differentiation experiments. To overcome
this challenge while keeping with our goal for simaple differentiation protocols without
additional growth factors, mechanical steps or selections, we wondered whether low
TF expression levels of the integrated lentiviral vector was the bottlencck of highly
cfficient differcntiation. We surmised that certain crucial target genes may be
occluded with a low probability of TF binding and activation of transcription; thus a
higher expression would in theory increase the probability of a successful binding and
hence transcriptional cvent that may activate positive feedback loops that induce exit

from pluripotency.

To express high levels of TF, we first tested transduction with high titer lentiviral
particles, which resulted in massive cell death. To improve the transduction cfficiency
and the vialibility of hiPSCs, we constructed a PiggyBac transposon-based vector with
similar doxyeycline-inducible TF expression and the ability to use puromyein to select
for transduced cells. Critically, this transposon system allows for facile high-copy
integration of TFs; in our bands, we average ~15 integrated copies per genome, as
assessed by digital droplet PCR. Due to this integration efficiency, it is challenging to
set copy numbers to a single T per cell. Therefore, we decided not to repeat the
screen with the lentiviral system but selected TFs that had a high differentiation score

for subcloning into the PiggyBac vectors.
Using this high expression system, we assessed differentiation efficiency. By bnight-
field microscopy, we observed a rapid loss of stem cell morphology, specifically

migration away from colonies and adoption of distinct cell morphologies. We

23



WO 2018/204262 PCT/US2018/030216

{71}
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quantified loss of stem cell identity by intracellular flow cytometry for NANQG,
OCT4 and SOX2. Uninduced stem celis bad »90% NANOGT OCT4" SOX2T cells,
whereas doxyceycline-induced cells had <10% NANOGT OUCT4" SOX2F celis.

EXAMPLE 5

Systematic classification of TF-induced lineages

Next, we needed an approach of identifying a priori the cell lineage being generated —
we needed a roethod analogous to BLAST, but for tissue profiles. Several studies have
heen published that generally compare gene expression profiles to infer comumon drug
targets, disease mutation effects, ctc; however, the broad range of genes did not allow
for rigorous and vnambiguous identification of cell lineage against expression profiles
catalogued in the Gene Expression Omnibus. A BLAST-like approach also requires
an extensive reference panel to compare to; however the mechanistic gene regulatory
network-based algorithm CellNet requires many samples per tissue, which is not
currently available. We systematically use thousands of RNA-seq datasets from many
tissues as training data. We adapted KeyGenes, a machine-learning-based algorithm,
to systematically BLAST our transcriptomes against bigh-quality fissue expression

datasets.

The TFs that induce loss of stem cell identity may be caused by conversion into
differentiated cell types, or general loss of cell identity without a specific identity. To
systematically determine what lincage these TF may be inducing, we first needed a
systematic approach to classity cell types. We curated a set of large-scale human
tissue expression profile studies to train a machine learning classifier for cell types.
This curation comprises RNA-seq samples representing tissues from the GTEX study,
Human Protein Expression Atlas and IHumina Human Body Map. We then applied
this as training data for KeyGenes, LASSO regression-based classifier for cell type

identification.
To determine what cell lineages are being generated by these TFs, we performed

RNA-seq on each cell population and used therm as gquery for the expanded KeyGenes

classifier.
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Interestingly, expression of these TFs in adult human tissue did not predict which
lincages were produced in hiPSCs. For instance, ETV2 induces endothelial
differentiation but is most highly expressed in the testis, ATOH!1 activated a newronal
cell identity but is highly expressed in the colon and small intestine, and CDX2
induced a placental identity, but is also highly expressed in the colon and small
intestine. Thus observational studics alone do not appear to predict which TFs can
induce which linecages, and suggest that synthetic methods of converting cch type do

not necessarily recapitulate in vivo development.

Expression of specific markers for these cell lineages was present from the RNA-seq
data). To enhance differentiation into these lineages, we induced TF expression in the
presence of standard culniring conditions for those lineages, and assess conversion
cfficiency for lincage-specific markers by flow cytometry. Morphologies and lineage-
specific marker expression were fested by immunohistochemical staining. Together,

these data indicate that TFE-derived cells can be potently and rapidly generated.

EXAMPLE 6

Controlling hiPSC differentiation vig human franscription factor overexpression

We have now validated 10 TFs identified from the TFome loss-of-pluripotency screen
and have been working to characterize the cell types generated by them. Whereas the
initial TFome screens used a lentiviral expression library, for validation and follow-on
characterization we have found it preferable to usc a piggyBac transposon system as
this streambines the validation pipeline and also offers the ability to optimize TF-
directed hiPSC differentiation by adjusting the relative amounts of the piggyBac TF
construct and the Suaper-piggyBac transposase vector. In general, validation and
characterization experiments are conducted with PGP hiPSC bearing the integrated
TFome construct in pluripotency reinforcing media that have been induced with dox
for 4 days, at which point {(depending on the particular experiment) we re-assess
efficiency of differentiation by measuring loss of expression of pluripotency genes
NANOGG, SOX2 or OCT4/POLUSFL, stain with a variety of celi type markers, and

analyze RNA expression profiles obtained by RNA-seq. Additional characterizations
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of the cell types generated by the TF may use other media, conditions, or endpoints (as
exemplified tmmediately below). We illustrate results from a few of these validation
and characterization experiments in Fig.24A-24E, but also report that surprising
storigs are beginning to emerge for some of these TFs. For instance, despite its
sequence homology to neuron-inducing factors NEUROGT and NEUROGZ {from
which it derives its name), NEUROG3S is known n the literature as a pancreatic factor
and has not, to our knowledge, been associated with neuron induction. Nevertheless,
we find that NEUROGS3 is a potent neuron-inducing factor when over-expressed alone
in hiPSCs. Gene ontology analysis of RNA-seq data indicated strongly that if is
involved in neuron differentiation, and celis generated by NEUROG3S expressed a
panel of nevronal markers but not most pancreatic markers. Finally, we found that
NEURO(3-generated neurons become  electrically active and  generate ~1Hz
spontanecous action potentials within 21 days post induction. Additional experiments
are under way to explore the hypothesis that NEURGGS can direct hiP5C to
differentiate into pancreatic cells, if it is not expressed alone but instead along with

another TH.

