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INTRODUCTION: In mammals, the transcrip-
tional response to growth factor, neuronal,
and immune stimuli is mediated by a group of
genes called immediate-early genes (IEGs),
which encode transcription factors of the Fos,
EGR, and NR4A families. IEG proteins are ac-
tivated stereotypically in virtually all mam-
malian cells but promote the transcription
of late-response genes (LRGs) that are cell-
type specific and crucial for the appropriate
response to the initial stimulus. The physi-
ological importance of IEGs is underscored
by the fact that misregulation of their expres-
sion can lead to cancer, immune deficiencies,
and neurological disorders. The IEG mRNAs
accumulate within minutes after the initial
stimulus and, once translated, their proteins
are rapidly degraded to allow for a transient
burst of protein expression. Although themech-
anisms that regulate IEG transcription are well
characterized, how IEG proteins are swiftly
targeted for destruction has remained myste-
rious for many years.

RATIONALE: Eukaryotic cells rely on a macro-
molecular protease called the proteasome that

canonically degrades proteins marked with
ubiquitin. It has been suggested that the Fos
family is targeted to the proteasome by both
ubiquitination-dependent and -independent
mechanisms, but the molecular events that or-
chestrate these processes have remained elu-
sive. We hypothesized that there exists a cellular
pathway dedicated to the rapid destruction of
c-Fos and other IEG proteins. By harnessing
the power of forward genetic screens, we sought
to identify themachinery that controls the deg-
radation of these proteins.

RESULTS: We performed genome-wide CRISPR-
Cas9 screens to search for genes that regulate
the stability of IEG proteins. We found that
midnolin, a largely uncharacterized protein in
mammals, promoted the proteasomal destruc-
tion of IEG proteins from structurally distinct
families including c-Fos, FosB, EGR1, andNR4A1.
These results prompted us to search for addi-
tional midnolin targets. We used the global
protein stability (GPS) assaywith a human open
reading frame library (ORFeome) to assess
changes in protein stability for ~12,000 hu-
man proteins simultaneously. In addition to

IEG proteins, midnolin promoted the degra-
dation of IRF4, NeuroD1, PAX8, GATA1, and
many other cell-type–specific transcriptional
regulators in the nucleus, where midnolin it-
self resides.
Diverse stimuli that activate IEGs also in-

ducedmidnolin, andmidnolin overexpression
was sufficient to cause the destruction of its
targets by a mechanism that does not require
ubiquitination. Multiple lines of evidence sup-
port this ubiquitination-independent mecha-
nism of protein degradation. Midnolin still
bound to and promoted the degradation of
many targets that had been mutated to lack
lysine residues. Moreover, inhibition of the
proteasome, but not E1 ubiquitin–activating
enzymes, abrogated midnolin function. Addi-
tionally, midnolin does not contain RING
or HECT domains that are characteristic of E3
ubiquitin ligases or ubiquitin-binding domains
found in proteasomal processivity factors such
as Rad23.
Instead, midnolin engaged substrates using

its “Catch” domain, which was necessary and
sufficient to interact with unstructured regions
within substrates that have the potential to
form a b strand upon bindingmidnolin. These
unstructured regions with the propensity to
form a b strand were also necessary and suffi-
cient tobind theCatchdomain, thus functioning
as a midnolin degron. In addition, midnolin
stably associatedwith the proteasome through
a C-terminal a helix and promoted the deg-
radation of Catch-bound targets using its N-
terminal ubiquitin-like domain. Thus,midnolin
contains three conserved structural domains
that function in concert to directly target a
large set of nuclear proteins to the proteasome
for ubiquitination-independent degradation.

CONCLUSION: Our study suggests that the
midnolin-proteasome pathway may represent
a general mechanism by which the protea-
some bypasses the canonical ubiquitination
system to achieve selective degradation of nu-
clear proteins, many of which are crucial for
transcription. Within substrates, midnolin re-
cognizes relatively degenerate amphipathic re-
gions with the potential to form b strands, so
the midnolin degron may be a common struc-
tural component of numerous proteins. How
the midnolin-proteasome pathway is regulated
by various cues in diverse cell types to con-
trol transcriptional programs will be an im-
portant subject of future exploration.▪
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The midnolin-proteasome pathway degrades many nuclear proteins independently of ubiquitination.
Midnolin is induced by diverse cues, including growth factors and neuronal stimuli. Within the nucleus, midnolin
associates with the proteasome through a C-terminal a helix (aHelix-C) and promotes the degradation of
bound substrates using an N-terminal ubiquitin-like domain (Ubl). Midnolin achieves selectivity using its Catch
domain, which binds an unstructured region within substrates that can form a b strand. Structures shown
are AlphaFold models. Figure was created with BioRender.com. NLS, nuclear localization sequence.
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Cells use ubiquitin to mark proteins for proteasomal degradation. Although the proteasome also
eliminates proteins that are not ubiquitinated, how this occurs mechanistically is unclear. Here, we found
that midnolin promoted the destruction of many nuclear proteins, including transcription factors
encoded by the immediate-early genes. Diverse stimuli induced midnolin, and its overexpression was
sufficient to cause the degradation of its targets by a mechanism that did not require ubiquitination.
Instead, midnolin associated with the proteasome via an a helix, used its Catch domain to bind a region
within substrates that can form a b strand, and used a ubiquitin-like domain to promote substrate
destruction. Thus, midnolin contains three regions that function in concert to target a large set of
nuclear proteins to the proteasome for degradation.

I
n mammals, extracellular growth factors,
cytokines, neurotrophic factors, and neuro-
transmitters bind their cognate receptors
and activate rapid responses by inducing
posttranslational modifications of preex-

isting proteins. More delayed responses are
also induced by stimulating gene transcription
within the nucleus (1, 2). This transcriptional
response occurs in two steps. First, within
minutes of the initial stimulus, a set of genes
called immediate-early genes (IEGs) is activated.
The IEGs encode transcription factors that then
trigger a second wave of late-response gene
(LRG) expression that mediates the cellular re-
sponse to the initial stimulus. The IEG response
is activated in a stereotypical fashion in virtu-
ally every cell type in the body but induces
programs of LRG expression that are cell-type
specific (3). The plethora of cellular responses
regulated by IEGs include the cell cycle reentry
of quiescent fibroblasts during wound healing;
the activation of immune cells in response to
cytokines and bacterial and viral infections; and
the adaptive responses of neurons to neuro-
transmitters during learning and memory (3).
The IEG family encodes transcription factors

such as Fos, Egr, andNr4a that are rapidly and
transiently induced in response to a wide range
of extracellular stimuli (4). The IEG mRNAs ac-
cumulate to a high level, and once thesemRNAs

are translated, the IEG proteins undergo rapid
decay (5). Thus, the protein stability of the IEG
program is tightly controlled to allow for a rel-
atively brief burst of protein expression that is
crucial for appropriate cellular responses to
various stimuli. Misregulation of the signaling
networks that control IEG expression can lead
to cancer, immune deficiencies, and neurologi-
cal disorders (3).
Although themechanisms that regulate IEG

transcription are well characterized, it is un-
clear how IEG proteins are degraded. In many
cases, conjugation of ubiquitin onto substrate
proteins occurs as a prelude to their destruction
by the proteasome. c-Fos and FosB have been
reported to be targeted to the proteasome by
bothubiquitination-dependentand-independent
mechanisms, but the molecular events that
orchestrate these processes are unknown (6, 7).

Genetic screens reveal midnolin as a regulator
of IEG protein degradation

To investigate the mechanism of IEG protein
degradation, we first used the global protein
stability (GPS) reporter system to assay IEG
protein stability (8). GPS allows for the stable
expression of DsRed as an internal control and
a green fluorescent protein (GFP)–tagged pro-
tein from the same bicistronic mRNA. There-
fore, the ratio of GFP/DsRed analyzed by flow
cytometry provides a measure of the relative
stability of the GFP-fused protein. To identify
regulators of IEG protein stability, we generated
human embryonic kidney (HEK)–293T cell lines
stably expressing the GPS reporter for EGR1 or
FosB and performed genome-wide CRISPR-
Cas9 screens to search for genes whose disrup-
tion stabilized EGR1 or FosB (Fig. 1A). The
comparison of EGR1 and FosB allowed us to
investigatewhether IEGs fromdifferent families
are degraded by the same or different mecha-

nisms. The top hit fromboth screenswasMIDN,
a gene that in mammals encodes a largely un-
characterized protein namedmidnolin (Fig. 1, B
and C, and data S1).
To validate our CRISPR-Cas9 screening re-

sults, we generatedMIDN clonal knockout (KO)
HEK-293T cells stably expressing the GPS
reporter for EGR1 or FosB and assessed the effect
ofMIDN disruption and overexpression on the
stability of EGR1 or FosB. Consistent with the
screening results, loss of midnolin increased the
stability of both EGR1 andFosB (Fig. 1, D andE).
We tested additional IEG proteins, and mid-
nolin overexpression was sufficient to decrease
the levels of EGR1, FosB, c-Fos, andNR4A1 (Fig. 1,
D and E, and fig. S1, A and B) but not several
other transcription factors, including ATF2,
CREB3, and CREB5 (fig. S1C). These findings
raised an interesting possibility that three dis-
tinct families of IEG proteins may be targeted
for degradation by the same protein: midnolin.

Midnolin is induced and promotes the
degradation of several IEG proteins in
physiological settings

To investigate the requirement ofmidnolin for
the degradation of IEG proteins in physiologi-
cally relevant settings, wemutatedMIDN using
CRISPR-Cas9 to generate a population-level KO
of NIH/3T3 fibroblasts, a well-characterized
cell line for studying IEG inducibility during cell
cycle reentry. Serum deprivation synchronizes
NIH/3T3 cells in the G0 phase of the cell cycle,
and IEGs are rapidly and transiently transcribed
within minutes after serum addition to these
cells (9). This transient induction of IEG tran-
scription is followed by an increase in the levels
of IEGproteins that then quickly return to their
basal levels. In MIDN KO cells, IEG protein
levels remained high for several hours longer
than in control cells, suggesting that the degra-
dation of EGR1, NR4A1, FosB, and c-Fos was
attenuated in the absence ofmidnolin (Fig. 2A).
By contrast, stable overexpression of midnolin
led to a decrease in the levels of these IEG pro-
teins (Fig. 2B).
In addition to their importance during cell

cycle reentry, IEGs mediate adaptive responses
in neurons. In response to sensory stimuli, if
enough glutamate is released at excitatory
synapses in the brain to generate an action po-
tential in the postsynaptic neuron, the de-
polarization of this neuron results in an influx
of calcium that triggers the induction of IEGs
(3). This membrane depolarization induc-
tion of IEGs also occurs in cultured mouse
neurons within minutes of exposure to ele-
vated levels of KCl (10). To determine whether
midnolin regulates IEG protein levels in this
paradigm, embryonic mouse cortical neu-
rons were cultured and infected with lenti-
virus to generate population-level MIDN KO
or midnolin-overexpressing cells. When ex-
posed to elevated levels of KCl, IEG protein

RESEARCH

Gu et al., Science 381, eadh5021 (2023) 25 August 2023 1 of 17

1Department of Neurobiology, Harvard Medical School,
Boston, MA 02115, USA. 2Division of Genetics, Department of
Medicine, Howard Hughes Medical Institute, Brigham and
Women’s Hospital, Boston, MA 02115, USA. 3Department of
Genetics, Harvard Medical School, Boston, MA 02115, USA.
4Department of Biomedical Informatics, Harvard Medical
School, Boston, MA 02115, USA. 5Department of Molecular
and Cellular Biology, Harvard University, Cambridge, MA
02138, USA.
*Corresponding author. Email: selledge@genetics.med.harvard.
edu (S.J.E.); michael_greenberg@hms.harvard.edu (M.E.G.)
†These authors contributed equally to this work.

