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The next breakthrough for protein therapeutics is effective
intracellular delivery and accumulation within target cells. Nu-
clear localization signal (NLS)-tagged therapeutics have been
hindered by the lack of efficient nuclear localization due to en-
dosome entrapment. Although development of strategies for
tagging therapeutics with technologies capable of increased
membrane penetration has resulted in proportional increased
potency, nonspecific membrane penetration limits target spec-
ificity and, hence, widespread clinical success. There is a long-
standing idea that nuclear localization of NLS-tagged agents
occurs exclusively via classical nuclear transport. In the present
study, we modified the antibody-drug conjugate trastuzumab-
emtansine (T-DM1) with a classical NLS linked to cholic acid
(cell accumulator [Accum]) that enables modified antibodies
to escape endosome entrapment and increase nuclear localiza-
tion efficiency without abrogating receptor targeting. In
parallel, we developed a proteomics-based method to evaluate
nuclear transport. Accum-modified T-DM1 significantly
enhanced cytotoxic efficacy in the human epidermal growth
factor receptor 2 (HER2)-positive SKBR3 breast cancer system.
We discovered that efficacy was dependent on the nonclassical
importin-7. Our evaluation reveals that when multiple classical
NLS tagging occurs, cationic charge build-up as opposed to
sequence dominates and becomes a substrate for importin-7.
This study results in an effective target cell-specific NLS thera-
peutic and a general approach to guide future NLS-based devel-
opment initiatives.

INTRODUCTION
At a glance, the enormous research development and the increasing
availability of biopharmaceuticals make it appear that these preci-
sion-targeted drugs will make good on their promise to provide
more effective treatments for disease.1 However, many novel anti-
cancer biopharmaceuticals are perceived as providing insufficient
benefits, and because they are expensive, their cost-effectiveness has
been questioned.2,3 Two major challenges limiting the full effective-
ness of biopharmaceuticals are (1) the inability of large biological
molecules to cross the plasma membrane while retaining target cell
specificity, and (2) the need to improve the intracellular accumulation
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of biopharmaceuticals transporting payloads to sufficient levels to
evoke an effective cellular response for the given therapeutic applica-
tion. These barriers must be improved for next-generation
biopharmaceuticals, yet insights and accompanying enhancing tech-
nologies are yet to be fully realized.

Signal peptides are an integral component of intracellular protein tar-
geting. The application of nuclear localization signal (NLS) tagging
for non-viral transfer of oligonucleotides, proteins, and reporter mol-
ecules is being widely investigated for the development of therapeutic
medicines. For example, nuclear targeting via NLS tagging is
improving efficient localization of DNA vaccines into the cell nucleus
for subsequent expression of immunogenic peptides, which is a con-
stant concern for clinical success.4 Nuclear targeting of theranostic
radionuclides is being implemented in the clinic to apply short-
range-emitting radionuclides to impart high ionization densities at
the site of decay, which maximizes DNA damage and could overcome
much of the toxicity with traditional radiation approaches.5 Among
nanotechnology-based therapies, whose primary benefits are
improved intracellular delivery of encapsulated drugs for reduced
dosing, are actively being NLS tagged to improve intracellular target-
ing.6 Hence, NLS-tagged agents are critical for future effective medi-
cines. Unfortunately, the barriers of NLS-tagged agents include target
cell binding, internalization, and endosomal escape, resulting in poor
nuclear localization efficiency.7

Since the discovery of the cell-penetrating peptides (CPPs),8 three de-
cades of significant research have elucidated the properties of mem-
brane penetration and, more importantly, the ability of conjugation
to biopharmaceuticals to deliver proteins specific for intracellular
targets or to improve the delivery of cytotoxic payloads against a va-
riety of diseases.9 While CPP-tagged therapeutics can improve cell
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membrane penetration, they lack specificity. Due to exquisite affinity
and specificity of monoclonal antibodies (mAbs), attempts have been
made to develop CPP-mAb conjugates to deliver payloads with high
intracellular accumulation efficiency to target tumor cells. However,
endosome entrapment continues to be a challenge.10–12 In addition,
the limitation of tissue and cellular specificity continues to plague
CPP-tagged biopharmaceuticals.13,14 To date, CPP-based drugs
have reached the clinic in children and adults with glioblastoma
(ClinicalTrials.gov: NCT01975116 and NCT00914914). Although
they are well tolerated, reductions in tumor growth were marginal.15

In our previous work, we developed a short 13-aa peptide
CGYGPKKKRKVGG containing the classical NLS (cNLS) from simian
virus 40 (SV40) large T antigen (underlined) linked to a cholic acid
(herein termed cell accumulator [Accum]) that addressed the current
limitation with CPP- and NLS-tagged agents.16 Accum-modified
mAbs were able to traverse membranes only after being entrapped in-
side endosomes and were a requirement for efficient transport to and
accumulation inside the nucleus of target cells.16,17 The rationale for
cholic acid stems from work demonstrating that bile acids are critical
for triggering the enzyme acid sphingomyelinase to cleave sphingo-
myelin, which is abundantly present on the inner leaflet of endosomes,
to form ceramide.18,19 Increased amounts of ceramide destabilize
membranes by forming channels or lipid flip-flop sufficient for pro-
teins to cross.20,21 Importantly, ceramide formation in endosomemem-
branes facilitates viral escape without killing cells.19 Therefore, we hy-
pothesized that attaching cholic acid to an NLS peptide would enable
mAbs to efficiently localize in the nucleus, without abrogating target
cell specificity. Indeed, Accum-modified mAbs conjugated to radionu-
clides retained high target receptor affinity and specificity at the cell
surface. Once internalized via receptor-mediated endocytosis, the
coupled endosome escape-nuclear transport function of Accum en-
ables efficient accumulation of the delivered antibody conjugate relative
to unmodified mAbs and mAbs modified with the NLS but no cholic
acid.16,22 In vivo, Accum-modifiedmAbs targeted tumorswith superior
tumor cell accumulation and specificity of delivered radionuclides
compared to non-Accum-modified counterparts.17 Thus, Accum’s
effective intracellular transport system did not interfere with mAb tar-
geting of receptors on tumor cells and was able to increase mAb (and
payload) access to and accumulation in the nucleus of tumor cells,
which improved tumor targeting.

Nuclear transport receptors (NTRs), also known as importins,
mediate the transport of macromolecules across the nuclear pore
complex.23,24 Because NTRs have this unique capability, they are
essential regulators for many normal cellular functions. The cNLS
sequence PKKKRKV from the SV40 large T antigen was the sequence
identified and used to elucidate nuclear transport more than three de-
cades ago.25–28 These studies revealed that proteins requiring entry
into the nucleus contain an NLS that is recognized and bound by
the adaptor protein importin-a. Importin-b then binds importin-a,
and the complex is subsequently transported along the cytoskeleton
by motor proteins and dock at the nuclear pore complex. The cargo
is released into the nucleus through the binding of Ran-guanosine
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triphosphate (GTP). As a result, there has been a large effort by the
research community to develop therapeutic agents for targeting pro-
teins against intracellular structures to deliver molecular payloads,
including gene therapy, tagged with the cNLS, as noted in several re-
views on this topic.29–34 However, there are >20 NTRs in the human
genome, andmost of the nuclear transport is performed by NTRs able
to directly bind cargos in the absence of importin-a.35 Whereas hun-
dreds of cargos have been demonstrated or suggested for importin-a/
b, only a limited number of substrates are known for most non-clas-
sical NTRs.36 Moreover, there is even less knowledge on the nuclear
transport systems with NLS-tagged therapeutics.