We have also begun to explore the differential effects of different TF isoforms on
hPSC differentiation. In an initial experiment, we tested all four known isoforms of
the TF ETVZ, which, as noted azbove, we had previously identified as directing
differentiation towards an endothelial lineage. Our results indicated that under
otherwise identical conditions, one isoform induces differentiation to endothelial cells
with 0% efficiency while the others induce differentiation at levels of ~50%, ~20%,
and 0% (see Figurc 8.E-F),. We cstimate that over 300 TFs have alternative gene
isoforms, many of which may simitarly have distinct efficiencics and effects on hiPSC
differentiation, and we are preparing to collaborate with Mare Vidal’s CCSB CEGS o
generate a human TFome “2.0” that more systematically covers TF isoforms. We note
that the ability to control isoform expression is a distinct advantage of expressing TFs
through a library of expression constructs vs. Cas9 activation. While Cas9 may cnable
genes to be upregulated at their native promoters or enhancers, it offers no direct

control over what isoforms are expressed.
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Astide from validating and characterizing TFs identtfied by our initial TFome loss-of-
pluriptotency screens, we have also engaged in more focused {esting and screcning of
combinations of TFome constructs for generating particular cell types, and we have
also begun to explore the other end of the TFome spectrum — i.e., THs that appeared in

the screens to reinforce pluripotency rather than drive differentiation.

EXAMPLE 7

Pulsed inducition of transcription factor io indoce overexpression and

differentiation

Methods: Human induced pluripotent stem cells were electroporated with the
wanscription factor in a transposon vector at high copy mumber. Doxyeyeline, which
induces expression of the transcription factor, was added for varving mumber of days
(one to four, or not added as a negative control). After 4 days in culture, cells were
fixed with paraformaidehyde and stained with antibodies against VE-Cadherin, a

rarker for endothelial differentiation.

Results:  Cells that rececived as little as one day of doxyeycline successfully
differentiated into endothelial cells with high efficiency, as indicated by strong VE-
Cadherin staining at the cell membrane. The ntensity of the staining was similar to
cells induced for four days. Cells that did not receive doxycycline did not differentiate,

as indicated by low VE-Cadherin staining, and strong nuclei staining for cell division.

EXAMPLE 8

MEX3-2 induces deterministic stromal cell differentiation

Methods: Human induced pluripotent stem celis were subjected to electroporation
with ORF DNA of the transcription factor NKX3-2. Doxycycline was added to induce
cxpression of the transeription factor for four days, then cells were dissociated, fixed,
and stained for the stromal marker VIM. The percentage of VIM-positive cells was
determined by flow cytometry (Fig. 26A). In another experiment, cells were

differentiated for four days, and RNA was harvested from differentiated cells and
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stem cells, and then sequenced and quantified (Fig. 26B). The gene expression
signature was uscd for gene ontology curichment analysis. Additional stromal cell
markers in the doxycyeline-induced cells were evaluated by comparing them to stem
cells on a logo(stromal cell/stem cell) scale {Fig. 26C). Protein levels were determined

by antibody-staining. A single ceil is magnified in the insert (Fig. 26D).

{82] Results: NKX3-2 overcxpression in human stem cells potently induced stromal celi
differentiation. This was confirmed by >99% of cells expressing the stromal cell
marker VIM (Fig. 26 A), by the top gene ontology “endomembrane system
organization” which is a signature of stromal cell secretion of extracellular matrix
proteins (ECM) (Fig. 26B) and by gene expression of additional strormal cell markers
such as collagen (COLIAI, COL3AI, COLSAIL, fibronectin (FNT), stromal markers
{ALCAM, S100A4), cell surface swomal markers {CD34), and collagen chaperone
protein (SERPINHTY (Fig. 260). Furthermore, induced stromal cells expressed high

fevels of these markers at the protein level (Fig. 26D).

{83] Stromal markers were verified at the protein level by immaunostaining, which
indicated that expression of NKX3-2 alone induces stromal cells. A hallmark of
stromal cells is to remodel the ECM, which can be assessed by the contraction of
collagen. Indeed, NKX3-2-induced cells caused contraction when embedded within a
collagen gel within 24 hours (Fig. 28A-28B), signifying functional stromal cells.

EXAMPLE 9

EXPERIMENTAL METHODS (used in Examples 1-5)

Annotation and manual curation of the TFome

{84} Canonical human wanscription factors were previously annotated by
Vaguerizas et al. 2009) based on a computation search for genes that bind DNA ina
sequence-spectfic manner, but are not enzymatic and do not form part of the core
initiation comaplex, resulting in 1,591 TFs {(classified as “a” and “b”, which have

experimental evidence for regulatory function, and “other” as probable THs with
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45,29

ondefined DNA-binding domains; class “x” was excleded as having promiscuocus
DNA-binding domains). We further included TFs that were predicted but did not have
cxperimental evidence {class “c”). The following major TF families were filled in
according to HUGO Gene Nomenclatnwe Committee (HGNC): zine finger {includes
C2H2-containing domains), homeodomain {(includes LIM, POU, TALE, HOXL,
NKL, PRD sub-familics), basic helix-loop-helix and forkhead. Pscudogenes as
annotated by HGNC were removed. Duplicated and unmapped genes were removed,
and all genes were converted to approved gene names using the HGNC multi-symbol

checker. The final target set of TFs in the human TFome contains 1,578 genes.

