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In order to elucidate the function of Myc in the maintenance of pluripotency and self-renewal in mouse
embryonic stem cells (mESCs), we screened for novel ESC-specific interactors of Myc by mass spec-
trometry. Undifferentiated embryonic cell transcription factor 1 (Utf1) was identified in the screen as
a putative Myc binding protein in mESCs. We found that Myc and Utf1 directly interact. Utf1 is a chro-
matin-associated factor required for maintaining pluripotency and self-renewal in mESCs. It can also
replace c-myc during induced pluripotent stem cell (iPSC) generation with relatively high efficiency,
and shares target genes with Myc in mESCs highlighting a potentially redundant functional role
between Myc and Utfl. A large region of Utfl was found to be necessary for direct interaction with

N-Myc, while the basic helix-loop-helix leucine zipper domain of N-Myc is necessary for direct inter-

action with Utf1.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Myc proteins are basic-helix-loop-helix leucine zipper (bHLHZ)
transcription factors that dimerize with a related, small bHLHZ
protein called Max [1]. Myc-Max binds DNA at E-box sequences
at both canonical (CACGTG) and non-canonical sites (CANNTG)
resulting in recruitment of multiple coactivator complexes and
gene activation [2,3]. Myc can also function as a transcriptional
repressor at least in part through the interaction with the tran-
scriptional activator Miz-1 [4,5]. Myc regulates a wide variety of
genes including those important in cell growth, ribosome biogene-
sis, protein synthesis, cell cycling, and metabolism [6,7] at least in
part through direct regulation of such genes, but also potentially
through global chromatin regulation [8-11]. Myc contributes to
such cellular processes as proliferation, differentiation, and apop-
tosis (reviewed in [12]).

Elucidating the mechanism by which Myc controls self-renewal
and pluripotency in ESCs is an emerging area of interest within the
Myc field. myc genes are expressed during early embryogenesis

Abbreviations: bHLHZ, basic-helix-loop-helix leucine zipper; co-IP, co-immuno-
precipitation; ESC, embryonic stem cell; GST, glutathione-S-transferase; ICM, inner
cell mass; iPSC, induced pluripotent stem cell; mESC, mouse embryonic stem cell;
Utf1, Undifferentiated embryonic cell transcription factor 1.
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with N-myc most highly expressed in ESCs and c-myc in extraem-
bryonic cells [13-15]. N- or c-myc knockout results in embryonic
lethality at E11.5 or E10.5, respectively [16,17]. The embryonic
lethality resulting from a c-myc knockout is rescued when c-myc
is replaced with N-myc [18]. These results highlight the importance
of N- and c-Myc in early embryo development as well as their sub-
stantially redundant roles. Simultaneous disruption of both N- and
c-myc expression by conditional knockout in mESCs leads to loss of
self-renewal and pluripotency [19].

Myc is also a potent driver of cellular reprogramming, enhanc-
ing the production of iPSCs by one-to-two orders of magnitude
when combined with Oct4, Sox2, and KlIf4. While Myc has subse-
quently been shown not to be formally required for the iPSC pro-
duction process [20], it consistently enhances the efficiency of
production and a role for endogenous Myc in iPSC formation is
clear [21]. Utf1 can substitute for Myc in the iPSC production pro-
cess by an unknown mechanism [22] suggesting links between the
functions of Myc and Utf1.

Utf1 is highly expressed and restricted to cells of the inner cell
mass (ICM), ESCs, and germ line tissue [23]. Knockdown of Utf1 in
mESCs results in a delay or block of differentiation [24]. It functions
as a post-transcriptional and epigenetic factor that binds to
approximately 75,000 different sites on mESC chromatin [25]. Over
1700 Utf1 target genes overlap with other factors that maintain
ESC pluripotency including Nanog, Oct4, KIf4, and in particular c-
Myc [26], supporting the notion that Myc and Utf1 may have re-
lated or overlapping functions in ESCs. Utf1 expression is also an
early stage indicator of successful reprogramming [27].
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To address the molecular mechanisms of Myc function in main-
taining distinctive ESC characteristics, we conducted a proteomics
screen to identify pluripotency and self-renewal-related Myc
cofactors in mESCs. Both known and putative novel cofactors of
Myc were identified. Amongst the candidate novel Myc interactors
identified in this screen was Utfl. We focused on the putative
interaction between Myc and Utf1 due to Utf1’s restricted expres-
sion pattern to ICM cells, ESCs, and germ line tissue and potentially
redundant functional roles with Myc in ESCs and reprogramming.