This study originated from our pondering whether NLS-tagged
agents have been overly reliant on the cNLS and import mechanics
and why these drugs have yet to be fully realized in the clinic. Major
challenges blocking elucidation are that unique classes of NLS se-
quences of particular NTRs have not been identified and that NTRs
share similar molecular weights, isoelectric points, and have low
sequence identity.35 In addition, cargos for most NTRs have been
identified through binary protein-protein interaction assays.37–39

In the present study, we hypothesized whether Accum’s unique deliv-
ery mechanism could be applied as a therapeutic agent. As a proof of
concept, we examined the effect of incubating human epidermal
growth factor receptor 2 (HER2)-positive SKBR3 cells with the clin-
ically approved biopharmaceutical trastuzumab (Tmab)-emtansine
(T-DM1) modified with Accum (herein Accum-T-DM1). Our ratio-
nale for using T-DM1 is that although T-DM1 stunts growth of tu-
mors in breast cancer patients, many patients still experience disease
progression.40 One major implicated resistance factor is the incom-
plete trafficking of T-DM1 to the lysosome41 and/or an inherent or
acquired ability to recycle back to the plasma membrane.42 This re-
sults in the inability of T-DM1 to accumulate sufficiently to effectively
kill tumor cells. Although microtubules, the target of DM1, are pre-
sent in the cytosol, Oroudjev et al.43 showed that breast cancer cells
in the prometaphase/metaphase rather than the interphase were
more sensitive to antibody-DM1 conjugates. In addition, HER2 is
well known to have limited internalization in SKBR3 cells.42,44,45

Thus, with Accum-mediated nuclear transport and the importance
of the nucleus on DM1 cytotoxicity, Accum-T-DM1 using the
SKBR3 cell model could feasibly test our hypothesis.

We obtained clinical-grade T-DM1, modified it with Accum, and
evaluated it for its ability to maintain overall complex stability and
to determine whether it could localize in the nucleus and whether
this delivery system enhanced cytotoxicity in the HER2-positive
breast cancer cell line SKBR3. We also set out to address intracellular
transport, as NLS-tagged pharmaceuticals continue to operate on the
assumption that nuclear transport is, in general, mediated via the clas-
sical importin-a/importin-b complex. In addition, to our knowledge,
there has never been an unbiased investigation on intracellular trans-
port of CPP- or NLS-tagged agents. Hence, a pull-down assay was
developed involving treatment of SKBR3 cells incubated with Ac-
cum-T-DM1, T-DM1, or Tmab followed by high-performance liquid
ber 2020



Figure 1. Accum Modification of T-DM1

Schematic representation of (A) trastuzumab-emtansine

(T-DM1) and its major cytotoxic metabolite DM1-SMCC-

lysine, and (B) Accum-T-DM1 construction depicted by

steps (1) reaction of T-DM1 with SMCC or SM(PEG)2 to

yield maleimide-activated versions of T-DM1 and (2)

subsequent Accum conjugation to yield versions of Ac-

cum-modified T-DM1. (C) Turbidity assay of Accum-T-

DM1 using increasing SMCC- or SM(PEG)2-to-T-DM1

ratios (*p < 0.0001). (D) Differential scanning fluorimetry

thermograms of T-DM1 (green), AccL-T-DM1 (red), AccM-

T-DM1 (blue), and AccH-T-DM1 (orange) made with

SM(PEG)2. Top: the 350 nm/330 nm fluorescence ratio

versus temperature gradient. Bottom: the corresponding

first derivatives are shown.
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chromatography- tandem mass spectrometry (HPLC-MS/MS). We
organized our proteomic data into two different but complementary
bait-prey systems to extract proteins with the highest confidence that
specifically interact only with the Accum portion of Accum-T-DM1.
We then conducted cytotoxicity assays in SKBR3 cells depleted of
identified NTRs. Our findings showed that Accum-T-DM1 could
be constructed as an NLS-modified agent and that it increased cyto-
toxicity by several-fold relative to T-DM1 and was specific for HER2.
Tagging T-DM1 with NLS only (no cholic acid) or Tmab with Accum
did not increase cytotoxic impact. This indicated that Accum-enabled
endosome escape and nuclear localization were the essential factors
for increasing the cytotoxic effectiveness of T-DM1. Importantly,
Molecular Therapy: Methods & Clini
our findings showed that Accum-T-DM1 was
not reliant on the classical NTR complex for
enhanced cytotoxicity in the SKBR3 cell model.
In contrast, Accum-T-DM1 nuclear localiza-
tion and cytotoxicity were reliant on the non-
classical NTR importin-7 (IPO7). A recently
available cryogenic electron microscopy (cryo-
EM) structure of IPO7 in complex with impor-
tin-b1 (KPNB1) and histone H1 revealed that
IPO7 utilizes cation interactions to recognize
and bind to cargo proteins. Analysis of the
IPO7 binding pocket provides suggestive mech-
anistic evidence for why Accum-modified T-
DM1 is preferentially reliant on IPO7 and not
importin-a. Accum combined with our proteo-
mic and biochemical methods result in a
potentially readily available approach and an
evaluative guide on nuclear transport pathways
for future NLS-based therapeutics.

RESULTS
Molecular Basis of Accum Conjugation to

T-DM1 for Stability, Activity, and Proteomic

Processing

T-DM1 contains a DM1-to-antibody ratio
value of 3.5 that uses the crosslinker succini-
midyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCC)
to conjugate DM1 to surface lysines present on Tmab (Figure 1A).46,47

A widely used method for peptide conjugation onto mAbs is via the
attachment to surface lysines. Although modification with dyes on
surface lysines of T-DM1 have previously been performed without
affecting activity,48 it was unknown how peptide crosslinking would
affect T-DM1 stability, function, and downstream use as the proteo-
mic bait. The cytotoxin DM1 is hydrophobic, and the effect of modi-
fying Tmab, first to form the intermediate Tmab crosslinker, then to
form the full T-DM1, promotes aggregation.47 Thus, we evaluated
two crosslinker types for the conjugation of Accum to Tmab surface
lysines. T-DM1 was maleimide-activated by reacting it with 25-, 50-,
cal Development Vol. 19 December 2020 101
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and 100-fold molar excess SMCC or polyethylene glycol (PEG)ylated
SMCC (SM(PEG)2) (Figure 1B). The intermediate species was then
purified and reacted with Accum that contains anN-terminal cysteine
that reacts with SM(PEG)2 or SMCC and forms Accum-T-DM1
(Figure 1B).