Assembly and quality control of the human TFome

{85} ANl TFs are cloned in pDONR-series standardized Gateway-compatible vector,
building on Yang et al. 2011, Jolma et al., ransOMIC technologies cDNAs, ORFs
{transOMIC Inc), DNA Repository at Arizona State University, and codon-optimized

synthesis by Gen 9.
Pooled cloning of the human TFome into pLEX443 viral vecior

{86] To perform pooled LR cloning into the pliX403 viral expression vector {Addgene
41395}, each 96-well plate of DNA was combined into s own sub-pool and
quantified using (Jubit dsDNA Broad Range Assay Kit (Invitrogen Q328533). 75ng of
pENTR-TFome subpool was used for a LR Clonase I (Invitrogen 11791100} reaction
overnight and digested with Proteinase K. 1ul of the reaction was transformed into
One Shot Sthi3 chemically competent cells (Invitrogen C737303), plated onto a 50
cm’ LB Agar plate with 100ug/mL Carbenicillin and incubated overnight at 30°C.
Serial dilutions were performed to estimate the mumber colonies per plate.
Approximately 18,000 to 20,000 colonies grew per plate, representing 100 to 200-fold

coverage per 96-member sub-pool.
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{87} Colonics from each sub-pool plate were scraped and DNA was extracted using
QIAGEN Plasmid Plus Midi Kit (QIAGEN 12943) to generate pLIX403-TFome
subpools. To cloning efficiency and library coverage, pENTR and pLIX4{03 subpools
were pooled to generate pENTR-TFome and pLIX403-TFome. Sug of each pool was
sheared to 200bp on a Covaris S2, and lug was used for library preparation using

NEBNext Ultra DNA Library Prep Kit for Humina (NEB E7370L).
Lentiviral production and transduction

{88] Lentviruses were produced as before using 45pg DNA for two 15cm dishes. hiPSCs

were transduced with TFome lentiviruses at a multiplicity of infection (MO = 0.1
Flow cytometry analysis and Fluorescence Activated Cell Sorting (FACTS)

(8%} Celis were trypsinized. washed and resuspended in FACS buffer (PBS with 10%
F85). For surface antigens, live cells were staimed with fluorophore-conjugated
antibodies and viability dye Cell Trace Calcein Blue, AM (Life Technologies, ©34853)
at 1 x 10 cells/mL for 30 minutes on ice in the dark. For intracellular staining, cells
were fixed using BD Cytofix fixation buffer (BD Biosciences, 554655) at 1 x 107
cells/mi. for 20 minutes, washed with BD Perm/Wash buffer (BD Biosciences,
554723), and permeabilized in BD Perm/Wash buffer for 10 minutes, then stained
with antibodies and DAPI in the dark for 30 roinutes. Stained cells were washed twice
with FACS buffer, filtered into a strainer-capped tube (Falcon, 352235) and run on a
BD LSRFortessa. Compensation for spectral overlap was determined by staining AbC
Total Antibody Compensation Beads (Life Technologies, A10497) with single

fluorophore-conjugated antibodies.
Transcriptome library preparation and sequencing

{907 TRizol (Life Technologics. 15596-018) was added directly to cells and incubated for 3
minutes and used for RNA extracoon using Direct-zol RNA MiniPrep (Zymo
Research, R2050). RNA was quantified by Qubit RNA HS Kit (Molecular Probes,
Q32852). 1ug was used for Poly(A) isolation using Poly(T) beads {Bioo Scientific,
512979) and used for RNA-seq library preparation with unique molecular identifiers

(UMIis) using NEXTflex Rapid Directional gRNA-seq kit (Bioo Scientific, 5130-

30



WO 2018/204262 PCT/US2018/030216

02D3). Libraries were amplified on a LightCycler real-time quantitative PCR machine
(Roche) by spiking in SYBR Gold (Life Technologics, $11494). Mid-logarithm
amplificd librarics were collected and purified using AMPure XP beads (Agencourt,
A63881). Libraries were quality controlled by TapeStation (Agilent) and quantitative

PCR (KAPA Biosystems}.

Transduction and generation of stable cell lines

{91} For individual PiggyBac transductions, cells 500,000 to 800,000 celis were
nucleofected using Nucleofector P3 solution (Lonza, V4XP-3032) using the

Nucleofector X-Unit. Puromycin-resistant cells were selected and expanded.

Collagen contraction assay.

{92} Collagen contraction assays were performed according o (52). NKX3-2 cells, grown
in mTeSR1 either with or without doxycycline for 4 days, were dissociated and
counted. 400,000 cells in 300ul mTeSR1 were mixed with 150ul collagen type |
dibuted to 3mg/ml (BD, 354236) and 2ul 1M NaOH, and set in a 12-well plate used as
a mold. Collagen gels were left to solidify at room temperature for 20 minutes, then
500! mTeSR1 was slowly added to the gels. The gel was dissociated from the mold
by running a P200 dp along the edge of the well. The plate was incubated overnight
and images were captured using a Zeiss Axio Zoom. V16 Stereo Zoom Microscope
with a color AxioCam MRm camera and a PlanNeolluar 4 1x/0.25 objective. The

area of the gel was quantificd in Fiji (53).
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WE CLAIM:

1. A method of inducing differentiation of induced pluripotent stem cells,
comprising:

delivering to the induced pluripotent stem cells a nucleic acid comprising an open
reading frame encoding a transcription factor, the transcription factor protein, or an
activator of transcription of the open reading frame encoding the transcription factor,
whereby the amount of the transeription factor in the induced pluripotent stem cells is
increased, and the induced pluripotent stem cclls differentiate to form differentiated
cells, wherein the transcription factor is selected from the group consisting of ASCLE;
ASCLA4; ATF1; ATF4; ATE7; ATOHI; ATTBI1, ATXN7; BARHLZ; BARX1; BATF3;
BHLHATLS;, BOLAL;, BOLAZ; BOLAZB; BSX; CAMTAZ; CDX1;, CDX2; CEBPZ;
Ci21; CREBL; CREB3; CREB3L1; CREB3L4; CREBLZ; DACH?2; DLX1; DLX3S;
DMRTY; DRGX; DUXA; E2F2; EBF3; ELP3; EMX1; ENI; EN2; EPAST; ETVE
ETVZ; FIGLA; FLII; FLI12895; FOXBI; FOXC1; FOXD1; FOXD2; FOXD4LZ;
FOXEI;, FOXF1; FOXFZ, FOXH1; FOXI2; FOXLI; FOXNZ; FOX0O6; FOXPI;
FOXRI; FOXRZ; GBXZ; GOCM2; GLIL; GLIST; GLIS3; GRHLY, GRHLZ; GRHL3;
GRLFT; GSC2; GZFY; HANDZ, HESZ; HES3; HES7, HICZ; HLX; HMGATL; HMX?2;
HOXAL, HOXAIO, HOXAS;, HOXBI13; HOXB7, HOXBE, HOXBY, HOXCI;
HOXCS; HOXD3; HSFI;, HSFY 1, ID3; ID4; IKZFL IKZE3; INSM2; IRF2; IRFS3;
IRF7; IRFS; ISLZ; KDMZ2A; KDMA4E; KIAADS61; KLF6; KLFg; LBX2; LEUTX;
LHXS; LMX1A; LOC31058; LOCY1661; LYLL MAEL; MAFK; MBNL3; MEF2B;
MEF2C; MEIST; MEIS3; MITE MKX; MSIC;, MSGNI;, MSX1;, MXD3; MXD4;
NEUROD4;, NEURODS, NEUROGI; NEUROGZ; NEUROG3; NFIC; NFXi; NFYB;
NKX2-2; NKX2-6; NKX2-8; NKX3-1; NKX3-2; NKX6-1; NKX6-3; NOTO; NPAS4;
NRI1B2; NRIH3; NRI1H4; NR1I3; NR2ZFZ; NR3CT; NR3CZ; NRF1; NRL; OSR2;
OTEX; OTP; OVOLL; OVOLZ; PAXS; PAXS; PDX1; PEPP-2; PITX2;, PKNOX2;
PLAGT; PLAGLI; POU2F3; POUSFIB; PRDMS; PRDM6; PRDM7; PRDM9;
PROXZ; PRRX1; RAXZ; REL; RELA; RFX1; RFX8; RFXANK; RUNXI; SALL3;
SEBOX; SIM2; SIX2; SIX3; S5IX4: SKIL;, SMADG: SMYD2;, SOX1{;, SOXi2;
SOX13; SOX14; SOX21; S80X3; SPIB; SREBFY; TBX10; TBX18; TBX3; TBXS;
TBXS6; TCFL;, TCF12; TCFYS, TCF2; TCH2L, TCET;, TCF7LZ; TERFL;, TFAPZE;
TRCPZLI; TFDPZ;, TFDP3; TFE3; TGIFL; TLX1; TLX2; TLX3; TSC22D3; TUB;
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UBPL;, UNCX; UNKL; USFIL;, VSXZ; WDHDI; XBPI;, YY1, ZBTB1;, ZBTB2;
ZBTB24, ZBTB2S5; ZBTB41;, ZBTB44; ZYBTBR7C, ZBTBRB; ZFP36L2;, ZFP64;
LEP02, FFPMI; ZFX; ZGLPY, ZIC3; ZMATY, ZMATS; ZNF124; ZNFi4;, ZNF143;
FINF148; ZNF157; ZNF16; ZNF169; ZNF177; ZNF182; ZNF19; ZNF197, ZNF226;
FINF230; ZNF235; ZNF239; ZNFI54; ZNF26; ZNF271; ZNF2Z73; ZNF3; ZNF30S5;
ZINF316; ZNF319; ZNF320; ZNF324; ZNF3248; ZNF326; ZNEF333; ZNF34; ZNEF347;
ZINF350; ZNEF395; ANF396; ANF404; ZNF408; ZNEALS; ZNFA26; ZNFA4, ZNF440;
ZNF441; ZNF442; ZNF443; ZNF449; ZNFA5; ANF454; ZNF4T0;, ZNF474;, ZNF48(;
ZNF490; ZNF499; ZNFS06; ZNF537; ZNF512; ZNF5i4; ZNF516; ZNFS18B;
ZNEFS19; ZNFS524; ZNF5343; ZNFS547; ZNF548; ZNE556; ZNFS60; ZNE5T7G; ZNF582;
ZNF584; ZNFSESB; ZNFS92; ZNFS93; ZNF394; ZNF399; ZNF600, ZNF616;
INF626; ZNF639; ZNF643; ZNF646; ZNF652; ZNF653; ZNF66; ZNFOGO; ZNF664;