2. Materials and methods
2.1. Myc co-immunoprecipitation (co-IP)

Lysis buffer (50 mM Hepes pH 7.9, 1 mM MgCl,, 20 mM Nacl,
10 mM EDTA pH 8.0, 10% glycerol, 0.2% NP-40, and 1x protease
inhibitor) was added onto mouse embryonic fibroblast-depleted
F1A mESCs on 3 x 15 cm plates in order to lyse the cells and main-
tain Myc protein complexes. Myc complexes were immunoprecip-
itated with either anti-mouse N-Myc (Abcam Inc., Cambridge, MA)
or anti-rabbit c-Myc (Santa Cruz Biotechnology, Santa Cruz, CA)
antibody and either G or A Sepharose beads (GE Healthcare Life
Sciences, Piscataway, NJ), respectively. Cell lysates without anti-
body added were used as negative controls. Beads were washed
4 times with 450 pL lysis buffer. Samples were then washed 5
times and resuspended with 450 pL of 55 mM ammonium bicar-
bonate in preparation for mass spectrometry analysis.

2.2. Mass spectrometry

The UC Davis Genome Center Proteomics Core Facility carried
out tandem mass spectrometry on Myc immunoprecipitated sam-
ples. Mass spectrometry results were viewed with Scaffold Viewer
3 Software (Proteome Software Inc., Portland, OR).

2.3. GST-fusion protein expression

pGEX plasmids with full length mouse Utf1, Max, truncated/mu-
tated Utfl, or truncated/mutated N-myc were transformed into
BL21 cells (Sigma-Aldrich, St. Louis, MO). Induced cells were son-
icated with a Bioruptor (Diagenode Inc., Denville, NJ) at medium
setting for 15 bursts. Samples were centrifuged at 14,000xg for
5 min at 4 °C. Supernatants were aliquoted and stored at —80 °C.
Protein samples were run out on SDS-PAGE and stained with Coo-
massie to ensure proper protein size expression. Fusion protein
expression was further validated by SDS-PAGE followed by Wes-
tern blot with rabbit anti-GST antibody (Cell Signaling Technology
Inc., Boston, MA).

2.4. GST-pull down

20 pL of GST fusion proteins were incubated with glutathione
agarose beads (Sigma-Aldrich) for 1 h rocking at 4 °C. Beads were
washed 3 times with 1 mL PBST buffer followed by 2 washes with
1 mL HEMG buffer (100 mM HEPES PH 7.8, 1 M KCl, 0.5 M EDTA,
1M MgCl,, 10%NP-40, 50% Glycerol, 1M DTT, and 1x protease
inhibitor). Plasmids containing either full-length mouse N-myc, c-
myc, or Utfl under the Sp6 promoter were expressed according
to supplier protocol of the Sp6 TNT Quick Coupled Transcription/
Translation System (Promega Corp., Madison, WI). 8 UL of in vitro
transcribed/translated protein was incubated with the GST pro-
tein:glutathione beads for 2 h rocking at 4°C. Samples were
washed 4 times with 1 mL HEMG buffer. Proteins were boiled from
the beads and loaded onto SDS-PAGE for further investigation via

Western blot. Membranes were blotted with either mouse anti-N-
Myc (Abcam) or rabbit ant-Utf1 (Abcam) antibody.