D
ow

nloaded from
 https://w

w
w

.science.org at H
arvard U

niversity on January 30, 2024

mailto:selledge@genetics.med.harvard.edu
mailto:selledge@genetics.med.harvard.edu
mailto:michael_greenberg@hms.harvard.edu


expression was increased inMIDN KO neurons
but decreased in themidnolin-overexpressing
neurons (Fig. 2,CandD).By contrast, IEGmRNA
expression was largely unchanged by midnolin
overexpression (fig. S1D), which is consistent
with midnolin affecting the stability of IEG
proteins but not their mRNA transcripts.
KCl treatment of primary cortical neurons

inducedMIDNmRNA levels with kinetics simi-
lar to that of IEGs (Fig. 2E). In a previous
RNA-sequencing dataset, MIDN was found to
be induced upon light stimulation of the visual
cortex in vivo (fig. S1E) (11).Midnolinwas also
induced upon serum restimulation of NIH/3T3
cells (Fig. 2F) with kinetics similar to that of
IEGs (12). These stimulus-dependent increases
in midnolin expressionmay be involved in the
rapid degradation of IEG proteins. Thus, mid-
nolin is induced by various stimuli and pro-
motes the degradation of IEG proteins in
physiologically relevant settings, potentially
through a feedback mechanism.

Midnolin can promote the degradation of
numerous transcriptional regulators

To determine the extent to which midnolin
regulates other cellular proteins beyond IEGs,
we performed a screen to identify additional
midnolin targets. The screen used a previously
describedGPSORFeome library,which contains

~12,000 barcoded human open reading frames
(ORFs) tagged with GFP in the GPS reporter
system (13). The GPS ORFeome library was
stably introduced into MIDN KO HEK-293T
cells, and plasmids expressing either a control
blue fluorescent protein (BFP) or midnolin to-
gether with BFP were transiently transfected
into cells to yield two cell libraries, one lacking
midnolin and the other overexpressing mid-
nolin. Because the GPS system overexpresses
proteins and endogenous midnolin levels are
low, we overproducedmidnolin to gain sensi-
tivity in this setting. The cells in each librarywere
then partitioned into six populations on the
basis of their GFP/DsRed ratios by fluorescence-
activated cell sorting (FACS). The barcodes pres-
ent in each population were then sequenced to
determine the change in their distributionwithin
the cell populations uponmidnolin overexpres-
sion. If midnolin promoted the destruction of a
given barcoded GFP-fusion protein, then the dis-
tribution of the barcode would shift to a cell
population with a lower GFP/DsRed ratio in
themidnolin-overexpressing library (Fig. 3A).
This screen yielded our previously characterized
targets of midnolin, including FosB and c-Fos,
along with CBX4 (Pc in flies), which was pre-
viously shown to be regulated by theDrosophila
melanogaster ortholog of midnolin, Stuxnet (14)
(Fig. 3B).Midnolin overexpression also led to a

robust reduction in the GFP/DsRed ratios of
many proteins, consistent with a decrease in
protein stability (data S2). Most of the proteins
regulated bymidnolin overexpression were nu-
clear proteins that regulate transcription (Fig.
3C), such as the lineage-specific transcription
factors IRF4, NeuroD1, PAX8, and GATA1.
To validate the findings from the GPS

ORFeome screen,midnolinwas overexpressed
inMIDNKOHEK-293T cells stably expressing
individual GPS reporters for the identified pro-
teins.Midnolin overexpressionwas sufficient to
reduce the GFP/DsRed ratios of these proteins,
consistentwith a decrease in their stability (Fig.
3D and fig. S2A). The endogenous levels of
various proteins identified in the screen were
also substantially reduced in HEK-293T cells
that expressed a doxycycline-induced midnolin
(Fig. 3E). Among the lineage-specific transcrip-
tion factors that are not expressed inHEK-293T
cells, interferon regulatory factor 4 (IRF4) is es-
sential for the function and homeostasis of
mature B and T cell lymphocytes (15, 16). To test
the ability of midnolin to promote the destruc-
tion of endogenous IRF4,we generatedRamos
B cell lines with population-level KO or over-
expression of midnolin. In these cell lines, the
steady-state levels of IRF4 were markedly in-
creased in theMIDNKO cells and decreased in
themidnolin-overexpressed cells (Fig. 3F). Thus,
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Fig. 1. Genetic screens reveal midnolin as a regulator of IEG protein
degradation. (A) Schematic showing the FACS-based genome-wide CRISPR-
Cas9 screens using the GPS reporter of IEG proteins in HEK-293T cells (figure
created with BioRender.com). (B and C) Results of the genetic screens revealed
MIDN as the top hit for negatively regulating the stability of both EGR1 and
FosB. The proteasomal components showed a weaker enrichment, likely due to
their essentiality. The MAGeCK score represents the negative log10 of the

“pos|score” value generated from MAGeCK (62). (D and E) Losing midnolin
stabilized, whereas overexpressing midnolin destabilized, EGR1 and FosB. GPS
EGR1 or FosB reporters were stably expressed in wild-type and two independent
MIDN KO HEK-293T single cell clones. Vectors expressing BFP control
alone (gray) or midnolin and BFP from a EF1a promoter (red) were transiently
reintroduced by transfection before analyzing the GFP/DsRed ratio by
flow cytometry.
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Fig. 2. Midnolin is induced and promotes the degradation of several IEG
proteins in physiological settings. (A) Loss of midnolin increased the
expression of IEG proteins in NIH/3T3 cells. Immunoblotting was performed from
NIH/3T3 cells stably expressing Cas9 and control or MIDN targeting sgRNAs.
This population-level mutagenesis of MIDN may show lower penetrance relative
to an isogenic mutant because the KO efficiency is dependent on the efficacy
of the sgRNA. The cells were starved of serum overnight before serum restimulation
for the indicated time points. Asterisks mark nonspecific cross-reactive proteins.
(B) Overexpressing midnolin decreased the expression of IEG proteins in
NIH/3T3 cells. Same assay as in (A) but in NIH/3T3 cells stably overexpressing
an N-terminally 2xFLAG tagged human midnolin using a CMV promoter. (C) Loss
of midnolin increased the expression of IEG proteins in primary cortical neurons.
Neurons were isolated from E16.5 mouse brains and cultured in a dish. On day 3

after isolation, the neurons were infected with lentivirus encoding Cas9 with
control or MIDN targeting sgRNAs. Immunoblotting was performed on day 11
after dissection from neurons that were silenced overnight with TTX (a sodium
channel blocker) and D-AP5 (an NMDA receptor antagonist) and stimulated with
KCl for the indicated time points to induce depolarization. (D) Overexpressing
midnolin decreased the expression of IEG proteins in primary cortical neurons.
Similar assay as in (C) but using lentivirus to overexpress a BFP control or human
midnolin coexpressing BFP using an EF1a promoter. (E and F) qPCR analysis for
mRNA levels of the indicated genes from primary mouse cortical neurons that were
KCl stimulated (E) or from NIH/3T3 cells that were serum restimulated (F)
for the indicated time points. Error bars indicate SD from three biological replicates.
Data were analyzed using an ordinary one-way ANOVA followed by Tukey’s multiple-
comparisons test; ****P < 0.0001.
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through gain-of-function screening, we uncovered
many potential targets of midnolin that have
important tissue or cell type–specific functions
in regulating gene expression.

Midnolin associates both with its substrates
and the 26S proteasome
To begin to determine howmidnolin promotes
the degradation of a large diverse set of pro-

teins, we generated a HEK-293T cell line in
which endogenous midnolin was tagged at its
N terminus with 3xHA to facilitate immuno-
precipitation. We found by mass spectrometry
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Fig. 3. Midnolin can promote the degradation of numerous transcriptional
regulators. (A) Schematic showing the midnolin GPS ORFeome screen. The GPS
ORFeome library (~12,000 barcoded human ORFs tagged to GFP) was
introduced into MIDN KO HEK-293T, and the library-expressing cells were
transfected with BFP control or midnolin coexpressing BFP before FACS sorting
the library into populations based on the GFP/DsRed ratio (figure created with
BioRender.com). (B) Analysis of the GPS ORFeome screen showing the change in
protein stability (DPSI) between midnolin and BFP, which was calculated based
on the change in read distribution of the barcoded ORFs. Approximately 5% of
the library showed significant destabilization with DPSI values <–0.5. Several
validated hits from the screen are shown in the boxed table. (C) GSEA based on
the GPS ORFeome screen for molecular function. (D) Validation of screen hits

indicates their potent regulation by midnolin. GPS reporters for the indicated
genes were stably expressed in MIDN KO HEK-293T cells, and a control BFP
or midnolin coexpressing BFP was transiently transfected before analyzing the
GFP/DsRed ratio by flow cytometry. (E) Endogenous proteins of numerous
screen hits are regulated by midnolin. Immunoblotting was performed from wild-
type, MIDN KO, and MIDN KO HEK-293T cells in which midnolin expression was
stably induced with doxycycline (100 ng/ml) for 2 days using a TRE promoter.
Shown are putative midnolin targets (red) based on the GPS ORFeome screen
and negative controls (black). (F) Validation of midnolin-mediated degradation
of endogenous IRF4 in Ramos B cells. Immunoblotting was performed from
Ramos B cells expressing Cas9, control or MIDN targeting sgRNAs, or stably
overexpressing midnolin using an EF1a promoter.
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that endogenous midnolin coimmunoprecipi-
tated essentially all proteasomal subunits of the
19S regulatory particle and the 20S proteolytic
core particle (Fig. 4A and data S3). These pro-
teasomal subunits were the most abundant
proteins detected by mass spectrometry. Also,
there were no proteins aside from the pro-
teasomal proteins that were both coimmuno-
precipitated by midnolin and scored in our
genome-wideCRISPR-Cas9 screens (data S3 and
Fig. 1, A to C). These results suggested that mid-
nolin likely interacts directly with the proteasome.
In addition, bymining the BioPlex protein-protein
interaction dataset (17), we found that several
IEGproteins, includingEGR1, FosB, andNR4A1,
as well as a proteasomal component, PSMD2,
coimmunoprecipitated endogenous midnolin
in HEK-293T cells (fig. S3A).
To confirm the mass spectrometry findings,

we treated HEK-293T cells expressing 3xHA-
tagged midnolin with MG132 to prevent sub-
strate degradation or with phorbol 12-myristate
13-acetate (PMA), a protein kinase C agonist, to
induce the transcription of IEGs (18). Endoge-
nousmidnolin interactedwith c-Fos, FosB, EGR1,
and NR4A1, as well as the proteasome, as indi-
cated by PSMD2 and PSMA2, components of
the 19S and 20S proteasome, respectively (Fig.
4B). Like serum-stimulated fibroblasts andKCl-
treated neurons, exposure of HEK-293T cells to
PMA led to an increase in the level of the mid-
nolin protein (Fig. 4B). Thus, midnolin interacts
with the proteasome to promote the degrada-
tion of midnolin-bound proteins.

Midnolin promotes ubiquitination-independent
degradation of bound substrates

We next investigated whether midnolin targets
its substrates for destruction by a ubiquitination-
andproteasome-dependentmechanism. Individ-
ual GPS reporters of midnolin substrates were
stably expressed inMIDN KOHEK-293T cells,
which were transfected with BFP control or
midnolin coexpressing BFP. These reporter cells
were then treated for 6 hours with the pro-
teasome inhibitor MG132 or TAK-243, a potent
inhibitor of the E1 ubiquitin–activating enzymes
UBA6 and UAE that inhibits protein ubiquiti-
nation globally (19). Although the proteasome
inhibitorMG132 strongly reduced themidnolin-
mediated degradation of these midnolin sub-
strates, the ubiquitin E1 inhibitor TAK-243 did
not disrupt midnolin function (fig. S3B). By
contrast, bothMG132 and TAK-243 promoted
stabilization of c-Myc, which does not appear
to be a midnolin substrate (fig. S3B). Further-
more, when we treated HEK-293T cells express-
ing 3xHA-taggedmidnolin withMG132 or TAK-
243 for 6 hours, we found that the proteasome
inhibitorMG132 led to a potent increase in the
expression of the midnolin protein, but the
E1 inhibitor TAK-243 caused a slight decrease
in the level of midnolin. Conversely, the level of
c-Myc and p27, two transcriptional regulators

that are known to be targeted for proteasomal
degradation in a ubiquitination-dependent man-
ner, increased upon exposure to TAK-243 or
MG132 (Fig. 4C) (20–22). Thus, midnolin does
not appear to require ubiquitination for its own
turnover by the proteasome.
To further test the requirement of ubiquitina-

tion for midnolin-mediated degradation, poten-
tial ubiquitination sites were mutated in several
midnolin substrates. Because canonical ubiquiti-
nation occurs on lysine residues, all lysine
residues within these substrates were mutagen-
ized to arginine to block lysine-dependent ubi-
quitination (23–25). Wild-type and K-to-R mutant
substrates, such as EGR1, FosB, c-Fos, NR4A1,
NeuroD1, and IRF4, interactedwith endogenous
midnolin to a similar extent (Fig. 4D). When
stably expressed inMIDN KOHEK-293T cells,
both wild-type and K-to-R mutant substrates
were efficiently degraded upon doxycycline-
inducedmidnolin overexpression (Fig. 4E), indi-
cating that lysine residues were not required for
midnolin-dependent substrate destruction. Thus,
it seems that midnolin directly associates with
the proteasome and promotes the degradation of
many transcriptional regulators without requir-
ing their ubiquitination.