As a first analysis method, a turbidity assay in combination with SDS-
PAGE was used to evaluate stability. Accum-T-DM1 modified using
all tested excess ratios of SM(PEG)2 showed no increased aggregation
relative to T-DM1. In contrast, aggregation was increased up to 3-fold
when the SMCC-based conjugation was used (Figure 1C). SDS-PAGE
analysis also confirmed that the SMCC-based Accum-T-DM1 conju-
gates were highly aggregated (Figure S1A). The primary evidence by
SDS-PAGE was the diminished band intensity for the different Ac-
cum-T-DM1 versions indicating the absence of soluble protein. In
contrast, using SM(PEG)2 showed no increased aggregation relative
to unmodified T-DM1 (Figure 1C). In addition, SDS-PAGE showed
the clear migration of both the light chain (LC) and heavy chain
(HC) with increased molecular weights in Accum-SM(PEG)2-T-
DM1 constructs relative to T-DM1 (Figure S1B). The Accum-modi-
fied T-DM1 conjugates were >90% monomers when 25- and 50-fold
excess SM(PEG)2 crosslinker ratios were utilized. Only Accum-modi-
fied T-DM1 with 100-fold excess SM(PEG)2 crosslinker showed that
there was aggregation present, again due to diminished band intensity
(Figure S1B). Thus, the PEG-based crosslinker and its increased water
solubility relative to SMCC provided a successful conjugation
approach to produce highly soluble versions of Accum-T-DM1 con-
jugates. Herein, the Accum loads for T-DM1 modified with 25-, 50-,
and 100-fold excess SM(PEG)2 are termed AccumLow (AccL), Ac-
cumMedium (AccM), and AccumHigh (AccH), respectively.

Aggregation was further evaluated by label-free differential scanning
fluorimetry (nanoDSF). Analyzing antibody-drug conjugate (ADC)
stability with nanoDSF has proven effective for its ability to evaluate
aggregation through the measurement of unfolding events of the
mAb Fab, CH2, and CH3 domains.49,50 T-DM1 and AccL-T-DM1
and AccM-T-DM1, but not AccH-T-DM1, exhibited comparable
starting levels in the initial ratio (350 nm/330 nm) (Figure 1D).
The thermal-induced unfolding transitions for T-DM1 CH2 and
CH3 domains of the Fc region were 70.1�C ± 0.2�C and 79.5�C ±

0.4�C, respectively. In contrast, there was only a single unfolding
transition for all Accum-T-DM1 conjugates. AccM-T-DM1 and
AccH-T-DM1 ADCs had transitions at 70.4�C ± 1.3�C and
69.4�C ± 0.3�C, respectively. AccL-T-DM1 had an unfolding transi-
tion at 73.5�C ± 0.6�C. These transition temperatures correspond to
the unfolding of the CH2 domain. These results indicated an inverse
correlation where increasing the number of SM(PEG)2-activated ly-
sines with subsequent Accum conjugation reduced the temperature
values for the CH2 unfolding transitions proportionally. This sug-
gests that Accum modification has a greater impact on the CH2
domain compared to other domains of T-DM1. Previous ADCs
based on a human immunoglobulin G (IgG) conjugated via lysines
to DM1 also showed that the CH2 domain, relative to other do-
mains, is the most likely to be destabilized due to a preference for
102 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
DM1-lysine conjugations for CH2.
50 Hence, the lysines used for Ac-

cum conjugation are most likely present in the CH2 domain. Based
on theses results, Accum-T-DM1 conjugates using SM(PEG)2 were
soluble and had stabilities sufficient for moving forward to func-
tional evaluations in live cells.

Accum-T-DM1 Localizes to the Nucleus

Accum-modified T-DM1 localized to the nucleus whereas T-DM1
did not. Confocal microscopy images showed that T-DM1 was exclu-
sively localized at or near (subcellular) the plasma membrane
(Figure 2). These results are consistent with the known poor HER2
internalization kinetics caused by rapid recycling in SKBR3
cells.42,44,45 T-DM1 in the cytosol of SKBR3 cells could not be readily
visualized throughout this evaluation but suggests, nonetheless, that
the amount of T-DM1 internalized and processed in the lysosome
is still sufficient to cause cytotoxicity and was previously justified in
the early development studies of T-DM1.51,52

In contrast, confocal microscopy images showed that at 0.5 h AccL-T-
DM1 was internalized and distributed in the cytoplasm, shown as
punctate foci typical of endosome entrapment. At 1 h AccL-T-DM1
was increasingly diffused throughout the cytoplasm. At 2 h, the
immunofluorescence signal pertaining to AccL-T-DM1 was localized
in the nucleus while still being abundantly present in the cytoplasm.
This was consistent with Accum-modified antibodies that have previ-
ously targeted leukemia and invasive bladder cancer cells.16,17 After 2
h, the signal in the nucleus gradually decreased, indicating protease
degradation and DM1 release in the nucleus. This study demonstrates
that Accummediates a highly linear mode of delivering T-DM1 to the
nucleus starting at endosome escape and nuclear transport, and fin-
ishing with release and accumulation inside the nucleus. More impor-
tant for this study, the evidence suggests potential engagement of
NTRs via NLS recognition and binding necessary for localization
into the nucleus.

Accum Enhances T-DM1 Cytotoxicity

Only Accum modification enhanced T-DM1 cytotoxic potency. In
addition, Accum modification did not abrogate HER2 target speci-
ficity for T-DM1. SKBR3 cells were chosen for this proof of concept
because they are sensitive to T-DM1 but are known to have poor
HER2 internalization processing to the lysosome due to rapid recy-
cling back to the cell surface.42 Since Accum has previously demon-
strated the ability to escape internalized endosomes,17 SKBR3 cells
are ideal to evaluate the endosome escape-nuclear transport impact
on cytotoxicity and whether it is enhanced relative to T-DM1.
SKBR3 cells treated with T-DM1 resulted in a half-maximal inhibi-
tory concentration (IC50) value of 0.033 mg/mL (R2 = 0.96). This
result is among the IC50 values previously reported.52,53 In contrast,
SKBR3 cells treated with AccL-T-DM1, AccM-T-DM1, and AccH-T-
DM1 resulted in IC50 values of 0.0036 mg/mL (R2 = 0.95),
0.0029 mg/mL (R2 = 0.99), and 0.0018 mg/mL (R2 = 0.99), respectively
(Figure 3A). To demonstrate specificity, cytotoxicity was evaluated in
MCF-7 cells that have extremely low HER2 expression levels, compa-
rable to normal cell HER2 expression.54,55 No increased cytotoxicity
ber 2020



Figure 2. Immunofluorescence Confocal Microscopy Images Show Distribution of T-DM1 and AccL-T-DM1 in SKBR3 Cells at Various Time Points

Red depicts the antibody portion of either T-DM1 or AccL-T-DM1, and blue is the nucleus stained by Hoechst. Scale bars, 100 nm. Experiments were performed in triplicate.
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against MCF-7 cells was observed due to the modification of T-DM1
with high Accum loading (Figure 3B).

To demonstrate that cholic acid-mediated endosome escape was
essential, we evaluated T-DM1 modified with NLS alone (no cholic
acid) in SKBR3 cells (Figure 3C). NLS was loaded onto T-DM1 in
low (NLSL), medium (NLSM), and high (NLSH) amounts, as was per-
formed for Accum loading. NLSL-T-DM1, NLSM-T-DM1, and
NLSH-T-DM1 had IC50 values of 0.0186 mg/mL (R2 = 0.93),
0.0092 mg/mL (R2 = 0.8538), and 0.0057 mg/mL (R2 = 0.8572), respec-
tively. The NLSL-modified T-DM1 construct had weaker cytotoxic
potency compared to AccL-modified T-DM1 by a factor of 5.2. The
NLSM-T-DM1 and NLSH-T-DM1 constructs had weaker cytotoxic
potency compared to the Accum-modified T-DM1 counterparts by
a factor of 3.2. This indicated that NLS alone did not increase cytotox-
icity relative to Accum-modified T-DM1. NLS-modified T-DM1 con-
jugates had 1.8- to 5.8-fold more potent cytotoxicity values in com-
parison to unmodified T-DM1. This is consistent with the NLS
tagging of the therapeutics approach where there can be an increased
cytotoxic effect, and it demonstrates how Accum further enhances
cytotoxicity through the added feature of endosome escape.