2.5. Luciferase assay

293FT cells (Invitrogen, Grand Island, NY) were transfected uti-
lizing X-tremeGENE HP DNA transfection reagent (Roche) with
plasmids containing full length N-myc (500 ng), Utfl (250 ng,
500 ng, 1 pg, or 2.5 pug), renilla luciferase (10 ng) and a reporter
consisting of 4 tandem E-box sites upstream of the promoter for
firefly luciferase (2 png). All cells were transfected with 5.01 pg total
DNA by adding appropriate amounts of pMX-empty plasmid
(2.25 g, 2 ng, 1.5 pg or 0 ug). In parallel, 293FT cells were trans-
fected with a GFP plasmid to ensure a 70% or higher successful
transfection rate. 48 h post-transfection experimental cells were
lysed and subjected to luciferase activation utilizing the dual-lucif-
erase reporter assay system (Promega) and measured by the 1450
Microbeta TriLux luminescence counter (Perkin Elmer, Waltham,
MA). Fold induction of the reporter was calculated as a ratio of fire-
fly over renilla luciferase relative to the N-Myc, renilla, and repor-
ter sample set normalized to 100, n = 3. Student’s t-test was carried
out to identify p-values amongst two specified fold induction data
sets. Results shown as mean * standard deviation.

3. Results
3.1. Screen for pluripotency and self-renewal-related Myc cofactors

We hypothesized that Myc forms ESC-specific multi-protein
complexes that target genes important for maintaining ESC charac-
teristics. To test this notion and in order to delineate the role of
Myc in maintaining ESC characteristics of pluripotency and self-re-
newal from its regular upkeep processes, we screened for Myc pro-
tein cofactors in mESCs. FIA mESCs were lysed under low
stringency conditions to isolate Myc complexes. Lysates were sub-
jected to either N- or c-Myc immunoprecipitation followed by tan-
dem mass spectrometry analysis. Isolated protein complexes are
listed in order of highest total peptide number and total percent
peptide coverage (Table 1). The c-Myc antibody showed cross-
reactivity with N-Myc protein, increasing the likelihood that cofac-
tors isolated by c-Myc antibody are N-Myc cofactors. Our screen
identified previously reported mESC-specific Myc cofactors
Ddx20 [28], Ruvbl2 [29,30], and Ybx1 [28]. Also a mouse embry-
onic fibroblast cell-specific Myc cofactor, Nucleophosmin 1 [31]
and an osteosarcoma cell-specific Myc cofactor, Dnmt3a were
identified [32]. Other proteins not previously identified as Myc
cofactors but that have similar number of peptide hits in our screen
as previously identified Myc cofactors include Eeflal (Eukaryotic
translation elongation factor 1 alpha 1), Hist1h2be (Histone cluster
1, H2be) and H3f3b (H3 histone, family 3B). Utf1 was also identi-
fied in the screen. Relatively strong direct interaction of Utfl with
both N-Myc and c-Myc were consistently evident (Fig. 1A and B).
The N-Myc and c-Myc heterodimerizing partner, Max was used
as a positive control. Interestingly, Utf1 did not directly interact
with bHLHZ protein Max (Fig. 1C).

3.2. The bHLHZ region of Myc is necessary for binding Utf1

To identify the interaction domains within Myc responsible for
direct Myc and Utf1 interaction, we created and tested N-Myc
truncation proteins. Both N-Myc and c-Myc have six highly con-
served domains in the N-terminal: Myc Box I, Myc Box II, and
Myc Box Il and in the C-terminal: the basic region, helix-loop-he-
lix region, and the leucine zipper domain. Due to the substantially
conserved domains of N- and c-Myc as well as the highly



Table 1

Identification of Myc cofactors in mESCs by co-immunoprecipitation and tandem mass spectrometry.

Known Myc cofactors

(cell type)

Range of percent
probability
60-95

Total percent peptide

coverage

16
10
37

Peptide # negative control (no

antibody)

Peptide # (N-N-c-c-Myc

co-IP)

Gene name

Gene

symbol
Eeflal

0-0-6-5
0-0-4-3
0-0-4-2
0-0-4-2

0-0-3-3

Eukaryotic translation elongation factor 1 alpha 1

DEAD box polypeptide 20
Histone cluster 1,H2be

Ruvb-like protein 2

mESCs?®

50-95
77-95
75-95
65-95
81-95
70-95

Ddx20

Hist1h2be
Ruvbl2
H3f3b
Npm1
Ybx1

mESCs2930

25

H3 histone,family 3b

Nucleophosmin 1
Y box protein 1

MEFs>!