Midnolin contains three domains that function
in concert to promote proteasomal
degradation of bound substrates

To gain insight into how midnolin interacts
with the proteasome and its numerous sub-
strates, we used AlphaFold to obtain a predicted
structure ofmidnolin, which revealed three con-
fidently predicted andhighly conserved regions
with defined structure (Fig. 5A and fig. S4, A
and B) (26). Midnolin does not contain struc-
tural elements that are characteristic of RING-
orHECT-type ubiquitin ligases (27) anddoes not
contain a ubiquitin-binding domain character-
istic of proteasomal processivity factors such
as Rad23 or ubiquilin (28). Instead, midnolin
contains a ubiquitin-like domain (Ubl) toward
its N terminus. Additionally, midnolin contains
two discontinuous regions, each composed of
two predicted antiparallel b strands and two
or three a helices, that appear to fold together
to form a domain with internal symmetry. For
reasons discussed below, we named this region
ofmidnolin the “Catch” domain. Finally, midno-
lin contains a long a helix toward its C terminus,
called aHelix-C, which includes a predicted nu-
clear localizationsequence (NLS). Indeed, endog-
enous midnolin was largely located within the
nucleus, and deletion of the predicted NLS, but
not other regions of midnolin, resulted in its
localization to the cytoplasm (fig. S5, A and B).
To determine whether these three regions are

important for midnolin function, we transiently
expressed wild-type and mutant versions of
midnolin inMIDN KO HEK-293T cells stably
expressing the GPS IRF4 or FosB reporters
(Fig. 5, B and C). Although wild-type midnolin

potently promoted IRF4 and FosB destruc-
tion, pointmutations of theUbl or deletions of
the Ubl, Catch, aHelix-C, or NLS domains ab-
rogatedmidnolin function (Fig. 5C and fig. S6A).
We next performed coimmunoprecipitation

experiments to identify midnolin domains that
are required for its interaction with substrates
and/or the proteasome. Point mutations or de-
letion of the Ubl domain did not disrupt the
stable association ofmidnolinwith EGR1 or the
proteasome (Fig. 5D). However, mutagenesis of
the Ubl domain potently increased midnolin
levels, and theseUblmutantswereonlymargin-
ally sensitive to MG132 (Fig. 5D). This suggests
that the ubiquitination-independent degrada-
tion of midnolin that we observed previously
(Fig. 4C) is dependent on its Ubl domain. By con-
trast, deletion of the NLS or entire C-terminal
a helix revealed that this domain is necessary for
midnolin to interact stably with the proteasome
but not its substrates (Fig. 5D). This association
with the proteasome was not affected by inhibi-
tionof theproteasomeorE1ubiquitin–activating
enzymes (fig. S6B). When fused to maltose-
binding protein (MBP), themidnolin helix con-
ferred the ability to interactwith theproteasome
(Fig. 5E). Thus, the C-terminalmidnolin helix is
both necessary and sufficient to bind the pro-
teasome andmidnolin and, unlike the processi-
vity factors Rad23 and ubiquilin, engages the
proteasome stably independently of the Ubl
domain (Fig. 5D) (29, 30).
Deletion of the regions that fold together to

form the Catch domain (theN-terminal Catch1
and C-terminal Catch2 subdomains) abolished
the interaction of midnolin with its substrates
without affecting its ability to bind the protea-
some (Fig. 5D). In growth-arrested NIH/3T3
cells in which the level of endogenous mid-
nolin substrates was induced upon serum re-
stimulation, the interaction of midnolin with its
substrates also required the Catch domain (fig.
S6C). To determine whether the Catch domain
is both necessary and sufficient to engage mid-
nolin substrates, we immunoprecipitated trans-
fectedwild-type, Catch domain–deletedmidnolin
or the Catch domain alone in HEK-293T cells
and assessed the interaction with various sub-
strates and proteasomal components. Deletion
of the Catch domain abolished the interaction
of midnolin with its substrates while retaining
proteasome binding, and the Catch domain
alone was sufficient to bindmidnolin substrates
(Fig. 5F). Catch1 and Catch2 are separated by a
long, 111–aminoacidunstructured sequence that
is poorly conserved. We shortened this Catch1
and Catch2 linker to 10 amino acids (DLoop1),
16 amino acids (DLoop2), or 28 amino acids
(DLoop3). Thesemidnolin variants still interacted
with substrates and promoted their degradation,
indicating that the long stretch connectingCatch1
and Catch2 is largely dispensable (Fig. 5F and
fig. S7, A and B). However, the length between
Catch1 and Catch2 could not be too short,
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Fig. 4. Midnolin associates with the proteasome to promote ubiquitination-
independent degradation of bound substrates. (A) A 3xHA-tag was introduced at the
N terminus of the endogenous midnolin locus in HEK-293T cells using CRISPR-Cas9–
initiated recombination. Cells were treated with MG132 for 6 hours before
immunoprecipitation of 3xHA-midnolin followed by mass spectrometry. The results
revealed a large enrichment of the 26S proteasome (data S3), and shown is a
STRING analysis of the top coimmunoprecipitated proteins identified from the mass
spectrometry. (B) Midnolin coimmunoprecipitates the proteasome and IEG proteins
endogenously. Immunoblotting was performed from anti-HA immunoprecipitants
of endogenous 3xHA-midnolin from the knock-in HEK-293T cells treated with the
indicated drugs for 6 hours. PMA was used to induce the transcription of IEGs.
(C) Endogenous midnolin protein levels are strongly increased by proteasomal

inhibition but not by ubiquitin E1 inhibition. Immunoblotting was performed from
wild-type and 3xHA-midnolin knock-in HEK-293T cells treated with 10 mM MG132 or
500 nM TAK-243 for 6 hours. (D) Lysine-dependent ubiquitination on substrates is
not necessary for midnolin interaction. Immunoblotting was performed from anti-HA
immunoprecipitants of HEK-293T cells that were transfected with the indicated
constructs, either wild-type or all lysine residues mutated to arginine residues (K-to-R
mutants). Cells were treated with 10 mM MG132 for 6 hours. CBX8 serves as a negative
control as it is not targeted by midnolin. (E) Midnolin does not require lysine residues
on substrates to promote degradation. Wild-type and K-to-R mutant substrates
were stably introduced into MIDN KO HEK-293T cells using a cytomegalovirus
(CMV) promoter. Then, midnolin expression was induced using doxycycline
(100 ng/ml) for 2 days using a TRE promoter before lysis and immunoblotting.
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Fig. 5. Midnolin contains three regions that function in concert to promote
proteasomal degradation of bound substrates. (A) Midnolin structure
prediction by AlphaFold (Q504T8-F1) reveals three regions with defined
structure (26). (B) Schematic representation of mutations (72) or truncations
introduced into the midnolin cDNA. See the materials and methods for the
truncation boundaries and regions used for sufficiency experiments. (C) Regions
with defined structure are necessary for a functional midnolin. The GPS IRF4
reporter was stably expressed in MIDN KO HEK-293T cells, and a control BFP or
wild-type and mutant versions of midnolin coexpressing BFP were transiently
transfected before analyzing the GFP/DsRed ratio by flow cytometry. (D) The
midnolin Catch domain is necessary for binding substrates, and the C-terminal a
helix is necessary for proteasomal association. Immunoblotting was performed
from anti-FLAG immunoprecipitants of HEK-293T cells stably expressing
2xFLAG-tagged midnolin using a CMV promoter. Cells were treated with 10 mM

MG132 for 6 hours. (E) The midnolin aHelix-C is sufficient to interact with the
proteasome. Immunoblotting was performed from anti-FLAG immunoprecipi-
tants of MIDN KO HEK-293T cells transfected with the indicated 2xFLAG-tagged
proteins. (F) The midnolin Catch domain is sufficient to bind substrates.
Immunoblotting was performed from anti-FLAG immunoprecipitants of MIDN KO
HEK-293T cells transfected with the indicated 2xFLAG-tagged proteins. The
111–amino acid sequence between Catch1 and Catch2 was shortened to 10
amino acids (DLoop1), 16 amino acids (DLoop2), or 28 amino acids (DLoop3).
Cells were treated with 10 mM MG132 and 20 ng/ml of PMA for 6 hours.
(G) The Catch1 and Catch2 regions of midnolin interact when expressed as
independent proteins. Immunoblotting was performed from anti-HA immuno-
precipitants of MIDN KO HEK-293T cells cotransfected with 2xHA-GFP-Catch1
and 2xFLAG-MBP-Catch2 constructs, where “e” signifies empty 2xHA-GFP
or 2xFLAG-MBP.
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Fig. 6. Midnolin catches regions within its substrates that constitute a
b-strand degron. (A) AlphaFold structure prediction of midnolin bound to its
substrate IRF4 reveals an adopted b-strand capture model. (B) Midnolin requires
the predicted b strand within IRF4 to promote degradation. The GPS IRF4
reporters were stably expressed in MIDN KO HEK-293T cells, and a control BFP
or midnolin coexpressing BFP was transiently transfected before analyzing the
GFP/DsRed ratio by flow cytometry. (C) Predicted b strands are necessary for
interaction with midnolin. Immunoblotting was performed from anti-FLAG
immunoprecipitants of 3xHA-midnolin knock-in HEK-293Ts transfected with
2xFLAG-tagged substrates. For FosB, the comparison is between the full-length
protein and DFosB. Cells were treated with 10 mM MG132 for 6 hours. See the
materials and methods for the truncation boundaries. (D) Amino acid frequency
of midnolin substrate b strands predicted by AlphaFold reveals a strong

preference for hydrophobic residues. “Inward” is defined by the residues buried
within the Catch domain, and “Outward” is defined by the solvent-exposed
residues. (E) The hydrophobicity of residues within the b strand was determined
by a mean hydrophobicity index at pH 7 (70, 71) of residues immediately before,
within, or immediately after the b strand. (F) AlphaFold structure prediction of
the midnolin Catch domain bound to IRF4. (G) Hydrophobic b-strand residues
buried within the Catch domain are required for midnolin interaction [similar
assay as in (C) but from cells transfected with the 2xFLAG-tagged IRF4
constructs]. (H) Midnolin requires the hydrophobic b-strand residues buried
within the Catch domain to promote degradation [similar assay as in (B)].
(I) Regions encompassing predicted b strand(s) are sufficient for conferring an
interaction with midnolin [similar assay as in (C) but from cells transfected
with the indicated 2xFLAG-GFP-peptide fusions].
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because the shortest linker (DLoop1, 10 amino
acids) did attenuate the interaction of mid-
nolin with certain substrates (Fig. 5F and fig.
S7A). Thus, the linker between Catch1 and
Catch2 may still be important for proper flexi-
bility or folding of the Catch domain.
Given the importance of the Catch domain

for binding substrates, we further validated the
AlphaFold prediction that Catch1 and Catch2
fold together. This foldingmaybe stronglydriven
by hydrophobicity, because the core of the Catch
domain is composed exclusively of highly con-
served hydrophobic amino acids (fig. S7C). To
validate that Catch1 and Catch2 fold back to
bind each other in a process driven by hydro-
phobicity, we expressed each separately by
tagging Catch1 to 2xHA-GFP and Catch2 to
2xFLAG-MBP. We also generated a series of
mutants for both Catch1 and Catch2 in which
some hydrophobic residues predicted by Alpha-
Fold to drive the interaction were changed to
aspartic acid. As a control, we mutagenized a
solvent-exposed residue on Catch1 (S134) and
Catch2 (R301) because these were not predicted
to contribute to the binding betweenCatch1 and
Catch2. These epitope-taggedCatch1 andCatch2
constructs were expressed in MIDN KO HEK-
293T, and 2xHA-GFP-Catch1 was immunopre-
cipitated. Indeed, Catch1 andCatch2 bound each
other when expressed as independent proteins,
and mutagenesis of the hydrophobic residues
to aspartic acid abolished the interaction (Fig.
5G). This contrasts with mutagenesis of the
solvent-exposed residues, which did not alter
the Catch1-Catch2 interaction as anticipated.
We also introduced these samemutations into
full-length midnolin, and only mutagenesis of
the hydrophobic residues abolished the ability
of midnolin to bind with and promote the deg-
radation of its substrates (fig. S7, B andD). The
hydrophobic core was important for the func-
tion of the Catch domain, because mutagenesis
of additional hydrophobic residues to aspartic
acid attenuated the ability of midnolin to pro-
mote the degradation of its substrates, including
IRF4 and FosB (fig. S7E).
Therefore, midnolin is primarily localized

within the nucleus, associates with the pro-
teasome using its long C-terminal a helix, binds
substrates using its hydrophobic Catch domain,
and contains aUbl domain that is necessary to
promote substrate degradation. Overall, these
three regions ofmidnolin function in concert to
promote ubiquitination-independent proteaso-
mal degradation of bound substrates.