ZNF665; ZNFGT71; ZNFGT8; ZNF682; ANF683; ZNF692; ANFT06; ZNF709; ZNF714;
FNFT16; ZNF717, ZNF718; ZNFTI0; ZNFT21; ZNFTI9; ZNEF749; ZNFT5A; ZNFT776;
ZINFTTT, ZNFT808; ZNFT83; ZNEFT8S; ZNFT91; ZNFT99; ZNFE; ZNFS08; ZNF835;
ZINFB4; ZNF841, ZNF843; ZNERS; ZNF852; ZSCAN2ZZ; ZSCAN23; ZSCAN2ZY;
ZSCANSA; ZSCANSC; ZXDB; MITEH, NKX3-2; ZNF643; CDX2; ZNF777, SOX14;
ZNF3; MKX; ZNF474; NEURGGT; DMRTI; PRDMS; NEUROG3; ZNF273; FOXPI;
MXD4; NRL; E2F2Z; ZNF44; ZNF616; SOX12; HOXATD; GLIL; LMX1A; TBXIG;
EPAST;, HOXB7; PRDM7; RELA; OVOLZ; BARX1; ATOHL, ZNF169; TSC22D3;
NEUROG2; FOXD2; FOXI2;, NRIB2; MER2C; CAMTA?2; BOXCS, ZNF230; IRF2;
TFDP3; RUNXT; MSC; ZNF320; EN1; ZNF&4; RAXZ; NRIH3; DLX3; ZNF148;
LHXS; BOLAZ; TGIFl; BOLAT, ATET; ID3; HMGAL; ZNF783; MAFK; GRHLI;
FLi1; HES7, MAEL; ETV2; Z5CANSA; HOXAL, FOXF2; KLF6, MBNL3; HESZ;
ATTBY, GRLEFE; ZNFS93; XBPL; ZNF326; MSGNT; BATES, 1D4; ZIC3; ZNFT18;
MXD3; ZNF426; ZNF706; ZNF652; FOXD1;, GBXZ; NEUROD4; ZNF490; ZNF8S;
SOX3; ZNF653; SIM2; HOXCID; ZNF26; FOXBI, ZNF668; ZNF5ST6;, NKX6-1;
CDX1; MEFZB; DLXT; ZNFT76; ZNF16; EN2Z; BOXA6; NKX2-8; CREBL2; DRGX;
DUXA; ZNF396; ZNF6D2; VSX2; NR3C2; NR1I3; FIGLA; TLX1; BMX2; ASCLA4;
ZMNE324B; ZNF75A; TCF21;, BHLHALS; NKX6-3; ZNF720; TCF15; PITX2; HLX;
INF124; SIXZ; IKYF3; ZNF626; REXANK; ATH4;, ZNF678; ZNF314; GRHLZ;
FOXR2Z; ZNF660; CREB1; TFAP2ZB; ZMAT3; TCF7L2; FOXRI; OVOLL; HOXBI3;
HANDZ2; TCF12; UNKL; ZNF324; ZNF333; ZNF843; CREB3; ZBTB24; THERFL;
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ZMNETES; FOXET; OSR2; ZNF45; FOXL; TRX3; ZNF157; NKX2-2; ZNF671; PAX9;
NFIC; TBX6;, NKX3-1;, ZNF319; ZNF408; ZNF584; PKNOX2; SOX13; ZFP36L2;
FLI12895; NFX1; NR3(C1; ZNF395; GLIST; GLIS3; ZNF560; ZNF683; PLAGLI;
SKIL; TCFL; UBPIL; KLF8; ZNF239; TBXS; FOXFL; ZNF664; PRRXI; ISL2;
FOXD4E2; ZNF143; KDM4E; ELP3; ZNF440; PEPP-2; PLAGI; TFE3; ZNF226;
NEURODSG; TCF2; SMYD2; ZNF499; ZNFG39; ZNF4E0; ZNF182; KDM2A; NPAS4:
LOCS51058; ATFL; SPIB; TLX2; ZBTB1; POUZF3; ZSCAN23; TUB,; ZNF5S47; SIX4;
KIAAQS6T; TPCPZLI; TCF7; ZNF177; YY1; ZNF585B; ZNF271; ZNF305; 2BTB2Z;
OTP; NFYB; OTEX; ZNF443; ZNFB32; ZNF646; ZNFE35; ZNF682; ZNF66;
ZME235; SIX3; MEISE, ZFPMI; ZNF441; LYL1; HOXB9, GSC2; ZBTBYC
ZMES18RB; FOXHI; ZNF316; ZNF594; ZNFT16; ZNF714; ZNFT80R; ZNF470; CI41;
REX1; ZNF592; SOX21; LBX2; ZNF7(9; M3X1; LOCS1661; PROX2; ZNF316;
ZNFT17; ZNF197;, POUSFIB; 2BTB44; ZSCAN22; ZNF791; CREB3L1; GRHL3;
REL; SOX10; SALL3; HSFY§; ZNF358; ZNFS; ZMATI; NRFI; ZNF582; TBXIS;
LEX; ZNFA04; ZNF449; ZNFT21; PDXT; SREBFL GCMZ; ZNF454; ZNE507;
NRIH4; LEUTX; ZNF841; ZNF14; HES3; ASCLI; ZGLPL; INSM2; EMX1; HSF;
TEDP2; ZNF548; ZFP92; CREB31L4; CEBPY; IKZFT; ASCANSC; FOXNZ; ZNF524;
ZEP64; EBE3; ZNF34; ZNF254; ZNFS1Z; ZNF729; ZNF60OG;, BOLAZE; BSX;
WDHDI,;, ZNFI9; ZNF543; PRDM9; ZXDEB; ZBTB2S; GZFL;, NOTO; HOXD3;
ZBTB41; ZNF442; IRF7; DACHZ; IRF3; RFXE; NR2FZ; ZBTBRB; PRDM6G; ZNFE(S;
ZNES56; ATXNT, ZSCAN29; NKX2-6; ZNF599; HOXBS; ZNF347; HIC?Z; BARHL2;
ZNF5306; FOXCI; ZNF415; PAXS; FOX06,; ZNF749; ZNEF799; TLX3; UNCX; ETVI;
SEBOX; MEIS3; IRF9; ZNF519; USFI; and SMADG.