Accum-modified Tmab also showed no cytotoxicity relative to Tmab
against SKBR3 (Figure 3D) and BT474 cells that contain high HER2
expression levels (Figure S2). BT474 cells are insensitive to Tmab,
again, due to poor internalization kinetics.42,56 These data indicate
that Accum modification that enables effective nuclear localization
for T-DM1 improved the cytotoxic effectiveness by 9- to 18-fold
Molecular The
and did not abrogate specificity of T-DM1 for HER2. In addition,
these findings support earlier reports that Accum is essential for nu-
clear localization, and, hence, effective cytotoxicity.

Biochemical Work-Up of Accum-T-DM1 as the Bait for Nuclear

Transport Proteomics

As Accum enabled T-DM1 to escape entrapment by as early as 0.5 h
from the initiation of incubation with SKBR3 cells, we aimed to quan-
tify the cellular uptake in order to identify a time point that was
appropriate to maximize the chances for Accum-NTR interactions
in the context when Accum-T-DM1 was abundantly diffused in the
cytoplasm after endosome escape. We previously showed that Accum
modification of Tmab did not cause cytotoxicity, demonstrating that
the molecular processes of escaping endosome entrapment and local-
izing to the nucleus were benign (Figure 2D; Figure S2). Nonetheless,
it was important to check whether the process of endosome escape
and diffusion into the cytoplasm, in the context of Accum-modified
T-DM1, was not associated with unwanted cytotoxicity within the
maximum Accum-NTR interaction time period.

A time course of HER2 binding and cellular uptake revealed that the
rate of association for both ADCs increased smoothly and asymptot-
ically toward equilibrium at 2 h (Figure 4A). T-DM1 and AccM-T-
DM1 reached equilibrium at approximately the same rate and indi-
cated that Accum modification did not disrupt the normal HER2
binding and internalization process. The dissociation constant (KD)
values for T-DM1 and AccM-T-DM1 were 7.0 and 13.5 nmol/L,
respectively. SKBR3 cells incubated with T-DM1 and AccM-T-DM1
rapy: Methods & Clinical Development Vol. 19 December 2020 103
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Figure 3. Accum-T-DM1 Cytotoxicity Profile

Dose response relationship on the% survivalof HER2-high SKBR3 treated with (A) Accum-modified T-DM1 conjugates, (C) NLS-modified T-DM1 conjugates and (D) Accum-

modified trastuzumab (Tmab) conjugates. (B) HER2-low MCF7 cells incubated with T-DM1 and AccumHigh (AccH)-T-DM1. Experiments were performed in triplicate and

error bars are shown.
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were stained with propidium iodide (PI) to ascertain nucleic acid
integrity. With T-DM1 incubation, there was a 15% increase in PI-
positive staining at 2 h (Figure 4B). In contrast, there was a <2% in-
crease in PI staining for AccM-T-DM1 at 2 h. In combination with the
intracellular distribution analyses evaluated by confocal microscopy
(Figure 2), these data suggest that the mode of delivering DM1 by Ac-
cum-modified T-DM1 is temporally slower than that for T-DM1. In
contrast, HER2 rapid recycling in SKBR3 cells results in quicker T-
DM1 degradation and payload release relative to AccM-T-DM1.
Taken together, the cellular uptake combined with the confocal mi-
croscopy and PI staining data suggested that 2 h allowed for
maximum Accum-NTR interaction between the event of endosome
escape and the induction of cytotoxicity and was an appropriate
time point to evaluate the use of proteomics. The lack of PI staining
at 2 h also suggested that this time point decreased the likelihood of
protein expression changes occurring due to cellular stress from the
cytotoxic action from DM1.

As Tmab is the predominant component of Accum-T-DM1 based on
molecular size, an antibody affinity pull-down with protein G-coated
beads was chosen (Figure 4C). ADCs face a particular challenge for
this type of pull-down since the conjugated payload may block pro-
104 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
tein G binding sites. This is further augmented with the addition of
various amounts of Accum moieties. Thus, it was important to char-
acterize the pull-downs of lysates from various live SKBR3 cells
treated with Accum-T-DM1 conjugates before progressing to the
proteomic stage.

A concentration of 7.5 mg/mL (�50 nmol/L) of various Accum-T-
DM1 conjugates incubated with increasing amounts (1 � 106 to
15 � 106) of SKBR3 cells was tested at the previously identified 2-h
incubation time point. We identified that 15 � 106 SKBR3 cells pro-
vided sufficient pulled-down antibody/ADC, as visualized by SDS-
PAGE. Figure 4C shows the pull-down efficiency of protein G-coated
magnetic beads for the Accum-T-DM1 conjugates relative to Tmab
and T-DM1. The amount of Tmab pulled down from treated
SKBR3 cells was comparable to a 5-mg standard of Tmab added to
protein G-coated magnetic beads. Relative to the artificial Tmab stan-
dard, the amount of T-DM1 pulled downwas noticeably reduced. The
amount of all of the Accum-T-DM1 conjugates pulled down was
reduced relative to T-DM1. In fact, in cells treated with AccH-T-
DM1 there was no visual antibody present on the gel corresponding
to the molecular masses of the HC and LC. Only AccL-T-DM1
was pulled down at comparable, albeit reduced, levels relative to
ber 2020



Figure 4. Biochemical Work-Up of Accum-T-DM1 as a Proteomic Bait for Nuclear Localization Analysis

(A) Flow cytometric analysis of % cell uptake time course using 1 mg/mL of T-DM1 and AccM-T-DM1. (B) Flow cytometric analysis of propidium iodide (PI) staining after

conjugate treatment. (C) Schematic of pull-downmethod depicting Accum-T-DM1 conjugates interacting with various NTRs and pulled down with protein G. Representative

Coomassie-stained reduced SDS-PAGE from protein G pull-downs of lysates from SKBR3 cells treated with Tmab, AccH-T-DM1, AccM-T-DM1, AccL-T-DM1, and T-DM1

(lanes 2, 5, 6, 7, and 8, respectively) are shown. Lane 1 is a pull-down of 5 mg of Tmab where there was no treatment of cells. Lane 3 is cell lysate with no pull-down. Lane 4 is

the pull-down using beads only. The ladder in kDa is shown on the left. Experiments were performed five separate times.
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T-DM1. Based on these results, for its ability to localize to the nucleus,
to enhance cytotoxicity, and for its ability to be pulled down by pro-
tein G-coated magnetic beads, AccL-T-DM1was the agent utilized for
proteomic evaluation of nuclear transport.