Midnolin “catches” regions within its
substrates that constitute a b-strand degron

Wewondered howmidnolin achieves substrate
selection through its Catch domain given its
ability to promote the destruction of many
diverse proteins. Canonically, E3 ubiquitin
ligases bind short linear motifs within sub-
strates, called degrons, in which the amino acid

side chains play crucial roles in determining
substrate specificity (31–34). To gain insights
into howmidnolin achieves substrate selection,
we used AlphaFold to predict the structure of
the midnolin-substrate bound complex (26).
The AlphaFold predictions for midnolin bound
to IRF4 (Fig. 6A) revealed that a predicted un-
structured regionofnative IRF4 (fig. S8A) formed
a b strand upon binding to themidnolin Catch
domain (fig. S8B), thereby completing a five-
stranded antiparallel b-sheet tertiary structure.
Consistent with this AlphaFold-predicted inter-
action, a small deletion within IRF4 that en-
compassed the predicted b strand abolished the
ability ofmidnolin to promote IRF4degradation
(Fig. 6B).
To determine the generality of this b-strand

capture mechanism, we performed the Alpha-
Fold structure predictions for the 508 most
destabilized proteins uncovered in the GPS
ORFeome screen. The Protein Data Bank (PDB)
files for these 508 predictions can be accessed on
Dryad using the DOI 10.5061/dryad.m905qfv6g.
Approximately 40% (205/508) of the proteins
have predictions that are consistent with them
being captured by midnolin (data S4). We sys-
tematically compared the AlphaFold-predicted
structure of midnolin substrates in the native
and midnolin-bound states. The regions pre-
dicted to be captured bymidnolin are general-
ly more unstructured than the rest of the same
protein in the native state but have the po-
tential to form a b strand upon binding the
Catch domain (fig. S8C). We validated these
findings by introducing into several represen-
tativemidnolin substrates small deletions that
encompassed the predicted b strand and tested
the ability of midnolin to interact with and pro-
mote the degradation of these mutants. In each
case, deletion of the predicted b strand abro-
gated the ability of midnolin to both interact
with substrates (Fig. 6C) and promote their
degradation (fig. S9, A to D).
The AlphaFold predictions yielded several

different modes of midnolin-FosB interaction,
raising the possibility that the N and C termi-
nus of FosB have the potential to form multi-
ple different b strands that could be captured
by midnolin. We generated various truncated
forms of FosB to determinewhich regions were
necessary formidnolin to promote degradation
and found that the C-terminal 101 amino acids
were required (fig. S10A). Truncation of the last
101 amino acids of FosB results in a naturally
existing splice isoform called DFosB, which was
shown to be significantly more stable than
other Fos family members, although the molec-
ular basis for this increased stability was
unknown (35). Previous studies have shown
that chronic and repeated exposure to drugs of
abuse such as cocaine leads to week-long ac-
cumulation of DFosB protein expression in the
nucleus accumbens, a brain region crucial for
addiction (35, 36). Indeed, overexpression of

DFosB in neurons of the nucleus accumbens
sensitizes animals to the effects of cocaine
andmay thus contribute to addiction (37). In
contrast to full-length FosB, midnolin weakly
interacted with and less effectively promoted
the degradation of DFosB (Fig. 6C and fig.
S10A). Our findings therefore provide a mech-
anistic explanation for the increased stability of
DFosB. Nevertheless, DFosB is eventually de-
graded, and this may require the N terminus of
FosB, which is also predicted by AlphaFold to
form a b strand that can be captured by mid-
nolin. Deletion of the predicted N-terminal b
strand region within DFosB largely abolished
its ability to be targeted for decay by midnolin
(fig. S10B). Thus, a protein can containmore than
one region that can be captured by midnolin.
Having identified sequences that mediate the

midnolin-substrate interaction, we investigated
whether specific amino acids were enriched or
depleted over others within the predicted b
strands capturedby themidnolinCatchdomain.
Within these b strands, we observed a marked
depletion of charged amino acids, including
aspartic acid and glutamic acid, as well as pro-
line (Fig. 6D), which is known to disrupt b strands
(38). Instead, there was a strong enrichment for
hydrophobic amino acids within the midnolin-
induced b strands, which overall were signifi-
cantly more hydrophobic than the average of
all other regions within the same protein (Fig.
6E and fig. S10C). Once bound by midnolin,
these hydrophobic b strand residues were pre-
dicted to be buried within the core of the Catch
domain (inward),whereas charged amino acids
tended to point outward and were solvent ex-
posed (Fig. 6, D and F, and fig. S10D). The en-
richment for hydrophobicitywithin the b strands
is consistent with the fact that the core of the
Catch domain is also highly hydrophobic and
required for catchinghydrophobic regionswithin
substrates. To validate these predictions, two
residues (G218 and T219) at the center of the
predicted IRF4 b strand weremutagenized to
proline to potentially disrupt b-strand forma-
tion, or the hydrophobic residues buriedwithin
the interior of the Catch domain (V216, and
F220) were mutagenized to aspartic acid to
disrupt potential hydrophobic interactions.
Consistent with the AlphaFold predictions, both
the introduction of prolines andmutagenesis of
the hydrophobic residues to aspartic acid with-
in the b strand abolished the ability ofmidnolin
to interact with (Fig. 6G) and promote the deg-
radation of IRF4 (Fig. 6H). Similar results were
obtainedaftermutagenesis of the corresponding
residueswithin the EGR1-adopted b strand (fig.
S10, E and F).
We next testedwhethermidnolin could inter-

act with and promote the degradation of GFP
fused to a short sequence containing the b-strand
degron(s)within substrates.Midnolin interacted
with (Fig. 6I) and promoted the degradation of
GFP fused to short stretches within EGR1, IRF4,
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and the C-terminal tail of FosB that was de-
pendent on the hydrophobicity of the predicted
b strand (fig. S10, G andH). Thus, the b strands
predicted by AlphaFold are necessary and suffi-
cient to interact withmidnolin for proteasomal
degradation.
We conclude thatmidnolin achieves substrate

selection through a general mechanism: Cap-
tured regions within substrates have the abil-
ity to form a b strand that is biochemically
compatible with the hydrophobic core of the
Catch domain.

Discussion

In this study, we identified a protein called
midnolin that targets stimulus-induced trans-
cription factors such as c-Fos, FosB, EGR1, NR4A1,
and IRF4 to the proteasome for degradation.
Disrupting midnolin function in various cell
types increases the peak abundance of these
transcription factors and prolongs their expres-
sion. It is not uncommon for a protein to be
targeted for proteasomal degradation bymulti-
plemechanisms, and these stimulus-responsive
transcription factors may not be targeted for
degradation solely bymidnolin. Rather, it is pos-
sible that these proteins are also targeted by a
ubiquitination-dependent pathway that func-
tions in parallel withmidnolin and could be the
primarymechanism of degradation in some con-
texts. Indeed, it has been reported that Fos family
members are targeted by both ubiquitination-
dependent and -independent mechanisms (7).
We found that midnolin is induced by diverse
stimuli, and its induction may act as a post-
translational feedback circuit to limit the time
course of expression of these stimulus-responsive
transcription factors. Through a gain-of-function
genetic screen, we identified a large group of
potential targets of midnolin strongly enriched
for nuclear proteins, especially transcriptional
regulators, revealing that midnolin functions
broadly to promote the degradation of proteins
in the nucleus, where midnolin itself is pre-
dominantly localized.
The biological functions of midnolin are

likely complex. Many of its substrates play cen-
tral roles in the nervous and immune systems,
and thus it will be important to establish the
physiological function of midnolin in vivo.
Midnolin was initially discovered because of
its strong induction in themidbrain early during
embryonic development (39). However, how
midnolin expression is induced both during
development and in cultured cells is currently
unclear. Midnolin may have evolved to inte-
grate various upstream stimuli and shape the
proteome swiftly as a crucial response to the ini-
tial stimuli.Manymidnolin substrates, including
IEG proteins and lineage-specific transcription
factors, undergo a transient burst of expression
either in response to a particular stimulus or
during a specific stage of development, and thus
the prolonged expression of these transcription

factors could be detrimental to organismal
physiology. Indeed, previous studies have shown
that chronic and repeated exposure to drugs of
abuse such as cocaine leads to week-long accu-
mulation of DFosB, which plays a crucial role
for addiction in the nucleus accumbens of the
brain (35–37). Our finding that DFosB is resist-
ant tomidnolin-dependentdegradationprovides
a glimpse into the role that midnolin could play
in brain function. Given that many IEG proteins
are efficiently targeted for degradation by mid-
nolin and that the precise expression of IEGs is
critical for learning and memory (1, 3, 40), it is
possible that disrupting or boosting midnolin
function could affect the ability of animals to
efficiently learn and store information in the
brain.
IRF4, anothermidnolin substrate, is a lineage-

specific transcription factor that is essential for
the function and homeostasis of mature B and
T cells and is an oncogenic driver of multiple
myeloma (15, 16, 41). IRF4 protein expression is
potently induced by diverse stimuli, including
T cell receptor signaling and cytokines (42–45).
How the IRF4 protein returns to baseline after
stimulationwas unknown, and our finding that
IRF4 is potently targeted for degradation by
midnolin may provide insights into the function
of midnolin in the immune system. Taken
together, these findings suggest that midnolin
may serve as a key regulator that determines the
precise expression kinetics of stimulus-induced
transcription factors by controlling their pro-
tein stability in various cell types or tissues.
In principle, midnolin could be used to target
different proteins under different circumstan-
ces. For example, in flies, it was reported that a
midnolin ortholog, Stuxnet, is cell cycle regu-
lated and promotes Pc protein degradation in
mitosis during development (14).
We found that midnolin promotes the degra-

dation of its targets in a proteasome-dependent
but ubiquitination-independent manner. This
is supported by multiple lines of evidence.
Removal of lysine residues frommanymidnolin
targets did not abrogate the ability of midnolin
to bind with and promote their destruction. A
caveat to this interpretation is that ubiquitina-
tion can occur on the N-terminal amine of the
first amino acid if it is not acetylated or, more
rarely, on other residues such as cysteine, serine,
or threonine (24). However, in contrast to the
effects of proteasomal inhibition, blocking the
E1ubiquitin–activatingenzymedidnot abrogate
midnolin function while stabilizing canonical
substrates of the ubiquitin-proteasome system.
These experiments allowed us to conclude that
midnolin does not require ubiquitination for its
degradative function. Instead,midnolin engages
substrates using its Catch domain, which binds
a hydrophobic region capable of b-strand for-
mation that functions as a degron. Midnolin
associates with the proteasome using its long,
C-terminal a helix and contains an N-terminal