2. The method of claim 1 wherein a combination of two or more of said

nucleic acids comprising an open reading frame encoding a transcription factor, two
or more open reading frames encoding a transcription factor, two or more of said
transcription factor proteins, or two or more of said activators of transcription of an
open reading frame cncoding a transcription factor, are delivered to the induced

phuripotent stem cells.
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3. The method of claim 1 further comprising:
contacting the differentiated cells with a test substance and observing a change in the

differentiated cells induced by the test substance.

4. The method of claim 1 further comprising:

transplanting the differentiated cells into a patient.

5. The method of claim 4 wherein the induced pluripotent stem cells are derived

from somatic cells of the patient.

6. The method of claim 4 further comprising:
contacting the differentiated cells with a test substance and observing a change in the

differentiated cells induced by the test substance.

7. The method of claim 6 whervein the contacting 1s performed before the

transplanting.

8. The method of claim 6 wherein the contacting is performed after the
ansplanting.
9. The method of claim 1 further comprising the step of sorting the differentiated

cells using fluorescence activated cell sorting.

140. The method of claim 9 further comprising:

assaying the differentiated cells and determining a set of transcribed genes;

comparing the set of transcribed genes of the differentiated celis to one or more
reference sets of transcribed genes from one or more reference tissues or cells; and

identifying a maich between the differentiated cells and a reference tissue or cell

11. The method of claim 9 further comprising:
assaying the differentiated cells and determining amounis of a set of transcribed
genes;

comparing the amounts of the transcribed genes of the differentiated cells to one or
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more reference sets of amounts of transcribed genes from one or more reference
tissues or cells; and

identifying a match between the differentiated cells and a reference tissuc or cell.

i2. The method of claim 9 further comprising the step of identifying differentiated
cells as a type of differentiated cell by assaying morphological feanires of the
differentiated cells and matching the morphological features to a reference tissuc or

cell’s morphological features.

13. The method of claim 9 further comprising the step of identifying differentiated
cells as a type of differentiated ccll by assaying protein marker expression of the
differentiated cells and matching the protein marker expression to a reference tissue or

cell’s protein marker expression.

14. The metbod of claim 9 further comprising the step of Wentifying differentiated
cells as a type of differentiated cell by assaying a function and matching the function

to a function of a reference tissue or cell.

is. The method of claimn 9 wherein the differentiated cells are sorted on the basis

of loss of expression of a stem cell marker.

16. The method of claim 15 wherein the stem cell marker is keratin sulfate cell

surface antigen, TRA-1-60.

17. The method of claim 15 wherein the loss of expression of a stem cell marker is

determined in a medium adapted for growth of stem cells.