0-3-3-0
1-1-1-2
0-0-5-0
0-0-3-2

mESCs?®

17

0-1
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61-95

Heterogeneous nuclear ribonucleoprotein K

Histone cluster 1,H1b

hnrnpk

20
11

1-0

Hist1h1b
Dppa4
Nono

0-2-0-0
1-0-1-0
0-2-0-0

0-0-1-1

Developmental pluripotency associated 4

Non-POU-domain-containing,octamer binding protein

Catenin,beta 1

Ctnnb1
Mycn

Control

10

V-myc myelocytomatosis viral related
oncogene,neuroblastoma derived

Histone cluster 1,H1a
Histone cluster 4,H4

95

15
12

0-0-0-1

Hist1hla
Hist4h4

Utf1

94-95

0-0-1-0

0-0-0-1

Undifferentiated embryonic cell transcription factor 1

DNA methyltransferase 3a

U20832

76

1-0-0-0

Dnmt3a
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redundant biological roles of the proteins during early embryonic
development we decided to map the interaction domains of Myc
by focusing on N-Myc truncation proteins. Using previously pub-
lished c-Myc amino acid sequence designations for Myc Box I,
Myc Box I, basic region, helix-loop-helix, and leucine zipper [33]
and Myc Box III [34] the amino acid regions of these domains were
designated for N-Myc through amino acid sequence alignment
(Fig. 2A).

N-Myc truncation proteins were designed and generated to
determine which regions of Myc are necessary for direct interaction
with Utf1 with specific regard to the well-established conserved do-
mains. Colored bars correlating to the size of the truncated proteins
are drawn as a schematic representation (Fig. 2A). Red bars indicate
lack of interaction with full length Utf1, and the green bars indicate
positive interaction with full length Utf1. N-Myc truncation proteins
expressed well and were detected by western blot prior to pull down
(Supplementary Fig. 1A).

The C-terminal containing the bHLHZ domain of N-Myc was
found to be necessary for direct interaction with both isoforms of
Utf1 (Fig. 2A and B). Two isoforms of Utf1 are expressed in mESCs
[35]. The second smaller isoform is due to an alternative start site
at the 43rd amino acid position resulting in a smaller Utf1 protein
(Fig. 3A). The only N-Myc truncation proteins capable of binding
both isoforms of Utf1 have the bHLHZ domain intact. The loss of
detection with N-Myc 260-416 AA may be the result of either
the requirement of the helix-loop-helix and leucine zipper domain
to interact with Utf1 or the improper folding of the remaining half
of the helix-loop-helix domain which then subsequently blocks
Utf1 binding to the basic region of N-Myc. DNase I treatment did
not abolish the interaction between N-Myc bHLHZ domain from
interacting with Utf1 (Fig. 2C), validating that the interaction be-
tween the two proteins is the result of the proteins directly inter-
acting with one another through the C-terminal region of Myc and
not due to DNA contamination.

A Full Length N-Myc
10% 10%
N-Myc  GST- N-Myc GST-
Input Utfl GsT Input Max GST
- @ I' - N-Myc (64kDa)
B Full Length c-Myc
10% 10%
c-Myc  GST- c-Myc  GST-
Input  Utfl GsT Input  Max GST
' - F (- c-Myc (67kDa)
C Full Length Utfl1
10%
utfl ~ GST-
Input  Max GST
- Utf1 (49 and 38kDa)