ubiquitin-like domain that is essential to pro-
mote the degradation of bound substrates. We
hypothesize a model whereby the concerted
action of these three regions ofmidnolin allows
for the ubiquitination-independent protea-
somal degradation of midnolin-bound pro-
teins (Fig. 7).
Previous work demonstrated that ornithine

decarboxylase is targeted directly to the pro-
teasome for degradation through a C-terminal
unstructured sequence (46–49). However, the
regionswithin substrates captured bymidnolin
are unlike any others previously described for
E3 ubiquitin ligases. The midnolin degron
appears to be generally unstructured but has
the potential to form a b strand upon binding
midnolin, with aliphatic residues of the degron
buriedwithin the hydrophobic core of the Catch
domain. The integration of the b-strand degron
into the Catch domain appears to complete a
five-stranded antiparallel b-sheet structure. The
somewhat degenerate nature of these hydro-
phobic degrons in various substrate proteins
is likely explained by the fact that b sheets are
stabilized not only by side chain interactions
but also by backbone hydrogen bonding (50),
whichmay reduce the need for specific amino
acid interactions. A regionwith the propensity
to form a b strand that is also biochemically
compatible with the hydrophobic core of the
Catch domainmay be present inmany proteins,
thereby explaining howmidnolin recognizes a
diverse set of proteins. Given the ubiquity of
such b strands as structural elements of proteins,
midnolin recognition of unfolded proteins could
behave as a general quality control mechanism.
How midnolin initiates the degradation of

bound substrates is not completely understood
mechanistically. We do not know if midnolin
interacts with its targets before binding to the
proteasome or if it associates with the pro-
teasome constitutively and then recruits its
substrates, thus defining a new subclass of pro-
teosomes in the nucleus. We favor the latter
possibility, because a unique feature ofmidnolin
is that it interacts stably with the proteasome
using a C-terminal a helix but not its Ubl
domain. This is unlike the processivity factors
Rad23 and ubiquilin, which bind ubiquitinated
cargo and use their Ubl domain to interact
with the proteasome (29, 30, 51–53). How the
midnolin a helix binds the proteasome is cur-
rently unclear, and we do not yet understand
howtheUbl functions.However, theUbldomain
of midnolin is necessary for the degradation of
bound substrates, and it is noteworthy that
midnolin itself is efficiently degraded by the
proteasome in a ubiquitination-independent
manner that requires theUbl domain.Whether
midnolin is reused or being degraded along
with the substrate remains to be determined.
We hypothesize that when midnolin interacts
with a substrate, a conformational change occurs
that allows the proteasome to recognize the Ubl
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domain transiently to promote the degradation
of thebound substratewithorwithoutmidnolin
also being degraded. Structural and biochemical
analyses are required to deepenour understand-
ing of this noncanonical docking and degrada-
tive mechanism.
Ourresultssuggest that themidnolin-proteasome

pathway may represent a general mechanism
by which the proteasome bypasses the tra-
ditional ubiquitination system to achieve se-
lective degradation ofmany nuclear proteins. It
has been reported that in bacteria, which do
not contain the ubiquitin-proteasome system,
a hierarchy of adaptors mediate selective deg-
radation of diverse proteins by the proteasome-
equivalent ClpXP protease complex (54, 55). It
will be of interest to determine whether, in the
course of evolution, additional proteins have
evolved to recruit proteins directly to the pro-
teosome for degradation.

Materials and Methods
Cell culture

HEK-293T (ATCC,CRL-3216,RRID:CVCL_0063)
andNIH/3T3(ATCC,CRL-1658,RRID:CVCL_0594)
cellswereculturedat37°Cand5%CO2 inDulbecco’s
modified Eagle’s medium (DMEM) (Thermo
Fisher Scientific, 11965118) supplementedwith
100units/ml penicillin, 0.1mg/ml streptomycin
(Thermo Fisher Scientific, 15070063), and 10%
fetal bovine serum (Cytiva, SH30088.03). Ramos
B cells (ATCC, CRL-1596, RRID: CVCL_0597)

were cultured in RPMI 1640medium (Thermo
Fisher Scientific, A1049101) supplemented with
100 units/ml penicillin, 0.1 mg/ml streptomycin,
and 10% fetal bovine serum. NIH/3T3 cells were
starved overnight of serumand restimulated the
following day with 20% serum for the indicated
time points.
Animals were handled according to the pro-

tocol (IS00000074-6) approved by the Harvard
University Office of the Institutional Animal
Care andUse Committee, HMA Standing Com-
mittee on Animals and were in accordance
with federal guidelines.Mouse cortical neurons
were isolated and cultured as described previ-
ously (56). In short, embryonic cortices from
wild-type C57BL/6NCrl mice (Charles River
Laboratories strain number 027, five to 10 em-
bryos, both males and females) were dissected
at embryonic day 16.5 (E16.5) and dissociated
with papain (Sigma Aldrich, 10108014001). After
terminating the papain digestion with ovo-
mucoid (trypsin inhibitor from Worthington),
cells were triturated gently through a P1000
pipette before passing through a 40-mm filter,
and then plated on cell culture dishes coated
with poly-D-lysine (20 mg/ml) and laminin
(4 mg/ml). The culture medium used for neu-
rons was Neurobasalmedium (Gibco) that con-
tains 2%B27 supplement, penicillin-streptomycin
(50 U/ml penicillin and 50U/ml streptomycin),
and glutaMAX (1 mM). The neurons were cul-
tured at 37°C and 5% CO2, treated with corres-

ponding viruses at 3 days in vitro (DIV) while
adding fresh culturemedium at the same time
(35% of total volume), silenced on 10 DIV over-
night by the addition of 1 mM tetrodotoxin
(TTX; Abcam, ab120055) and 100 mM AP5
(Thermo Fisher, 01-061-0), and harvested at
11 DIV after treatment with KCl stimulation
buffer composed of 52.8 mM KCl, 0.62 mM
CaCl2, 0.31 mM MgCl2, and 3.1 mM HEPES,
pH 7.4, for the indicated times.
Cells were treated with 20 ng/ml PMA

(Thermo Fisher Scientific, J-63916-MA), 10 mM
MG132 (Selleckchem, S2619), or 500 nMTAK-243
(Selleckchem, S8341) from 1000× stock solu-
tion in dimethylsulfoxide (DMSO) for 6 hours
unless stated otherwise.

Plasmids and cloning

The genome-wide CRISPR-Cas9 single-guide
RNA (sgRNA) root library (five sgRNAs/gene,
94,335 sgRNAs total) was used previously, and
the sgRNA information can be found in data
S1 (57). The barcoded GPS ORFeome expression
library was generated previously (13). The plas-
mids for human cDNAs containing a stop codon
and conferring kanamycin resistance were ob-
tained from theUltimateORFClone collection
(ThermoFisher Scientific) in the formofGateway
entry clones: MIDN (IOH62653, BC094778.1),
FOSB (IOH62162, NM_006732.2), FOS (IOH5624,
NM_005252.3), ATF2 (IOH37849, NM_001880.2),
CREB3(IOH14437,BC009402.2),CREB5 (IOH53714,
NM_001011666.1), ATF3 (IOH6465, NM_001674.2),
BATF2 (IOH13295, BC012330.1), COMMD9
(IOH12792, NM_014186.3), C11ORF31 (IOH58679,
NM_170746.2),ZNF621 (IOH44483,NM_198484.3),
SERTAD2 (IOH42292, NM_014755.2), LMX1A
(IOH34878, NM_177398.2), LMX1B (IOH34707,
NM_002316.2), HOXD3 (IOH5660, NM_006898.4),
CHCHD2 (IOH3869, NM_016139.2), FNDC3B
(IOH10620, BC012204.1), SOX12 (IOH40697,
NM_006943.2), TAX1BP3 (IOH13074, NM_
014604.2), PAX4 (IOH34754, BC074761.2), FOXA3
(IOH10014, NM_004497.2), STYX (IOH10157,
NM_145251.3), ZNF764 (IOH6451, NM_033410.2),
RelB (IOH11686, NM_006509.2), PRRX1 (IOH36664,
NM_006902.3), IRF1 (IOH2022, NM_002198.2),
IRF2 (IOH10126, NM_002199.3), IRF8 (IOH42114,
NM_002163.2), IRF9 (IOH28745, NM_006084.4),
MYC (IOH2954, P01106), SPINDOC (IOH28799,
NM_138471.1), PPDPF (IOH4080, NM_024299.2),
PAX8(IOH3823,NM_003466.3),FOXS1(IOH13387,
NM_004118.3),NEUROD1(IOH3394,NM_002500.2),
MIER2 (IOH40210, NM_017550.1), IRF4 (IOH12141,
NM_002460.2),GATA1 (IOH57792,NM_002049.3),
CITED1 (IOH5542, BC004240.1), and XRCC1
(IOH40644, NM_006297.2).
The plasmids for human cDNAs lacking a

stop codon and conferring spectinomycin resis-
tance were obtained from the Human ORFeome
library V8.1 (Dana Farber Cancer Institute) in the
formofGateway entry clones:EGR1 (ORF_IDno.
14665, BC073983.1) andNR4A1 (ORF_IDno. 292,
BC016147.1).
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Fig. 7. Model for how midnolin functions to promote ubiquitination-independent proteasomal degra-
dation. Midnolin is induced by growth factors and neurological stimuli, and its overexpression is sufficient
to cause the degradation of its targets, including transcription factors such as c-Fos, FosB, ERG1, NR4A1,
IRF4, and potentially many other proteins within the nucleus, where midnolin primarily resides. The degradation of
its substrates does not require ubiquitination. Instead, midnolin uses its Catch domain to bind unstructured
hydrophobic regions within substrates that have the potential to form a b strand that functions as a midnolin
degron. Midnolin associates with the proteasome using its long C-terminal a helix and promotes the destruction of
Catch-bound substrates through its N-terminal ubiquitin-like domain. Structures of the midnolin domains are
derived from AlphaFold predictions. How the C-terminal a helix of midnolin binds the proteasome, whether a
conformational change occurs after substrate binding, and how the ubiquitin-like domain confers degradative
activity require further investigation (figure created with BioRender.com).
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CBX4 and hemagglutinin (HA)–tagged wild-
type orK-to-Rmutated cDNAwere generated by
synthesis using Integrated DNA Technologies
(IDT)with attB1 and attB2 overhangs for cloning
into the pDONR221 (Thermo Fisher Scientific,
12536017) through aBP recombination reaction
(Thermo Fisher Scientific, 11789020) to generate
the entry clone. Similarly, the following attB1 and
attB2 overhangs we included in primers to gen-
erate fragments for sufficiency experiments by
polymerase chain reaction (PCR) for cloning
into the pDONR221: attB1, GGGGACAAGTTTG-
TACAAAAAAGCAGGCTTAgccacc; attB2,
GGGGACCACTTTGTACA-AGAAAGCTGGGTA.
Entry clones were mutagenized by PCR using

the Q5 Site Directed Mutagenesis kit (NEB,
E0554S) and the primers for mutagenesis were
designed using the NEBaseChanger program.
The midnolin amino acid sequence used was

as follows: MEPQPGGARSCRRGAPGGACELG-
PAAEAAPMSLAIHSTTGTRYDLAVPPDETVEG-
LRKRLSQRLKVPKERLALLHKDTRLSSGKL-
QEFGVGDGSKLTLVPTVEAGLMSQASRPEQ-
SVMQALESLTETQVSDFLSGRSPLTLALRV-
GDHMMFVQLQLAAQHAPLQHRHVLAAA-
AAAAAARGDPSIASPVSSPCRPVSSAARVPP-
VPTSPSPASPSPITAGSFRSHAASTTCPEQM-
DCSPTASSSASPGASTTSTPGASPAPRSRKP-
GAVIESFVNHAPGVFSGTFSGTLHPNCQD-
SSGRPRRDIGTILQILNDLLSATRHYQGMPP-
SLAQLRCHAQCSPASPAPDLAPRTTSCEKLT-
AAPSASLLQGQSQIRMCKPPGDRLRQTENR-
ATRCKVERLQLLLQQKRLRRKARRDARGP-
YHWSPSRKAGRSDSSSSGGGGSPSEASGLG-
LDFEDSVWKPEANPDIKSEFVVA
Midnolin regions for truncations or sufficiency