Bait-Prey Approach for Proteomic Identification of Accum-

Specific Interactors

We created a bait-prey method based on two complementary interac-
tion model systems to determine the Accum-specific interactors by
Molecular The
significance analysis of interactome (SAINT). The 1,700 unique pro-
tein groups identified by mass spectrometry from the co-immunopre-
cipitated proteins (Table S1) were fed into SAINT. Tmab and T-DM1
were chosen as the references for the differential elimination of
nonspecific prey proteins against the antibody backbone and drug
DM1, respectively. The first bait-prey approach is herein referred to
as the 1 bait:3 control (I:III) model (Figure 5A). Beads-only controls
were utilized, as they are a traditional negative reference for
pull-down experiments. Because this proteomic analysis of a
rapy: Methods & Clinical Development Vol. 19 December 2020 105
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Figure 5. Two-system Proteomic Approach for Evaluating Nuclear Transport

(A and B) Interaction system for (A) AccL-T-DM1 as a single bait with multiple controls (I:III model) or (B) AccL-T-DM1, T-DM1, and Tmab as independent baits and a single

common control (I:I:I:I model). (C) I:I:I:I Venn diagram of enriched interactors. (D) Left panel: schematic of the two-model system with adjustable SAINT score scales for either

the I:III or I:I:I:I models. Red arrowheads indicate the 0.9 and 0.5 thresholds for the I:I:I:I and I:III models, respectively. Right panel: prey enrichment (SAINT score) distribution

plotted for AccL-T-DM1 in the I:III model (x axis) versus the I:I:I:I model (y axis). The blue box covers proteins above the 0.5 threshold (I:III), the yellow box covers protein above

the 0.9 threshold (I:I:I:I), and the green box covers proteins that meets both thresholds (>0.5 in I:III and >0.9 in I:I:I:I). These results come from pooled data from four in-

dependent biological replicates.
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NLS-modified agent for evaluating nuclear transport had never been
performed, we identified interactors based on a primary (high-confi-
dence) and a secondary (medium-confidence) SAINT score (STSc)
thresholds that were set atR0.9 andR0.5, respectively. The statistics
are summarized in Table S2. Using the cutoff threshold STSc R0.9,
only a single NTR, KPNB1, was present among 106 interactors.
This was uncharacteristic since importin-b requires importin-a to
form the classical nuclear transport complex for types of NLS se-
quences contained in Accum. This suggested that the I:III system
used in combination with an STScR0.9 was overly stringent to iden-
tify potential NTR interactors. In contrast, using the cutoff of STSc
R0.5 that now contained 275 interactors, in addition to importin-
b, we identified the NTRs IPO7, importin-4 (IPO4), importin-5
(IPO5), transportin-1 (TNPO1), and importin-a1 (KPNA2).

For the second model, we performed SAINT analyses with AccL-T-
DM1, T-DM1, and Tmab as individual baits and using beads only
as the single control, herein referred to as the I:I:I:I model (Figure 5B).
The differentiating aspect of the second model was that interactors
could be identified that were common and unique between the three
106 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
baits. As the I:I:I:I model had reduced stringency based on controls,
we considered only interactions with STSc R0.9. The I:I:I:I system
identified 528, 242, and 347 proteins identified as interactors for
AccL-T-DM1, T-DM1, and Tmab, respectively (Figure 5C; Table
S3). Tmab and T-DM1 had 55 and 3 unique interactors, respectively.
In contrast, AccL-T-DM1 had 206 unique interactors. There were 198
proteins common for all of the baits. The large overlap wasmost likely
due to the mAb Tmab, the only common feature shared by all three
baits. Using the I:I:I:I model, there was an abundance of proteins with
10- to 300-fold enrichment for AccL-T-DM1 relative to T-DM1 and
Tmab (Figures S3A and S3B). Importantly, by combining the I:I:I:I
and I:III models with the STSc R0.9 and R0.5 cutoffs, respectively,
we were able to identify NTRs that were specifically and significantly
enriched for AccL-T-DM1 (Figure 5D). Thus, both models provided
results in agreement with each other, and together they strengthen the
certainty that the identified NTRs were Accum-specific interactors.

With this prey-bait proteomic method it was also possible to charac-
terize the expanding intracellular interaction network for AccL-T-
DM1. Because Accum has a stretch of positively-charged amino acids,
ber 2020
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we evaluated important quality control proteomic characterizations
as performed by Lang et al.57 For example, as polylysine-tagged pro-
teins can present an experimental challenge for controlling nonspe-
cific electrostatic interactions, the molecular weight of interactors
can be plotted and analyzed. We found that most Accum-specific in-
teractors had molecular weights of 10–30 kDa, and there was a deple-
tion of larger proteins (Figure S4A). Proteins between 10 and 30 kDa
accounted for 50% of the Accum-specific interactors. A boxplot anal-
ysis demonstrated that there was a significant difference between dis-
tributions of molecular weight of Accum interactors and of all iden-
tified proteins (Figure S4B). Similar to the findings by Lang et al.,57

enrichment of low-molecular-weight proteins indicates specific inter-
actions and further supports that the identified interactome is Ac-
cum-specific. Thus, we created a two-model system calibrated for
two different STScs that when analyzed together were essential to sup-
port Accum-specific interaction confidence.

Molecular Topology of Protein Interaction Modules for AccL-T-

DM1

The enriched interactors specific for Accum-T-DM1 from the SAINT
analysis (I:III model) were entered into GeneMANIA (GM) in Cyto-
scape to determine enriched biological processes (Tables S2 and S4).
Gene set enrichment analysis (GSEA) was performed by GM to high-
light themost enrichedGeneOntology (GO) terms and used to system-
atically attribute a “generic pathway” to each protein in the network ac-
cording to their main function.58,59 We identified 164 GO terms or
pathways that were significantly enriched for AccL-T-DM1 (Table
S4). We identified 15 protein families or common cellular pathways
that were significantly enriched in the dataset (Table S2). Cytoscape al-
lowed us to obtain an aerial overview of the interaction network by
clustering proteins based on these protein families/pathways (Fig-
ure 6A). The top five most enriched protein families/pathways were
exclusively composed of ribosomes involved with unique cellular func-
tions, including nuclear transport (Figure 6B; Table S4).

For the I:I:I:I model, genes obtained from the SAINT analysis with an
STSc R0.9 were entered into GM (Tables S3 and S5). There were 310
GO terms identified for AccL-T-DM1, 231 for T-DM1, and 271 for
Tmab. Of these, 192 were common between all three baits, and 73
were unique to AccL-T-DM1 (Figure S5A). The top five pathways rep-
resented in Figure 6 were also strongly enriched using the I:I:I:I model
(Figure S5B). Importantly, only AccL-T-DM1 had the “protein import
into nucleus” GO term enriched. Thus, the I:III and I:I:I:I models
generated overlapping data, further confirming that this analytic prote-
omicmethodwas specific for Accum.Also noteworthy, heat shock pro-
teins that are the main mediators of cellular stress response were not
enriched or specific for Accum in either the I:I:I:I or I:III model. This
supports our cytotoxicity and flow cytometric studies in Figures 3D
and 4B, respectively, that Accum-enabled endosome escape is not cyto-
toxic but rather a benign escape mechanism to access the cytosol.

NTR Interactors

The affinity purification after cell treatment revealed unanticipated
findings for NTRs interacting with AccL-T-DM1. As anticipated,
Molecular The
the classical NTRs importin-a and importin-b strongly interacted
with Accum (Figure 7A). However, the non-classical NTRs IPO4,
IPO5, IPO7, and transportin-1 also interacted strongly with Accum.
In fact, the non-classical NTR IPO7 was the most abundant off all
NTRs with an average spectral count (AvgSpec) of 28.67 (STSc =
0.66). NTRs below the 0.5 STSc threshold included importin-b3, im-
portin-8 (IPO8), importin-9 (IPO9), importin-11 (IPO11), and kar-
yopherin subunit a4 (KPNA4). The STScs, average spectral count,
and Bayesian false discovery rate (BFDR) are found in Table S3 and
summarized in Table S6.