Fig. 1. Direct interaction of Utf1 with N- and c-Myc but not Max. (A) Pull down with
in vitro transcribed/translated full-length N-Myc and Utf1 fusion protein identified
a direct interaction between N-Myc and Utfl. N-Myc and Max were used as a
positive control. (B) Pull down with in vitro transcribed/translated full-length c-Myc
and Utf1 fusion protein identified a direct interaction between c-Myc and Utf1. c-
Myc and Max were used as a positive control. (C) Pull down of in vitro transcribed/
translated Utf1 and Max fusion did not identify a direct interaction between Utf1
and Max.
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A 45. 110- 185- 380- 393- 436-
63 125 202 392 435 462
AA AA AA AA  AA  AA
1-462 AA n m Bt oo
1-70AA
1-150AA
1-300AA
1-360AA
260 - 462 AA
360 - 462 AA —_—
260 -416 AA
B Full Length Utfl
20% GST- GST- 20% GST- GST- 20% GST- 20‘%) GST- 20% GST-
Utf1 55T N-Myc N-Myc- Utfl GST N-Myc- N-Mye-  Utf1  GST N-Myc- Utf1  GST N-Myc- Utf1 GST  N-Myc-
Input 1-70 1-150 Input 1-300 1-360  Input 260-462  Input 360-462 Input 260-416
Utf1
= = - =zl = . - (49, 38kDa)
L

C Full Length Utf1
0% GST- GST-
° x* N-Myc N-Myc * =
Utf1 260 260 Dnase | treated
input GST GST 0 %45
Utf1
= - (49, 38kDa)

Fig. 2. The bHLHZ of N-Myc is necessary for direct interaction with Utf1. (A) Schematic diagram outlining the conserved domains of the N-Myc protein as well as N-Myc
truncation proteins generated for pull down. The following bars summarize the pull down results. I = Myc Box I, Il = Myc Box II, IIl = Myc Box IlI, B = Basic Region, HLH = Helix-
loop-helix, Z = Leucine zipper domain, Red bar = negative pull down interaction, Green bar = positive pull down interaction. (B) Pull down results showing positive interaction
of N-Myc 260-462 AA and N-Myc-360-462 AA with both isoforms of Utf1. (C) Pull down results after treating N-Myc 260-460 AA with DNase I. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

3.3. A large region of Utf1 is required for Myc binding

Two highly conserved domains are present within Utf1, the
Myb/SANT domain near the N-terminus and a putative leucine zip-
per near the C-terminus [24,36] (Fig. 3A). Utf1 truncations were
designed and generated in regard to the highly conserved domains
of Utf1 in order to determine the regions necessary for direct inter-
action with full length N-Myc. Utf1 truncation proteins are indi-
cated by colored bars of approximate truncation protein lengths
(Fig. 3A). Green bars indicate positive direct interaction and red
bars indicate lack of interaction with full length N-Myc. Proper
expression of expected Utf1 truncation proteins were detected by
Western blot prior to carrying out pull down (Supplementary
Fig. 1B). The region required for interaction with full length N-
Myc consists of the Myb/SANT domain, a domain known to bind
DNA. Also the region required for N-Myc interaction extends to-
wards the C-terminus of Utf1 just outside the putative leucine zip-
per motif (Fig. 3A and B).

3.4. Utf1 does not influence Myc transcriptional activation at E-box
promoters

We performed a luciferase assay to determine whether the di-
rect interaction between N-Myc and Utf1 affects Myc activity at
E-box containing gene targets. 293FT cells were transfected with
four different plasmids to overexpress N-myec, renilla luciferase, a

reporter construct consisting of 4 tandem E-box sites upstream
of the firefly luciferase, and increasing amounts of Utf1l (Supple-
mentary Fig. 2). As seen previously with this reporter construct
[37,38] Myc increases firefly luciferase expression levels approxi-
mately 5-fold (Supplementary Fig. 2). The presence of Utf1 as well
as increasing amounts of Utf1 does not have a significant effect on
N-Myc transcriptional activation activity at E-box promoter sites
(Supplementary Fig. 2).

4. Discussion

Here we have identified the direct interaction of the pluripoten-
cy and self-renewal factors Utf1 and N-Myc/c-Myc as well as des-
ignated the regions required for this interaction. N-Myc and c-Myc
are highly conserved within the bHLHZ region strongly supporting
the requirement of bHLHZ domain for Utf1 interaction for both c-
and N-Myc. Due to the requirement of the bHLHZ domain of N-Myc
and the Myb/SANT domain of Utf1 for their direct interaction sug-
gest that the proteins may bind specific regions of DNA together.