experiments were as follows: DUbl, residues 31
to 105; DCatch1, residues 112 to 156; DCatch2,
residues 266 to 332; DNLS, residues 402 to 413;
DaHelix-C, residues 377 to 413; aHelix-C region
fused to MBP, residues 360 to 432; Catch do-
main alone for sufficiency experiment, resi-
dues 102 to 334; DLoop1, residues 160 to 260;
DLoop2, residues 163 to 257; DLoop3, residues
169 to 251; Catch1 fused to 2xHA-GFP, residues
107 to 166; Catch2 fused to 2xFLAG-MBP, res-
idues 254 to 337; FosB truncations: deletion1,
residues 2 to 42; deletion2, residues 43 to 82;
deletion3, residues 83 to 122; deletion4, res-
idues 123 to 149; deletion5, residues 150 to 237;
DFosB, residues 238 to 338; predicted b strand
truncations: FOXS1, residues 245 to 260; CBX4,
residues 538 to 558; NEUROD1, residues 277 to
288; SPINDOC, residues 314 to 328; IRF4, res-
idues 208 to 229; FOSB (N-terminal b strand),
residues 67 to 75; EGR1, residues 128 to 145;
b-strand sufficiency peptides: EGR1, residues
113 to 172; IRF4, residues 192 to 248; FosB, res-
idues 238 to 338.
Entry clones were subcloned into the fol-

lowing lentiviral Gateway destination vectors
using an LR recombination reaction (Thermo
Fisher Scientific, 11791100): pHAGE-GPS 3.0
(13), pHAGE-GPS 3.2 (58), pHAGE-CMV-2xFLAG-

N (this paper), pHAGE-CMV-2xHA-N (this paper),
pHAGE-CMVPuromycin (59), pHAGEEF1a BFP
(this paper), CMV-C-2xFlag expression vec-
tor (Addgene, 118372), pHAGE TRE Blasticidin
(this paper), pHAGE-CMV-2xHA-GFP-N (this
paper), pHAGE-CMV-2xFLAG-GFP-N (this paper),
and pHAGE-CMV-2xFLAG-MBP-N (this pa-
per). The pInducer20 mouseCD19 (59) plas-
mid was used to generate dox-on responsive
HEK-293T cells.
Lentiviral CRISPR-Cas9 vectors containing

the sgRNA of interest were cloned by first di-
gesting the backbone lentiCRISPRv2 (Addgene,
52961)usingBsmBI (NEB,R0739S). Then, sgRNA
oligos containing CACC or AAAC overhangs
were obtained from IDT, phosphorylated and
annealed together, and ligated into the linear
backbone by T4 (NEB, M0202S) ligation. Se-
quenceswere as follows: nontargeting sgControl,
GTATTACTGATATTGGTGGG; human sgMIDN
#1,GAAGCTGCAGGAGTTCGGCG;humansgMIDN
#2, GCTGACCTTGGTACCCACCG; and mouse
sgMIDN, GCGAGCTGAACACGGCCA.

Lentivirus production

Lentivirus was generated by transfecting HEK-
293T cells using PolyJet (SignaGen, SL100688)
following the manufacturer’s instructions with
plasmids encoding Tat, Rev, Gag-Pol, andVSV-G
and lentiviral transfer vectors. Specifically, plas-
mid DNA was diluted into DMEM lacking sup-
plements, and 3 ml of PolyJet reagent was used
per 1 mg of plasmid DNA. One day after trans-
fection, the mediumwas removed and the cells
were supplemented with fresh complete cul-
ture medium. The lentiviral supernatant was
collected 48 and 72 hours after transfection,
passed through a 0.45-mm filter, and either ap-
plied directly to cells or stored at –80°C for later
use. For most experiments, lentivirus was pack-
aged in six-well plates. For library preparations,
lentivirus was packaged in eight 15-cm plates
using 13 mg of total DNA per plate for transfec-
tion, pooled, concentrated using the lenti-X con-
centrator (Takara, 631232), and aliquoted.

Midnolin overexpression and flow cytometry

Cells were seeded in six-well plates at 200,000
cells/well and transfected 2 days later using
Polyjet with EF1a midnolin coexpressing BFP
or BFP alone as a negative control. Themedium
was changed 1 day after transfection, and cells
were analyzed 2 days after transfection.
Cells were prepared for flow cytometry by

aspirating old media and rinsing cells once
with phosphate-buffered saline (PBS). The
cells were detached using 0.05% trypsin at
room temperature, and the trypsin was neu-
tralized using fresh complete media. The cells
were then analyzed on a CytoFLEX S flow cy-
tometer (Beckman Coulter, V2-B2-Y3-R2 version
C09762) and the CytExpert software (Beckman
Coulter) was used to collect flow cytometry data.
All flow cytometry data were analyzed using

FlowJo software. For FACS, a Sony MA900 was
used for routine sorting of single clones, and a
MoFlo Astrios (Beckman Coulter) instrument
was used to collect cells for the CRISPR-Cas9
and GPS ORFeome screens.

Generating doxycycline-inducible HEK-293T cells

Wild-type andMIDNKOHEK-293T cells were
infected with lentivirus encoding the pInducer20
system expressing mouse CD19 as a doxycycline-
inducible marker for cell surface staining. After
infection, the cells were treated with doxycycline
(100 ng/ml) for 2 days and then stained on the
cell surface using phycoerythrin (PE) antimouse
CD19 antibody (BioLegend, 152407, RRID: AB_
2629816) for 30 min using 1 ml of antibody
diluted in 100 ml ofmediumcontaining 1million
cells. The cellswere rinsed twicewithPBSbefore
sorting for the PE-positive population. The
sorted cells were allowed to expand for >1 week
before being restained using PE antimouse
CD19 antibody in the absence of doxycycline in-
duction. The PE-negative populationwas sorted,
and the cells were expanded before another
round of staining and sorting for the PE-negative
population. This allowed for a population of
cells that responded to doxycycline with mini-
mal leakiness. Finally, lentivirus encoding the
pHAGE TRE-midnolin was infected into these
MIDN KO HEK-293T cells and selected with
blasticidin to allow for stable, doxycycline-
inducible expression of midnolin.

EGR1 and FosB CRISPR-Cas9 screens

Genome-wide CRISPR-Cas9 screens were per-
formed to uncover regulators of EGR1 and FosB
protein stability. Specifically, the plasmid li-
brary was packaged into lentivirus by transfect-
ing HEK-293T cells using PolyJet as described
earlier, and the lentivirus was titered to ob-
tain a multiplicity of infection ~0.3. HEK-293T
cells were generated to express the GPS 3.0
FosB or GPS 3.2 EGR1 reporters by selecting
using hygromycin (200 mg/ml). These cells were
then transduced with the titered CRISPR-Cas9
genome-wide Root library lentivirus at a mul-
tiplicity of infection (MOI) of ~0.3 to main-
tain a 500× representation throughout. Cells
were selected 48 hours after transduction for
7 days using puromycin (2 mg/ml) to remove
uninfected cells. On the ninth day of puro-
mycin selection, the 95th percentile most sta-
ble cell population was collected based on the
GFP/DsRed ratio by FACS using aMoFlo Astrios
instrument (Beckman Coulter). Additionally,
the unsorted input cells were collected based
on the number of cells collected in the en-
riched population. Collected cells were rinsed
once with PBS, pelleted, and stored at –80°C.

Midnolin GPS ORFeome screen

The GPS ORFeome screen was performed as
described previously (13) with some modifi-
cations. Sufficient cell numbers were used to
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maintain at least a 300-fold coverage of the
library throughout. The library was packaged
into lentivirus and used to transduce MIDN KO
HEK-293T at a MOI of 0.2. Two days after trans-
duction, the HEK-293T cells were treated with
2 mg/ml puromycin for 6 days to remove unin-
fected cells, passaging the library once in
between the selection period. The library-
expressing cells were plated at 4 million cells/
plate in a 15-cm dish and transfected 2 days
later using Polyjet with 8 mg of DNA from
EF1a-midnolin coexpressing BFP or BFP alone
as a negative control. The cells were harvested
2 days after transfection and sorted into six
stability bins based on the GFP/DsRed ratio
by FACS using a MoFlo Astrios instrument
(Beckman Coulter). The sorting gates were es-
tablished using the BFP control to ensure that
one-sixth of the population was collected per
bin. Once the control populations were col-
lected, the cells overexpressing midnolin were
partitioned using the exact same sorting and
gating settings as the control. The collected
cells from each stability bin were rinsed once
with PBS, pelleted, and frozen at –80°C for at
least 12 hours.

Deconvolution of the pooled screens

Cell pellets were thawed and genomic DNA
was harvested using a Gentra Puregene Core
Kit (Qiagen). The sgRNAs or barcodes were
then amplified by PCR using all the genomic
DNA as a template (4 mg of DNA per reaction)
to include stagger sequences and Q5 Hot Start
High-Fidelity DNA Polymerase from NEB. A
second round of PCRwas performed using the
clean PCR1 product to add the Illumina P5 and
P7 adapter sequences. PCR2 samples were
cleaned, pooled in the correct ratio, and se-
quenced on a NextSeq 500 instrument. The
abundance of sgRNAs or barcodes were ex-
tracted from the raw sequencing data using
Cutadapt (60) and mapped onto the refer-
ence library using Bowtie2 (61).
MAGeCKwas used to determine the enrich-

ment of sgRNAs in the 95the percentile relative
to the input population (62). TheMAGeCK score
plotted on the y-axis (Fig. 1, B and C) repre-
sents the negative log10 of the “pos|score”
value generated by MAGeCK.
For the GPS ORFeome analysis, the abun-

dance of each ORF was corrected to account for
sequencing depth and a protein stability index
(PSI) score between 1 (most unstable) and 6
(most stable) was calculated using the following
formula for each extracted ORF:

PSI ¼
X6

i¼1
Ri � i

where i is the number of the stability bin de-
noted as an integer and Ri is the Illumina read
proportion extracted from the bin i. The change
in protein stability betweenmidnolin andBFP is
denoted as the difference in PSI (DPSI).

Gene set enrichment of GPS ORFeome hits
Gene set enrichment analysis (GSEA) was per-
formedwithGSEAPreranked (63) (v4.3.2) using
rankweights derived fromGPSORFeome DPSI
values as input. These were tested for enrich-
ment across the HumanMolecular Signatures
Database (64) (MSigDB v2022.1.Hs) C5 Gene
Ontology collection (i.e., GO:BP, GO:MF, and
GO:CC). The classic Kolmorogorov-Smirnov
scoring scheme was used with 10,000 permu-
tations and excluded gene sets with <10 or
>1000 entries when intersected with the list of
GPS ORFs.

Generating MIDN KO cells

To generate isogenic single clones lacking
midnolin, HEK-293T cells were transfected
with the lentiCRISPRv2 BFP plasmid encoding
the given sgRNA of interest using Polyjet. Sev-
eral days after transfection, the BFP-positive
cells were collected as single cells into 96-well
plates using FACS. The single clones were al-
lowed to expand for 2 weeks before screening
for a KO phenotype by immunoblotting and
next-generation sequencing of the genomic
DNA locus encompassing the cut site (fig. S11A).
To generate a population-level depletion of

midnolin in mouse NIH/3T3 fibroblasts, cells
were transduced with lentivirus encoding the
given mouse lentiCRISPR v2 sgRNA coexpress-
ing puromycin. Three days after transduction,
cells were selected by 2 mg/ml puromycin for
5 days and expanded for further analysis.
To generate a population-level depletion of

midnolin in primary cortical neurons, cells were
transduced with lentivirus encoding the given
mouse lentiCRISPRv2 sgRNA coexpressing
puromycin.
To generate a population-level depletion of

midnolin in Ramos B cells, the cells were trans-
duced by spinfection with lentivirus encoding
the given lentiCRISPRv2 sgRNA#1 coexpress-
ing BFP. Specifically, the cells were incubated
with lentivirus for 30 min with centrifugation
at 2000 rpm at room temperature. The cells
were then allowed to expand for 6 days after
transduction, and the BFP-positive cells were
collected by FACS.