18. An engineered human differentiated cell, comprising:

a nuocleic acid comprising an open reading frame encoding a protein, wherein the
protein is selected from the group consisting of ASCLY; ASCL4; ATFL ATFR4;
ATF7; ATOHIL; ATTB1; ATXN7; BARHLZ; BARX]1; BATF3; BHLHAILS; BOLAT;
BOLAZ; BOLAZB; BSX; CAMTAZ, CDXI; CDX2; CEBPZ;, CiZl; CREBI;
CREB3; CREB3LY; CREB3LA; CREBL2; DACHZ; DLXT; DLX3; DMRTI; DRGX;
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DUXA; E2F2; EBF3; ELP3; EMXT; ENT; ENZ; EPAST; ETVI; ETV2; FIGLA;
FLIT; FLIT2895; FOXBL, FOXCL, FOXDI, FOXD2; FOXD4L2; FOXEL; FOXFL
FOXF2, FOXHL, FOXIZ2; FOXLI;, FOXNZ, FOX06, FOXP1, FOXRY; FOXR2;
GBX2; GCM2; GLII; GLIST; GLIS3; GRHLI; GRHL2; GRHL3; GRLF1; GSCZ;
GZF1; HANDZ2; HESZ; HES3; HES7; HICZ; HLX; HMGAIL;, HMX2; HOXATL;
HOXA10; HOXA6; HOXBI13; BOXBT, HOXBE;, HOXBY;, HOXC10;, HOXCS;
HOXD3; HSF1; HSFY T, 1D3; 1D4; IKZFT; IKZES; INSMZ; FRE2; IREF3; IRF7; IRFY,
ISL2, KDMZA,; KDM4E; KIAA0961; KLF6; KLFE, LBX2; LEUTX; LHXS;
LMX1A; LOCS1058; LOC91661; LYLI, MAEL;, MAFK; MBNL3; MEFZB;
MEFZC; MEIST; MEIS3; MITF, MEX; MSC; MSGNT; MSX1;, MXD3; MXD4;
NEUROD4; NEUROD6; NEUROGYE;, NEUROGEZ;, NEUROG3; NFIC, NEXI;
NFYB; NKX2-2; NKX2-6; NKX2Z-§; NKX3-1; NKX3-2; NKX6-1; NKX6-3; NOTO;
NPAS4; NRIBZ; NRIH3; NRI1H4; NRII3; NR2F2; NR3(1; NR3C2; NRF1; NRL;
OSRZ; OTEX; OTP; OVOLL, OVOL2; PAXS; PAXYS; PDX1; PEPP-Z; PITXZ;
PKNOXZ; PLAGT; PLAGLY, POUZF3; POUSKFIB; PRDMS; PRDMG; PRDMY;
PRDMSY; PROXZ; PRRX1; RAXZ; REL; RELA; REXE; REXE; REXANK; RUNXT,
SALL3; SEBOX; 5IMZ; SIXZ; SIX3; SEX4; SKIL; SMAD6;, SMYD2; SOX1d;
SOX12; SOX13; S0X14; 50X21; SOX3; SPIB; SREBFI; TBX10; TBX18; TBX3;
TBXS; TBX6; TCF1, TCF12; TCF15; TCH2; TCFZI; TCF7, TCF7LZ; TERFI;
TFAPZB; TFCPILY;, TEDPZ; TFDP3; TFE3; TGIFL, TLXI; TLX2; TLX3;
TSC22D3; TUB; UBPL UNCX; UNKL; USFL; VEX2Z, WDHDI, XBPL;, YY1,
ZBTB1; ZBTB2; ZBTB24; ZBTB25; ZBTB41;, ZBTB44; ZBTB7(; ZBTBSEB;
ZFP36L2Z; ZFPo64; ZFP92; FFPML; ZFX; ZGLPL; ZIC03; ZMATL; ZMATS; ZNF124;
ZNF14; ZNF143; ZNF148; ZNF157; ZNF16; ZNF169; ZNF177; ZNF182; ZNF19;
ZNFI97; FNF226; ZNF230; ZNF235; ZNF239; ANF254; ZNF26; ZNF271; ENF273;
ZNF3; ZNF305; ZNF316; ZNF319; ZNF320; ZNF324; ZNF3248; ZNF326; ZNF333;
ZNF34; ZNF347; ZNF350; ZNF395; ZNF396; ZNF404; ZNF408; ZNF415; ZNF426;
ZINF44; ZINF440; ZNF441; ZNF442; ZNF443; ZNF449; ZNF4S; ZNF454; ZNF470;
ZNFAT4, ZNFARD, ZNF490; ZNF499; ZNES506; ZNF507; ZNF512; ZNF514;
ZNESIS; ZNFSI8B; ZNF519; ZNF5S24; ZNF543;, ZNE547; ZNEF548; ZNF536;
ZNF560; ZNF576; ZNF582; ZNF5384; ZNF583B; ZNF592; ZNF593; ZNF594;
ZNF39%; ZNF600;, ZNE616; ZNF626; ZNF639;, ZNF643; ZNF646; ZNF6SI;
ZNF653; ZINFGO; ZNF660; ZNFG04; ZNF6GS; ZINFGT1, ZNFGT8; ZNF682; ZNFGRS;
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ZNFGR2Z; ZNFT06;, ZNFTO9;, ZNFTI4; ZNEFT16; ZNFT17;, ZNFT18;, ZNF720;
ZNFT2L ZNETI9, ZNF74S, INFTSA; ZNFT776, ZNETT7, ZNFTS0B; ZNFT83;
ZNFT85; ZNFT9L; ZNFT99; ZNES; ZNFROE; ZNFE3S5; ZNFB4; ZNF841, FNF843;
ZNF85; ZNIFB52, ZSCAN22; ZSCAN23; Z5CAN2ZS; ZSCANSA; ZSCANSC;
ZXDB; MITF; NKX3-2; ZNF643; CDX2; ZNF777; 50X14; ZNF3; MKX; ZNF474;
NEUROGT; DMRTE; PRDMS; NEUROG3; ZNF273; FOXPL MXD4; NRL; B2FZ;
ZNF44; ZNF616;, SOX12; HOXAT0, GLE;, LMX1A; TBX10; EPAST;, HOXEBY,
PRDM7; RELA; OVOL2Z; BARXI1; ATOHIL; ZNF169; TSCZ22D3; NEUROGZ;
FOXD2; FOXI2; NRIB2; MEF2C; CAMTAZ; HOXCS; ZNF2Z30; IRF2; TFDP3;
RUNXT; MSC; ZNF320; ENT; ZNF84; RAX2; NRIH3; DLX3; ZNF148; LHXS;
BOLAZ; TGIFY;, BOLAT; ATF7; 1D3; HMGATL; ZNF783; MAFK; GRHL1; FLIT;
HES7, MAEL:; ETVZ; ZSCANSA; HOXAL;, FOXF2; KLF6; MBNL3; HESZ;
ATTBY; GRLFL; ZNF5393; XBP1; ZNF326;, MSGNL; BATES; 14 ZIC3; ZNF718;
MXD3; ZNF426; ZNF706; ZNF652; FOXD1; GBXZ; NEUROD4; ZNF490; ZNFSS;
S0X3; ZNFGS3; SIM2; HOXCI0; ZNF26; FOXBL; ZNF6GE; ZNFST6; NKX6-1;
CDX1, MER2B; DLXI; ZNF776; ZNF16;, EN2Z;, HOXA6;, NKX2-§; CREBLZ,
DRGX; DUXA; ZNF396; ZNF692, VEXZ; NR3CZ; NR1I3; FIGLA; TLX1; HMXZ;
ASCL4;, ZNF324B; ZNF75A; TCF21; BHLHALS, NKX6-3; ZNF720; TCFI35;
PITXZ; HLX; ZNF124; SIXZ; IKZF3; ZNF626; RFXANK; ATH4; ZNF678; ZNF514;
GRHLY; FOXRZ; ZNF660; CREBL; TFAP2ZB; AMATS; TCFTL2; FOXRI; OVOLT;
HOXBI13; HANDZ; TCF12; UNKL; ZNF324; ZNF333; ZNF843; CREB3; ZBTB24;
TERF1; ZNF785; FOXEL; OSR2; ZNF45; FOXL1;, TBX3; ZNF157;, NKX2-2;
ZNF6T71; PAXY; NEFIC; TBX6; NKX3-1; ZNF319; ZNF408; ZNF384; PENOXZ;
SOX13; ZFP36L.2; FLI12895; NEXT; NR3CT;, ZNF395; GLIST, GLIS3; ZNF560;
ZNF683; PLAGLL; SKIL; TCFL; UBPL, KLES; ZNF239; TBXS; FOXEF], ZNF664,
PRRX1; ISL2; FOXD4L2; ZNF143; KDMA4E: ELP3; ZNF440; PEPP-2; PLAGH,
TFE3; ZNF226; NEURODG; TCF2; SMYD2Z; ZNF499; ZNF639; ZNF480; ZNF182;
KDMZA; NPAS4; LOCS51058; ATFL; SPIB; TLXZ; ZBTBI1; POU2ZF3; ZSCAN23;
TUB; ZNF547; SiX4; KIAAQ0961; TRCP2LL;, TCHT, ZNF177; YY1, ZNFS85B;
ZNF271; ZNF305; ZBTB2;, OTP; NFYB; OTEX, ZNF443; ZNE852; ZNF46;
ZNF835; ZNF68Z;, ZNF66; ZNF235; SIX3; MEIS1; ZFPM1; ZNF441; LYLI;
HOXBY;, GSC2Z; ZBTB7C, ZNPS18B; FOXHI; ZNF5316; ZNF594; ZNF716;
ZNFT14; ENFTE0B; ZNF470; CiZl; RFEX1; ZNF392; S0X21; LBX2;, ZNF709;
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MSX1; LOCO1661;, PROXZ;, ZRNF316; ZNFT17; ZNF197;, POUSFIB;, ZBTB44;
ZSCANZY, ZNF791;, CREB3LY, GRHL3; REL; SOX10; SALL3; HSFY1; ZNF350;
ZNFR; ZMATL NRF1; ZNF382; TBX18; ZFX; ZNF404; ZNF449; ZNF721; PDXTE;
SREBF1; GCM2; ZNF454; ZNF307; NR1H4; LEUTX; ZNF841; ZNF14; HES3;
ASCLY; ZGLPI; INSMZ2; EMX1; HSFIL; TFDP2; ZNF548; ZFP9Z; CREB3LA4;
CEBPZ; IKZF; ZSCANSC; FOXNZ; ZNF524; ZFP64; EBF3; ZNF34; ZNF254;
ZNES12; INFT20; ZNF6OD; BOLAZE; BSX; WIDHDI; ZNF19; ZNF343; PRDMS,
ZXDB; ZBTB25; GZF1; NOTO; HOXD3:; ZBTB41; ZNF442; IRF7; DACHZ; IRF3;
REXE; NR2ZFZ; ZBTBEB; PRDMOG; ZNIBO8; ZNF556; ATXNT; ZSCAN29; NKX2-
6; ZNF599; HOXBS; ZNF347; HIC2; BARHLZ,; ZNEF506; FOXC1; ZNF41S; PAXS;
FOXG6; ZNFT49; ZNFT99; TLX3; UNCX; BTV SEBOX; MEIS3; IRFS; ZNF519;