Figure 7B shows the dot plot generated from the I:I:I:I model to
further demonstrate the specificity of enriched NTRs for Accum.
The dot plot shows that IPO7 had a strong increase in relative abun-
dance and average spectral count for AccL-T-DM1 relative to T-DM1
and Tmab. All NTRs with the exception of IPO9 with an STSc 0.9
from Figure 7A were enriched in SKBR3 cells treated with AccL-T-
DM1 relative to Tmab and T-DM1. As the STSc was R0.9 for all
three baits in the dot plot, the abundance of the NTR enriched is
the defining factor and IPO7 is the most abundant.

Western blot was used to biochemically confirm the relative abun-
dance of protein in the pull-down assays from lysed SKBR3 cells pre-
viously treated with AccL-T-DM1, T-DM1, or Tmab. Among the im-
portins evaluated, IPO7 was the most abundantly present NTR
(Figure 7C). More importantly, the presence of IPO7 was only present
with pull-downs for AccL-T-DM1 relative to T-DM1 or Tmab. As
anticipated, IPO7 was not present in the beads-only control. For
the classical NTRs, the presence of importin-b was increased relative
to importin-a, which also confirmed the proteomic data. Importin-a
and importin-b were also present in the T-DM1 and Tmab pull-
downs, albeit at reduced amounts compared to AccL-T-DM1. IPO4
appeared to be only slightly less abundant in the T-DM1 and Tmab
pull-downs compared to AccL-T-DM1. This matched well with the
dot plot, as IPO4 had only a slightly increased average spectral count
compared to Tmab. Thus, this biochemical analysis of NTR protein in
the pull-down assays validated the findings from the proteomic data
obtained from the I:I:I:I model.

AccL-T-DM1 Cytotoxic Effectiveness Is Reliant on IPO7-

Mediated Nuclear Transport in SKBR3 Cells

The ability to use RNA interference as a tool for gene silencing was
utilized to determine whether an NTR identified in this proteomic
method was essential for Accum’s ability to enhance T-DM1 cyto-
toxic potency. SKBR3 cells were transfected with small interfering
RNA (siRNA) pools individually targeting KPNA2, KPNB1, IPO4,
IPO7, and siRNA control followed by lysing cells at 24 and 96 h
post-transfection. Expression of indicated gene products targeted
for silencing was evaluated at 24 and 96 h post-transfection to coin-
cide with the initiation and termination of the 72-h cytotoxicity assays
of SKBR3 cells with T-DM1 and AccL-T-DM1. Western blots
confirmed the reduction in protein levels for all four NTRs at 96 h
(Figure 8A) but not at 24 h (Figure S6A) post-transfection. There
was a <2-fold reduction of the tested importins at 24 h (Figure S6B).
rapy: Methods & Clinical Development Vol. 19 December 2020 107
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Figure 6. Accum-specific Interaction Network

(A) Aerial view of GeneMania network of generic pathways or protein families that interact with AccL-T-DM1 in the I:III system generated in Cytoscape. Node size is

proportional to the SAINT score (see the node size mapping box). (B) Ranking of Accum-specific interactors based on enrichment of GO values. Enrichment scale is

log10(1/q value).
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At 96 h, the reduction in expression was >2-fold for IPO7 and IPO4.
Reductions for KPNA2 and KPNB1 remained <2-fold at 96 h. Trans-
fections with scrambled pools did not cause a reduction in NTR pro-
tein expression (Figure 8A).
108 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
AccL-T-DM1 cytotoxicity was dependent on non-classical IPO7-
mediated nuclear transport. The IC50 values for AccL-T-DM1 were
very similar (range, 0.0040–0.0044 mg/mL) on SKBR3 cells trans-
fected with siRNA pools to knock down KPNA2, KPNB1, and
ber 2020



CB

A

Figure 7. Accum-specific Imortin Interactors

(A) Bubble plot showing the SAINT score enrichment and overall abundance (dot size) of the identified NTRs. The cutoff is indicated by the blue line. (B) Dot plot output

showing quantitative SAINT interactions between AccL-T-DM1, Tmab, and T-DM1 and the NTRs found in the I:I:I:I system. The confidence of the detected interaction is

shown as the circle edge, with black being high confidence (StScR 0.9), blue beingmedium confidence (StScR 0.8), and light gray being low confidence (StSc < 0.8). Circle

size indicates the prey’s relative abundance across baits. The bait that yielded the highest spectral count for a prey is given as a full-sized circle, and the circle sizes for the

other baits are scaled relative to this maximum. The color scale bar of the circles indicates the prey’s spectral count for the corresponding bait. (C) Confirmation of the NTR-

Accum interaction by affinity purification followed by a western blot against the indicated preys. Experiments were performed in triplicate.
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IPO4 relative to non-transfected SKBR3 cells and cells transfected
with scrambled siRNA pools (Table S7; Figure 8B). However, AccL-
T-DM1 had a 3-fold loss in cytotoxic potency in SKBR3 cells when
IPO7 was knocked down. When the same transfected SKBR3 cells
were treated with T-DM1, the IC50 values were all comparable to
each other (Table S7; Figure S7). Importantly, the cytotoxicity po-
tencies for AccL-T-DM1 and T-DM1 for non-transfected SKBR3 cells
were consistent with IC50 values from the previously treated SKBR3
cells, as shown in Figure 3A.

Surprisingly, knockdown of the classical NTRs importin-a and im-
portin-b did not affect AccL-T-DM1 cytotoxicity potency. SKBR3
cells with KPNB1 knockdown had increased survival by approxi-
mately 20% when challenged by both AccL-T-DM1 and T-DM1 at
concentrations of 0.1–10 mg/mL (Figure 8B; Figure S7). We observed
that KPNB1 knockdown ofmore than 2-fold was lethal to cells. This is
consistent with the known observation that breast cancer cells,
Molecular The
including SKBR3, have a reliance on KPNB1 for growth and sur-
vival.60 Thus, the increased presence of KPNB1, due to the inability
to not increase knockdown without unwanted cell death, is a plausible
explanation for why the cells are difficult to kill even at the higher
concentrations of AccL-T-DM1 and T-DM1 (Figure 8B; Figure S7).
Nonetheless, the IC50 values for KPNB1 knockdown were very similar
to the IC50 values in SKBR3 cells with KPNA2 and IPO4 knocked
down (Table S7). More importantly, the cytotoxic potency of T-
DM1 in SKBR3 cells transfected with siRNA pools to knock down
IPO7 was unchanged relative to non-transfected cells and the knock-
down of KPNA1, KPNB1, and IPO4.