Generating 3xHA-MIDN knock-in HEK-293T cells

To generate an endogenous 3xHA-tagged
midnolin cell line, we used homology-directed
repair and CRISPR-Cas9. We reasoned that an
N-terminal epitope tag would be tolerable, be-
cause an N-terminal taggedmidnolin transgene
could interactwith substrates andpromote their
degradation. To establish the knock-in line,
the following custom Alt-R sgRNA and single-
stranded DNA (ssDNA) homology-directed tem-
plates were generated by synthesis from IDT.
The sgRNA template was: rCrCrGrGrGrCrUrGr-
CrGrGrCrUrCrCrArUrCrCrCrGrUrUrUrArAr-
GrArGrCrUrArUrGrCrUrGrGrArArArCrArGr-
CrArUrArGrCrArArGrUrUrUrArArArUrArAr-

GrGrCrUrArGrUrCrCrGrUrUrArUrCrArArCr-
UrUrGrArArArArArGrUrGrGrCrArCrCrGrAr-
GrUrCrGrGrUrGrCrUrUrUrUrUrUrU. The ssDNA
template was: CGGCGCCCGCCGCCCCCAGCCC-
CCCAGCGCGCGCCGGGGATGTATCCCTATG-
ACGTGCCTGATTACGCCGGCGGAGGATCCT-
ACCCCTATGATGTGCCTGACTACGCTGGCA-
GCGGAGGATACCCTTATGATGTGCCTGATT-
ATGCTGGAGGTGGAGGTAGTGAGCCGCAG-
CCCGGCGGCGCCCGGAGCTGCCGGCGCGG.
spCas9, sgRNA, and ssDNA template were in-

troduced to cells by nucleofection. Specifically,
per nucleofection of 100,000 cells in Lonza strip
nucleofector system (V4XC-2032), 0.8 ml of
62.1 mM spCas9 (Aldevron, 9212-0.25MG), 0.8 ml
of 100 mMsgRNA(Alt-R fromIDT), 0.25ml of 10×
buffer 3.1 (NEB, B6003S), and 0.65 ml of H2O
were mixed to bring the final volume to 2.5 ml
per nucleofection and incubated Ribonucleo-
protein (RNP) at room temperature for 30min.
Making amastermix to troubleshoot the ssDNA
template concentration is recommended to
avoid small volumes. Then, 2 ml of the RNP
was added to 100,000 HEK-293T cells resus-
pended in 16.4 ml of Nucleofector solution plus
3.6 ml of supplement. Donor DNA was added
directly to this solution at a final concentra-
tion of 500 nMor 2 mM. Cellswere nucleofected
using a 4D Nucleofector X Unit, and a GFP-
positive control was included to ensure that the
nucleofection worked properly. Once nucleo-
fected, the cells were allowed to recover for
10min at room temperature before being added
to six-well plates containing warm medium.
The cells were allowed to expand for several
days, and a cell lysate was collected to ensure
the endogenous editing worked by immuno-
blotting. Then, single cells were partitioned into
96-well plates to obtain isogenic clones, which
were validated by immunoblotting once ex-
panded to ensure successful HA knock-in.

Immunoprecipitation

Cells stably expressing the indicated epitope-
tagged protein were cultured in 10- or 15-cm
plates and allowed to reach 90% confluency
before lysis. Alternatively, cells in 10-cm dishes
were transiently transfected with 3 mg of the
indicated plasmid DNA using Polyjet when 50%
confluent. The medium was changed 1 day after
transfection, and the cells were lysed 2 days
after transfection with or without any necessary
perturbations such as proteasomal inhibition.
For lysis, cells were rinsed once with ice-cold
PBS by pouring and collected by scraping in
0.7 ml (10 cm plate) or 1 ml (15 cm plate) of lysis
buffer containing 0.5% CHAPS, 40 mM HEPES,
pH 7.4, 100 mM NaCl, and 4 mM EDTA sup-
plemented with 1× protease and a phosphatase
inhibitor cocktail (Thermo Fisher Scientific,
78441). Cell lysates were incubated with end-
to-end rotation at 4°C for 30 min before clar-
ification by centrifugation at 21,000g for
15 min at 4°C. Anti-FLAG (Sigma, M8823,
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RRID: AB_2637089) or anti-HA (Thermo Fisher
Scientific, 88836, RRID: AB_2749815) magnetic
beads were rinsed three times in lysis buffer
using 15 ml of beads for every harvested plate. A
50-ml aliquot of the cell lysate was collected as
input, and the remaining supernatant was in-
cubated with the beads for 2 hours at 4°C with
end-to-end rotation. The immunoprecipitants
were washed three times with the same lysis
buffer, and the cell lysates and immunopreci-
pitants were resuspended in Tris-glycine SDS
sample buffer (Thermo Fisher Scientific, LC2676)
containing 10% 2-mercaptoethanol. Protein was
eluted by heating at 95°C for 4 min before anal-
ysis of protein content by immunoblotting.

Immunoblotting

For immunoprecipitation experiments, the col-
lected sampleswere loadeddirectly for immuno-
blotting. For measuring steady-state abundance
changes, cultured cells were lysed using 1×RIPA
buffer (Boston BioProducts, BP-115X) supple-
mented with 1× protease and a phosphatase in-
hibitor cocktail (ThermoFisher Scientific, 78441)
for 15 min at 4°C. Samples were centrifuged at
21,000g for 15 min at 4°C, and the protein con-
centrationwasnormalizedusingabicinchoninic
acid assay (Thermo Fisher Scientific, 23225).
Clarified supernatants were resuspended in Tris-
glycine SDS sample buffer (ThermoFisher Scien-
tific, LC2676) containing 10% 2-mercaptoethanol.
Samples were loaded into 4 to 12% Tris-glycine
15-well precast gels (Thermo Fisher Scientific,
XP04125BOX), and electrophoresis was run in
1× Tris-glycine SDS running buffer (Thermo
Fisher Scientific, LC2675-4) at a constant 165
to 180 volts until the molecular weight ladder
(Thermo Fisher Scientific, 26619) ran to the bot-
tom. The protein within the gel was transferred
to a 0.2-mm nitrocellulose membrane (Bio-Rad,
170-4158) using the Trans-Blot Turbo Transfer
System (Bio-Rad). Nitrocellulose membranes
were then blocked using 5% milk (LabScien-
tific,M-0842) diluted in 1× Tris-buffered saline
plus Tween 20 (TBST) (CST, 9997S) for at least
30minat roomtemperaturewith gentle rocking.
Primary antibodies were then diluted directly
in the blocking solution at a 1:1000 dilution
and incubated overnight at 4°C with gentle
rocking. The following primary antibodies were
used: rabbit anti-EGR1 (CST, 4153, RRID: AB_
2097038), rabbit anti-FosB (CST, 2251, RRID:
AB_2106903), rabbit anti-c-Fos (in house) (65),
rabbit anti-NR4A1 (in house, warning has high
background), rabbit anti-Midnolin (Proteintech,
18939-1-AP, RRID: AB_2878569), rabbit anti-
PSMD2 (CST, 25430, RRID: AB_2798903), rab-
bit anti-PSMA2 (CST, 2455, RRID: AB_2171400),
rabbit anti-HA (CST, 3724, RRID: AB_1549585),
rabbit anti-FLAG(CST, 14793,RRID:AB_2572291),
rabbit anti-mTOR(CST, 2983,RRID:AB_2105622),
rabbit anti-Actin (CST, 4970, RRID: AB_2223172),
rabbit anti-GAPDH(CST, 5174,RRID:AB_10622025),
rabbit anti-CBX4 (CST, 30559, RRID: AB_2798991),

rabbit anti-CBX8 (CST, 14696, RRID: AB_2687589),
rabbit anti-ATF2 (CST, 35031, RRID: AB_2799069),
rabbit anti-ATF3 (CST, 33593, RRID: AB_2799039),
rabbit anti-IRF1 (CST, 8478, RRID: AB_10949108),
rabbit anti-RelB (CST, 4922, RRID: AB_2179173),
rabbit anti-STAT3 (CST, 9139, RRID: AB_331757),
rabbit anti-SPINDOC (Sigma,HPA040128,RRID:
AB_10673027), rabbit anti-XRCC1 (CST, 2735,
RRID: AB_2218471), rabbit anti-CITED1 (Pro-
teintech, 26999-1-AP, RRID:AB_2880718), rabbit
anti-SOX12 (Proteintech, 23939-1-AP, RRID: AB_
2879368), rabbit anti-FOXP3 (CST, 5298, RRID:
AB_10839127), rabbit anti-c-Myc (CST, 5605,
RRID: AB_1903938), rabbit anti-p27 (CST, 3686,
RRID: AB_2077850), rabbit anti-Ubiquitin (CST,
43124, RRID: AB_2799235), and rabbit anti-IRF4
(CST, 4299, RRID: AB_10547141).
After overnight incubation, the blots were

rinsed four times quickly and three additional
times for longer, 10-min incubations using 1×
TBST. After rinsing, the blots were incubated
with 5% milk in 1× TBST and the following
secondary antibodies were applied directly at
a 1:2000 dilution: anti-rabbit IgG, HRP-linked
(CST, 7074, RRID: AB_2099233) or anti-mouse
IgG, HRP-linked (CST, 7076, RRID: AB_330924).
The blots were incubated in secondary anti-
body for 1 hour at room temperaturewith gentle
rocking before rinsing as done for the primary
antibody. The blotswere exposed to either Pierce
ECL Western blotting substrate (Thermo Fisher
Scientific, 32106) for strong antibodies or highly
abundant protein, or Immobilonwestern chemi-
luminescent HRP substrate (Sigma,WBKLS0500)
for weaker antibodies or less abundant proteins.
All immunoblotting data were collected using
high-sensitivity autoradiography film (Denville
Scientific, E3218).
We note that the midnolin antibody (Pro-

teintech, 18939-1-AP) has limitations that are
important for readers to consider. The protein
levels of endogenous midnolin appear quite
low in most cell types, and this antibody con-
tains toomuch background (nonspecific bands)
to robustly detect endogenousmidnolin protein
from cell lysates at steady state. However, en-
dogenous midnolin protein can be detected
with this antibody if the cells are pretreated
for a few hours with 10 mM MG132 or if the
cells are overexpressing midnolin (fig. S11B).