USF1; and SMADG, wherein the open reading frame is intronless.

19. The engineered human differentiated cell of claim 18 wherein the nucleic acid
comprising an open reading frame is selected from the group consisting of a cDNA, a

synthetic nucleic acid, and an mRNA.

20 The method of claim 1 wherein the nucleic acid comprising an open reading
frame is sclected from the group consisting of a cDNA, a synthetic nucleic acid, and

an mRNA.

21. The method of claim 1 wherein the transcription factor is NKX3-2 and stromal

cells are formed.

22. The method of claim T wherein the open reading {rame is delivered, and is

maintained in the induced pluripotent stem cells at a high copy number.
23 The method of clatm T wherein the open reading frame is delivered, and is

maintained in the induced pluripotent stem cells at a copy number of greater than 10

per cell.
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24. The method of claim | wherein the activator of transcription is delivered and

the delivery is for less than 5 days.

25. The method of claim 1 wherein the activator of transcription is delivered and

the delivery s for less than 4 days.

28, The method of claim 1 wherein the activator of transcription is delivered and

the delivery is for less than 3 days.

27. The method of claim | wherein the activator of transcription is delivered and

the delivery is for less than 2 days.

28. An engineered human differentiated cell comprising a nucleic acid comprising
an open reading frame that encodes transcription factor NKX3-2, wherein the open

reading frame is intronless.

29. The engineered human differentiated cell of claim 28 wherein the cell is a

stromal cell.

30. The engineered human differentiated cell of claim 28 wherein the cell is part

of a three-dimensional tissue.

31. A method of inducing differentiation of induced pluripotent stem cells,
comprising:
inducing increased expression of a NKX3-2 geue, whereby the induced phuripotent

stem cells differentiate to form difterentiated cells.

32. A method of inducing differentiation of induced pluripotent stem cells,
comprising:
inducing expression of a NKX3-2, wherein the induced pluripotent stem cells

differentiate to form differentiated cells.
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Figure 7. Selected transcription factors that induce stem cell differentiation
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Figure 12. FOXC1 induces differentiation of hiPSCs

in stem cell media without embryoid body formation,
additional growth factors or mechanical manipulations
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Figure 14. SOX14 induces hiPSC differentiation
in stem cell media without embryoid body formation,

additional growth factors or mechanical manipulations

WO 2018/204262

» Differentiated cells

SOX14

hiPSCs

PCT/US2018/030216
14/35
O
-
= \
O
>
=4
R
S
TR
7))
>
®
O
< R
=
<)
C
0
>N
O
>
X
@)
©
2
N
W
- ‘
E a§\:\:\3 SE\E
H g
I £ O
OIS
- N £
i' Sy l*g'
P2 K g
; < N ™
:
£
E
£
-
IHE:

100
SUBSTITUTE SHEET (RULE 26)



WO 2018/204262 PCT/US2018/030216
15/35

S &
W R W

@
=
e o 0
c68 T &
O = - O >
- © E O é
S £ 3 D o) @)
- = O I c
cC o0 r= = 7 =
oo c = g
£ S D O £
= O = D <t =
T o 8 = 0
W oaw A c
& > S
£8 3 o | $
06c I = ©
SE56 S ol
>3 < 3, o
22¢ N 9 .
— S §:\§\ 3 ‘\'\.'}Q R X
=8 X .
CE0o 9 -
<2 o o
- O 1l . lha :h:;:;:;H:H:neee
Ll
o © =z,
was = -
NEZ =T . k&\\
D = = \\ .
() « 1
| - E : i
= o O -
=2 v E i Q
(] e O s
r O U§
FZ DG
G
3
E
3
-

LA TLLLE S [ L R [RLRERRER . LRNERIAL S

100
SUBSTITUTE SHEET (RULE 26)



WO 2018/204262 PCT/US2018/030216
16/35

Figure 16. WT1 induces hiPSC differentiation
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Figure 18. NEUROGENIN1 and NEUROGENIN2 and EMX1

induce cortical neuronal differentiation
from hiPSCs in stem cell media without embryoid body formation,
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Figure 19. NEUROGENIN1 and NEUROGENIN2 and EMX2

induce cortical neuronal differentiation
from hiPSCs in stem cell media without embryoid body formation,
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Figure 20. NEUROGENIN1 and NEUROGENIN2 and TBR1
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Figure 21. NEUROGENIN1 and NEUROGENIN2 and FOXG1

induce cortical neuronal differentiation
from hiPSCs in stem cell media without embryoid body formation,
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Figure 22. Selected transcription factors (light blue) are lowly or not expressed
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compared to housekeeping genes (gray) in hiPSCs
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Figure 23. Average copy number of TF ORFs
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