To visually confirm that IPO7 indeedmediated nuclear localization of
AccL-T-DM1 and, hence, is the NTR responsible for its enhanced
cytotoxicity, we performed confocal microscopy in IPO7 knocked
down SKBR3 cells. We observed a strong fluorescent punctate pattern
in the nucleus of SKBR3 cells transfected with siRNA control pools
rapy: Methods & Clinical Development Vol. 19 December 2020 109
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that was specific for AccL-T-DM1 (Figure 8C). We observed the same
highly linear mode of AccL-T-DM1 being delivered to the nucleus
starting at endosome escape, nuclear transport, and finishing with
release and accumulation inside the nucleus, as shown in Figure 2.
There was a strong signal also present, indicating an abundance of
IPO7 in the nucleus and cytoplasm. In contrast, SKBR3 cells trans-
fected with siRNA pools that knock down IPO7 showed no nuclear
localization of T-DM1 (Figure 8D). This was most likely due to the
suppression of IPO7 expression, as there is notably less fluorescent
signal in knocked down to non-knocked down SKBR3 cells (Figure 8C
and 8D). In SKBR3 cells transfected with siRNA control or IPO7-spe-
cific pools and treated with T-DM1, there is no nuclear localization.
This demonstrated that AccL-T-DM1 nuclear transport specifically
relied on IPO7 and further suggested that IPO7 was the key NTR
regulator for Accum-mediated shuttling of T-DM1 to the nucleus
for enhancing cytotoxicity in SKBR3 cells.

Analysis of IPO7 Binding to H1.0 implies That Electrostatic

Interactions Drive AccL-T-DM1 Recognition

Structural analyses have been instrumental for explaining how the
cNLS is recognized by importin-a. Importin-a has a curved solenoid
structure composed of 10 armadillo (ARM) repeats.61 Hydrophobic,
electrostatic, and polar interactions contribute to the ability of impor-
tin-a to recognize cNLS. It has previously been shown these binding
forces encompass a 1,314-Å2 surface area with 149 contacts <4 Å
buried between the cNLS and importin-a in the major binding site.62

The minor binding site has a contact surface area of 1,194 Å2 with
110 contacts of <4 Å. The cNLS sequences bind in an extended confor-
mation with the peptide running antiparallel to the directions of the
ARM repeat helices (Figure S8A). The base of the cNLS-binding pocket
contains the major interactions dominated by the H3 helices. Residues
that are highly conserved in these pockets are tryptophans, asparagines,
and tyrosines (Figure S8B). Interestingly, acidic residues that are in suf-
ficient proximity to form electrostatic bonds are at the periphery of the
deepest point in the binding pocket (Figure S8B). These acidic residues
play only supporting roles for overall cNLS binding strength. Alterna-
tively, the conserved tryptophan and asparagine form a three-dimen-
sional topography for cNLS to position itself on based on several polar
hydrogen bonding and hydrophobic interactions. Because cNLS bind-
ing is generally accepted to bind importin-a in this fashion, it was per-
plexing why Accum that harbors a cNLS from SV40 large T antigen
was not preferentially recognized by importin-a.

In contrast to ARM repeats, IPO7, as well as the importin-b family, is
composed almost entirely of HEAT repeats. Although ARM and
HEAT repeats stem from a common phylogenetic origin, HEAT re-
peats are much more variable in length, amino acid sequence, and
Figure 8. Accum-T-DM1 Nuclear Localization Is Dependent on Importin-7

(A) Silencing of KPNA2, KPNB1, IPO4, and IPO7 genes at 96 h post-transfection and the

4, and importin-7. b-Tubulin was used for the loading control. NT, not transfected; SC,

treatment of SKBR3 cells NT and transfected with siRNA pools specific for indicated NTR

images of SKBR3 cells transfected with siRNA control or IPO7-specific pools and then

nucleus (cyan) and importin-7 (green). Knock-downs, cytotoxicity assays, and confoca
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three-dimensional structure.61,63,64 Recently, Ivic et al.65 determined
the cryo-EM structure of human IPO7 in complex with importin-b
and histone 1 (H1.0). Their study revealed numerous acidic residues
lining the inner concave surface and a unique�90-aa-long acidic-rich
loop at the C terminus that most likely drive binding and transport of
AccL-T-DM1 (Figure 9A). Rather than a conserved array of trypto-
phans, asparagines, and tyrosines that drive cNLS binding, the au-
thors discovered that IPO7 forms a heterodimer with importin-b
that forms a cradle for the positive supercharged protein H1.0. Based
on the results in the present study and from the elucidations from Ivic
et al.65 on IPO7 binding of H1.0, it is highly probable that IPO7 binds
Accum based on electrostatic interactions. A potential model is that
the positive-charged Accum, similar to the C-terminal tail of H1.0,
is cradled in a negative-charged cage formed from the acidic amino
acids lining the inner concave surface of the HEAT repeats and the
super-acidic C-terminal loop that acts as a flap on the opposing
side of the NLS (Figure 9B).

DISCUSSION
We developed an approach designed to create a novel biopharmaceu-
tical that could overcome the current limitations to the trade-off con-
cerning increased cellular accumulation versus target cell specificity
and in parallel provide a generally applicable methodology for eluci-
dating dominant nuclear transport pathways for NLS-tagged thera-
peutics. The surprising results have also opened interesting questions
for researchers developing tools to study nuclear transport or for the
development of NLS-based biopharmaceutical agents. Although evi-
dence of nuclear transport is showing that NTRs can be selective for
endogenous cellular cargos depending on cell type or cellular states,
NLS-modified agents continue to operate on a “hit-and-miss”
approach, particularly for therapeutic development. Thus, ap-
proaches that can provide rational therapeutic design of NLS-based
agents and also acquire cellular insights due to nuclear transport
could potentially impact the fields of intracellular targeting of thera-
peutic agents and fundamental NTR biology.

In this study, the Accum platform demonstrated that when conju-
gated to the clinically approved anti-HER2, biopharmaceutical T-
DM1 (Figure 1B) was able to localize to the nucleus of SKBR3 cells
and increase cytotoxicity by up to 18-fold (Figures 2 and 3A). In addi-
tion, a cellular treatment coupled to affinity pull-down (Figure 4C)
and the proteomic method (Figures 5A, 5B, and 5D) was developed
that is theoretically applicable for any NLS-modified therapeutic
agent. In the SKBR3 model of HER2-positive breast cancer, the devel-
oped proteomic method allowed us to discover that the strongest
NTR-specific interactor for Accum-T-DM1 was IPO7 (Figures 7A–
7C). The dependency of Accum-T-DM1 on IPO7 for its ability to
western blot images of the corresponding proteins importin-a, importin-b, importin-

scrambled siRNA. (B) % Survival curves and error bars for AccL-T-DM1 after 72 h of

genes or scrambled (SC) sequence. (C and D) Representative confocal microscopy

incubated with (C) AccL-T-DM1 or (D) T-DM1. Cells were stained for Tmab (red),

l microscopy experiments were all performed in triplicate. Scale bars, 100 nm.
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Figure 9. Importin-7 Binding to Accum is Reliant on

Charge

(A) Images from PDB: 6N88 showing importin-7 (lime-

colored ribbons) decorated with acidic residues (blue

spheres) in complex with importin-b (salmon-colored

ribbons) and H1.0 (gray spheres). The acidic loop (blue) of

importin-7 and C-terminal-positive supercharged tail

purple spheres that represent the stem of the tail are

shown. The purple sinuous line is not in PDB: 6N88 and is

schematically presented. (B) Proposedmodel of importin-

7 recognition of the cNLS harbored by Accum. The inner

positive-charged NLS (purple) is bound by an electro-

static cradle composed of a negatively charged environ-

ment (blue color) composed of the deep pocket in the

HEAT repeats and a negatively charged flap from the

acidic loop.
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improve tumor killing was demonstrated when its gene IPO7 was
knocked down (Figure 8A) followed by treatment with AccL-T-
DM1 (Figure 8B) and T-DM1 (Figure S7). The IC50 value in IPO7-
knocked down cells treated with T-DM1 remained unchanged rela-
tive to non-knocked down cells. In contrast, the IC50 value for
AccL-T-DM1 was decreased by 3-fold relative to the value obtained
from the non-knocked down SKBR3 cytotoxicity assay. Confocal mi-
croscopy visually confirmed that when IPO7 was knocked down,
AccL-T-DM1 nuclear localization was abrogated (Figure 8C). Impor-
tantly, this suggested that the classical NTR complex of importin-a
and importin-b was not required for nuclear transport and, hence,
was the reason why knockdown of the genes KPNA2 and KPNB1
did not affect cytotoxicity of AccL-T-DM1.