Other Myc cofactors have been known to interact with Myc
through the C-terminal domain including Miz-1 [4] and Skp2
[39]. Most importantly Myc binds its heterodimeric binding part-
ner, Max through the helix-loop-helix leucine zipper domain mak-
ing Myc capable of binding DNA at E-box sites. Also, Utf1 was not
found to directly interact with Max. These results suggest that Utf1
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B

A

270-332 AA

| -
| -

52-167 AA

Myb/
SANT

Utfl Isoform #1
1-339 AA

Utf1 Isoform #2
43-339 AA

Myb/
SANT

1-250 AA
1-240 AA

1-230 AA
130-339 AA
180-339 AA

50-250 AA
70-250 AA
120-250 AA

Full Length N-Myc Full Length N-Myc

~20% GST. GST- o
° - - Utfl-

N-Myc Utfl- Utfl- 1,60 GST
Input 1-180 1-220 (4

~10%  GST- GST-
N-Myc Utfl-  Utfl- GST
Input  1-130 1-260

- — N-Myc
(64 kDa)
Full Length N-Myc
GST- GST-  GST-  GST-
~20% Utfl-  Utfl-  Utfl-  Utfl-
N-Myc GST 1-260 1-250 1-240 1-230
Input (+)
N-Myc
—— (64 kDa)
Full Length N-Myc
GST-
~45%  Utfl- GST- GST-
N-Myc 1-260  GST Utf1- Utf1-
Input ~ (+) 130-339  180-339
N-Myc
gy —— (64 kDa)
Full Length N-Myc
reo GST-  GST- GST-  GST-  GST-
45% Utfl-  Utfl-  Utfl-  Utfl-  Utfl-
N-Myc  GsT 1-250 1-260 70-250 120-250 50-250
Input (+) (+)
N-Myc
— (64 kDa)

Fig. 3. One large region of Utf1 required for direct interaction with N-Myc. (A) Schematic diagram outlining the two endogenous isoforms of Utf1 (1-339 AA and 43-339 AA)
expressed in mESCs. The smaller isoform is due to an alternative start site. Regions highlighted in blue (57-167 AA and 270-332 AA) indicate the two highly conserved
domains of Utf1. Utf1 truncation proteins designed and generated for pull down are designated by subsequent bars. pZ = putative leucine zipper, Red bar = negative pull down
interaction, Green bar = positive pull down interaction. (B) Pull down results showing positive interaction of Utf1 1-260 AA, 1-250 AA, 1-240 AA, 50-250 AA, and 70-250 AA
with full length N-Myc. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and Max may either competitively bind Myc due to their common
binding interface or are able to bind Myc simultaneously.

The direct interaction of Utfl and Myc could not be recapitu-
lated in vivo, in both an ESC context and overexpressed in 293FT
cells (data not shown). There are several possible explanations
for these negative findings. Myc-Utf1 complexes may require an
ESC context and be present at relatively low abundance making
detection particularly challenging. Secondly, Myc is a highly unsta-
ble protein [40] with an average half-life of 20 min, which may
contribute to the difficulty in copurifying its cofactors.

Previous studies have suggested a redundant functional role be-
tween Myc and Utf1 in both reprogramming and maintenance of
self-renewal and pluripotency in ESCs. First the relative efficient
generation of iPSCs in which Myc is replaced with Utf1 as one of
the four factors for reprogramming [22] as well as the 415 genes
co-bound by Utf1 and c-Myc in mESCs [26]. From gene target data
sets it can be conservatively estimated that Myc binds ~20% of
Utf1 target genes in mESCs [26,41].

Utf1 functions as an epigenetic factor and post-transcriptional
factor in mESCs by blocking PRC2 binding and recruiting the mRNA
decapping complex [25]. Myc on the other hand is a well-estab-
lished transcription and epigenetic factor, functioning by the
recruitment of a wide variety of cofactors affecting the transcrip-
tional machinery and acetylation of histone H3 and H4 (reviewed
in [42]). Further studies of comparative global chromatin binding

sites as well as expression levels of target genes in the absence
and presence of either protein in mESCs will increase our under-
standing of the combinatorial roles of Myc and Utfl in mainte-
nance of ESC characteristics.
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