Mass spectrometry of endogenous
midnolin immunoprecipitants

HEK-293T cells expressing endogenous 3xHA-
tagged midnolin were cultured to 90% con-
fluency in five 15-cm plates per condition, and
unedited wild-type HEK-293T cells were cul-
tured in five 15-cm plates. The knock-in cells
were treated was DMSO or 10 mMMG132 for
6 hours, with the uneditedwild-typeHEK-293T
serving as the background, and treated with
10 mM MG132 for 6 hours. An anti-HA im-
munoprecipitation was performed using the
same lysis conditions and protocol as described

in the immunoprecipitation section. After the
finalwash, the beadswere resuspended in 100ml
of 50 mM Tris, pH 8.5, containing 5% SDS, and
the samples were heated at 95°C for 5 min to
elute the proteins.
Eluted proteins were then digested using

trypsin on S-TrapMicro columns (Protifi, C02-
micro-10) following the manufacturer’s pro-
tocol. Specifically, proteins were first reduced
using 5mMTris(2-carboxyethyl)phosphine for
15 min at 55°C, and then alkylated with 20 mM
iodoacetamide for 30 min in the dark at room
temperature. After alkylation, the samples were
acidified using phosphoric acid to a final con-
centrationof 2.5% (v/v) and10volumesof 100mM
Tris, pH 7.55 in 90% methanol/10% water were
added to the samples to dilute the protein. This
solution was then passed through S-Trap col-
umn by centrifuging for 30 s at 4000g. Multiple
rounds of centrifugation were needed to load
the entirety of one sample onto one column.
Once the protein was trapped, the columnwas
rinsed three times using 100mMTris, pH 7.55,
in 90%methanol and 10%water, followed by a
dry spin, before adding 2 mg of trypsin sus-
pended in 20 ml of 50 mM ammonium bicar-
bonate, pH 8. Columns were kept overnight at
37°C in a humid environment. After digestion,
the peptides on the column were eluted by cen-
trifuging three times for 1 min at 4000g using
three buffers applied sequentially: (i) 40 ml of
ammonium bicarbonate, pH 8; (ii) 40 ml of 0.2%
formic acid in water; and (iii) 40 ml of 50%
acetonitrile in water. The pooled peptides were
dried under reduced pressure using a SpeedVac
and resuspended in 30 ml of 0.1% formic acid in
water. Liquid chromatography–tandem mass
spectrometry data were acquired as reported
previously (66) by injecting 10 ml of resuspended
peptide sample.
A protein database consisting of the Human

UniProt SwissProt proteome (downloaded on
13 November 2022) was used to identify pro-
teins that coimmunoprecipitated with endoge-
nous 3xHA-midnolin. Specifically, the FragPipe
graphical user interface (v18.0) was used to
search the data using the MSFragger search
engine and to perform postprocessing of the
search results. The following parameters were
used in the search. Tryptic peptides with amax-
imumof twomissed cleavageswere considered.
Additionally, carbamidomethylation of cysteine
was set as a fixed modification, and oxidation
of methionine was allowed as a variable mod-
ification, with a maximum of four variable
modifications per peptide. The allowed mass
tolerances were 10 ppm for precursor ions
and 0.04 Da for product ions. Peptide hits were
filtered to a false discovery rate of 1% using
PeptideProphet as implemented in FragPipe.

Immunofluorescence

For experiments in fig. S5, A and B, 400,000
HEK-293T cells with indicated genetic background
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were plated on poly-D-lysine–coated coverslips
(Ted Pella, Inc.). On the following day, indi-
cated treatments with DMSO, MG132, or PMA
were performed for 6 hours before collection.
Culture medium was aspirated and cells were
washed with PBS once before fixation by 4%
paraformaldehyde in PBS for 15 min at room
temperature. After three PBS washes, cells were
permeabilized with 0.05% Triton X-100 in PBS
for 5 min at room temperature. Cells were
washed with PBS three times and placed in
immunofluorescence blocking buffer (LI-COR,
927-70001) for 45 min at room temperature.
Primary antibodies mouse anti-FLAG (Sigma,
F1804, RRID: AB_262044) and rabbit anti-
HA (CST, 3724, RRID: AB_1549585) were di-
luted 1:400 in the blocking buffer and added
on top of coverslips with cells for an overnight
incubation at 4°C. After being rinsed three times
with PBS, the cells were incubated in the dark
at room temperature with secondary antibodies
(1:500 dilution) and 8 mM Hoechst 33342 dye
(Thermo Fisher Scientific, H3570), both diluted
in blocking buffer, for 1 hour. Coverslips were
rinsed thoroughly using PBS and mounted on
glass slides using ProLong gold antifade moun-
tant (Thermo Fisher Scientific, P10144).
An Alexa Fluor 488–conjugated secondary

antibody was used for the FLAG (Thermo Fisher
Scientific, A-11001, RRID: AB_2534069) and
HA (Thermo Fisher Scientific, A-11008, RRID:
AB_143165) staining in fig. S5, A and B, and
the excitation wavelength was 488 nm. The ex-
citation wavelength of the Hoechst nucleus-
staining dye was 405 nm.
Image acquisition was done by a Zeiss

AxioVert200M microscope with a 100× oil-
immersion objective, a Yokogawa CSU-22
spinning-disk confocal head with a Borealis
modification (Spectral AppliedResearch/Andor),
and a Hamamatsu ORCA-ER CCD camera. Im-
age acquisition and hardware were controlled
by theMetaMorph software package (Molecular
Devices). The excitation lasers used to capture
the images were 405 and 488 nm.

RNA extraction and quantitative PCR

Total RNA was extracted from cells with the
RNeasy Plus Mini Kit (Qiagen, 74134), and
cDNA was generated from freshly extracted
RNA using the iScript cDNA Synthesis Kit (Bio-
Rad, 1708891) following the manufacturer in-
structions for both kits. Specifically, 250 ng of
RNA was used for a 20 ml reaction to generate
the cDNA. PlatinumSYBRGreen quantitative
PCR (qPCR) Supermix-UDG (Thermo Fisher
Scientific, 11733038) and 2 ml of cDNAwas used
for qPCR reactions. Specifically, master mixes
were prepared to contain 10 ml of SYBR, 7.5 ml of
water, and 0.5 ml of 40× primers per 20 ml of
qPCR reaction. Quantstudio 6 Pro (Thermo
Fisher Scientific) was used to run the qPCR re-
actions. The following intercalating premixed
qPCRprimerswere obtained from IDT.Mouse

MIDN (Mm.PT.58.10544931): GCGTCAACTT-
GCTCCCAT, AACGCCTCAAAGTACCCAAG; mouse
EGR1 (Mm.PT.58.29064929): GATAACTCGTCT-
CCACCATCG, AGCGCCTTCAATCCTCAAG;mouse
c-Fos (Mm.PT.58.29977214): GGCACTAGAGAC-
GGACAGAT, ACAGCCTTTCCTACTACCATTC;
mouse FosB (Mm.PT.58.10990878): AGAGACA-
CTTACCCCAGAAGA, GCTCTGCCTTTTCCTCTTCA;
mouse Actin (Mm.PT.39a.22214843.g): GACT-
CATCGTACTCCTGCTTG, GATTACTGCTCTGG-
CTCCTAG; mouse mTOR (Mm.PT.58.28403918):
TGCATCACTCGTTCATCCTG, AAGTCATCACA-
TCCAAGCAGA.
Changes in mRNA levels were determined

by subtracting the cycle quantification (Cq)
values generated during the qPCR between the
gene of interest and the control to yield a DCq
value. Data were then normalized to the indi-
cated control condition by substracting theDCq
values by the average DCq of the indicated
control condition to generate theDDCq. Plotted
in graphs are 2–DDCq from three biological
replicates and the following statistical tests
were used.

For Fig. 2, E and F, data were analyzed
using an ordinary one-way ANOVA followed
by a Tukey’s multiple-comparisons test where
****P < 0.0001. For fig. S1D, data were ana-
lyzed using a two-way ANOVA followed by
Šidák’s multiple comparisons test, where ns
is not significant and ***P < 0.001.

Computational identification of substrate b strands
AlphaFold multimer predictions

To identify b strands within hits identified in
the ORFeome GPS screen, genes with DPSI <
–0.5 were taken (n = 508) and the longest
sequence across corresponding protein acces-
sion IDs (either NCBI Reference Sequence or
Ensembl ID) was used as the input sequence
for downstream steps (because barcodes from
the screen were grouped at the gene level but
could represent multiple isoforms). These se-
quences were individually paired with the
MIDN sequence (UniProtKB: Q504T8) as a two-
sequence FASTA file input into AlphaFold
(v2.2.0) for multimer prediction with default
reference databases specified as in (26) and
max_template_date=2022-01-01. Any seleno-
cysteines were recoded as cysteines, and three
substrates (ACSBG2, ACSS2, and RIMBP3) that
failed MSA using the default settings were re-
run successfully by replacing the UniClust30_
2018_08 database with UniRef30_2022_02.

Identification of substrate b strands within
midnolin b sheet

The 25 ranked PDBmodels fromeachAlphaFold
runwithMIDN and one of the substrates were
then processed by a custom Python script to
identify PDBmodels that folded a linear stretch
of the substrate into b-strand conformation
placed between b strands of the corresponding
MIDN domain. In more detail, a pairwise dis-

tancematrix was first computed between each
a-carbon atom in MIDN and each a-carbon
atom in the substrate as

Di;j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi � xjð Þ2 þ yi � yjð Þ2 þ zi � zjð Þ2

q

where xi, yi, and zi are the coordinates of the
ith substrate a-carbon atom and xj, yj, and zj
are the coordinates of the jth MIDN a-carbon
atom. Because most b sheets have interstrand
distances <5 Å (67), the distance matrix was
scanned to identify sequential substrate residues
<5.5 Å from corresponding linear stretches
within each adjacent MIDN b strand (ie. Di,j <
5.5 for both some sequential set of i with some
sequential set of j, where 148 ≤ j ≤157, as well
as the same set of i with another sequential set
of j, where 279 ≤ j ≤ 286).
Secondary structure assignment for the PDB

modelwas donewith theDSSP algorithm (68).
Substrate residues satisfying the distance re-
quirements specified above were then retained
if they were assigned the extended b strand
secondary structure (i.e., “E” coding). Because
DSSP relies on flanking residues to call sec-
ondary structure, the most N- and C-terminal
residues are not assigned secondary structure.
To avoid excluding them from b-strand assign-
ments, they were assigned “E” coding if the ad-
jacent residue had been assigned “E” coding. To
catch residues that are part of a b strand but
slightly further from one or both of the MIDN b
strands, this set of residues was then expanded
by seven residues in each direction, and,
again, only those with an extended b-strand
secondary structure were kept. Finally, the
longest contiguous stretch of b-strand second-
ary structure was kept (if any) for final report-
ing (data S4).

Properties of identified substrate b strands
Relative disorder comparison

ORFsused inAlphaFoldmultimer folding along-
side midnolin were matched with UniProtKB
accessions using UniParc to find identical pro-
teins that had already been folded asmonomers
in the AlphaFold Protein Structure Database
(https://alphafold.ebi.ac.uk/). This yielded exist-
ing models for 126 of 205 substrates predicted
to interact with the midnolin Catch domain, for
which the predicted local distance difference
test (pLDDT) scores were extracted from cor-
responding PDB files. The pLDDT scores for
these residues interacting with the midnolin
Catch domain were averaged and compared
with the average of the rest of the substrate
(paired t test, P = 2.72 × 10−9) as an approx-
imation of disorder in the original substrate
(69), where lower pLDDT scores correspond to
increased disorder. The regions that are pre-
dicted to interact with the Catch domain are
predicted to be unstructured by AlphaFold in
the native, midnolin-free state.
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Amino acid enrichment
For each residue, n, going into the b strand from
either the N- or C-terminal side, the overall fre-
quency of each amino acid for b strands of
length ≥2n (to avoid double counting) was nor-
malized by the background amino acid fre-
quency across substrate sequences. Frequencies
were then computed for amino acids before
and after all b strands provided the b strand
was not the N or C terminus of the protein,
respectively.

Hydrophobicity

The relative hydrophobicity of residues com-
prising the MIDN-interacting b strand was
assessed by a two-sided paired t test between
the mean hydrophobicity index (70, 71) (at pH 7)
of residues in the b strand with that of res-
idues comprising the rest of the substrate.

Identification of MIDN-facing b-strand side chains

Because b strands within a b sheet make con-
tacts with each other through backbone inter-
actions, where side chains alternatingly project
above and below the plane of the b sheet, res-
idues composing theMIDN-interacting b strand
can be parsed into those facing toward or away
from the MIDN Catch domain. Side chains of
the substrate b strand facing the MIDN Catch
domain were identified by first generating an-
other distance matrix as before, but between
each a-carbon atom inMIDN and each b-carbon
atom in the substrate. For each residue in the
identified substrateb strand, thosewith b-carbon
distance to MIDN Catch domain (approximated
by a-carbon position for MIDN isoleucine res-
idue 309) less than their a-carbon distance were
annotated asMIDN-facing. Because glycine lacks
a b-carbon and residues at the ends of b strands
may have more rotational variability, but side
chain orientations along the b strand should
alternate between facing toward or away from
the MIDN Catch domain, a filter was then ap-
plied to determinewhether the identifiedMIDN-
facing side chains better matched either the
set of odd or set of even residues.MIDN-facing
side chains were then annotated as that set.
Properties such as relative frequency and hy-
drophobicity were then computed for inward-
and outward-facing side chains.
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