Approximately one decade ago, Rix and Superti-Furga66 addressed
the need of the pharmaceutical community to utilize proteomic
profiling to better understand the interactions within cells of small
molecules, which has led to strong activity in this research domain.
In contrast, studies on proteomic profiling of biopharmaceuticals
with respect to their dynamics inside cells are scarce. Only recently
has there been important advances that have utilized proteomic
profiling to determine resistance mechanisms to biopharmaceuticals
such as Tmab, T-DM1, and other emerging mAb-based drugs.41,67–69

However, these approaches have not specifically addressed intracel-
lular transport. Mechanistic insights into intracellular transport of
macromolecular therapeutics using proteomic approaches have
only been reported for nanoengineered particles.70,71 These studies
were essential, as they elucidated key intracellular transport regulators
112 Molecular Therapy: Methods & Clinical Development Vol. 19 December 2020
and, hence, have advanced the development of
these particles.72 Therefore, this approach could
also be adapted to provide novel insights on
nuclear transport pathways and improved
effectiveness for NLS-modified therapeutic
agents.

It was important to develop a method whereby
Accum-T-DM1, T-DM1, and Tmab were al-
lowed to mix with live cells. The major challenge is to have a sufficient
amount of antibody for subsequent pull-downs without killing the cells.
An added challenge was that pull-down efficiency was reduced due to
Accum tagging to T-DM1 (Figure 4C). Thus, we evaluated treatment in
cell numbers ranging from 1� 106 to 15� 106 per incubation. In this
study, our main goal was to incubate cells with a sufficient amount of
ADC that would not cause cytotoxicity. A time point of 2 h was selected
based on maximum cell uptake without causing cell death (Figures 4A
and 4B). Endo et al.73 used T-DM1 as bait to determine thatDM1 binds
a cell surface protein cytoskeleton-associated protein 5 (CKAP5) that is
expressed on hepatocytes in the absence of HER2. A concentration of
250 mg/mL (�1,667 nmol/L) T-DM1 was incubated with 1.5 � 106

cells. The study determined that DM1 interaction with CKAP5 is
most likely a contributing factor for dose-limiting hepatotoxicity in pa-
tients treated with T-DM1. However, the amount of T-DM1 used was
well above the IC50 value. A direct comparison of cytotoxic potency
between CKAP5- and HER2-positive-only cells and T-DM1 was not
reported. However, the potent cytotoxic concentration shown for
T-DM1 in CKAP-positive/HER2-negative cells ranged from 30- to
142-fold higher than reported IC50 values for T-DM1 against HER2-
positive cells,52,53 including in the present study. The method in our
study utilized 7.5 mg/mL (�50 nmol/L), which was also well above
the cytotoxic IC50 values for both AccL-T-DM1 and T-DM1. Theses
comparative findings indicate the importance of performing additional
experiments to evaluate cytotoxicity. This is required if the intent is to
analyze live cells that have yet to change gene expression levels due to
cytotoxic stress. Nonetheless, this study demonstrates that the amount
of ADC utilized is comparable to that found in the study by Endo
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et al.,73 and could potentially be refined for future NLS-tagged
therapeutics.

The development of controls was also a significant feature in the pro-
teomic setup. When performing antibody pull-downs, an isotype
non-specific IgG would always be used. In this case, an Accum-tagged
IgG could be used to confirm Accum-specific interactors without
Tmab being present. However, a key aspect in this study, as well as
in any future studies, is receptor binding followed by internalization,
endosome escape, and nuclear localization in live cells. An Accum-
IgG agent would not bind HER2 and internalize and, hence, could
not be pulled down by protein G to be analyzed bymass spectrometry.
This would prevent any study of nuclear transport, specifically from
the time of endosome escape and nuclear localization. Therefore,
we developed a dual bait-prey analysis system in combination with
controls Tmab and T-DM1 that would bind HER2 and internalize.
As Tmab and T-DM1 pull-downs were both analyzed as controls
(I:III model) and independent baits (I:I:I:I model), we were able to
critically evaluate their interaction overlap to the Accum-T-DM1 in-
teractome. This two-pronged approach included precisely scaled
SAINT scoring for each model system and allowed increased discern-
ment of Accum-specific interactors. This tandem analysis resulted in
the discovery of IPO7 as the driver of Accum-enhanced T-DM1 cyto-
toxicity. In addition, careful consideration should be taken for the
peptide modification load. The number of peptide moieties for maxi-
mizing therapeutic application may not be the load needed for
conducting proteomic studies. In this study, we achieved the highest
cytotoxicity with AccH-T-DM1. However, AccL-T-DM1 was the only
construct with acceptable protein G pull-down efficiency for proteo-
mic analysis. Thus, the amount of NLS peptide modification needed
for proteomic evaluation may not be the same used for treatment.

Although the term “nuclear transport” can have different meanings
between scientists studying basic mechanisms and those interested
in therapy, the development of SV40 cNLS-modified agents is an
area of research that is being actively investigated.29–34 However,
the general consensus is that the mechanism for these NLS-contain-
ing drugs is dependent on the importin-a/importin-b complex to
achieve nuclear localization.32–34,74 Our results clearly indicate that
the SV40 cNLS as part of Accum is dependent on non-classical nu-
clear transport, specifically IPO7. However, the development of
SV40 NLS-tagged agents for various therapeutic agents is
ongoing.74–79 In addition, different NLS sequence-tagged therapeu-
tics have made significant advances. For example, HIV-1 trans-acti-
vating protein harbors an NLS and has been extensively utilized for
the nuclear delivery of various agents,80–82 with a few reaching the
clinic (ClinicalTrials.gov: NCT01975116 and NCT00914914). How-
ever, they have been shown to suffer from target antigen specificity
problems.13,14

The additional interactors uncovered by the proteomic portion of this
study will impact future directions on studying nuclear transport us-
ing NLS-modified agents. Most of the human non-classical NTRs are
able to recognize unique sets of proteins or RNA, thus creating mul-
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tiple transport pathways across the nuclear pore complex.35 IPO7 is
known to mediate nuclear transport by forming a heterodimer with
importin-b. Recently, Ivic et al.65 reported on the structure of an
IPO7/importin-b/H1.0 complex. This study clearly demonstrated
that IPO7 relies on an electrostatic binding mechanism for recog-
nizing H1.0. This supports why the strong interaction of importin-
b with AccL-T-DM1 was continuously present in the different prote-
omic analyses used in this study. IPO7 has regions at the extreme N
and C termini that interact with importin-b and are required for nu-
clear localization of H1.0. Based on this study, it appears that IPO7 is
only required for recognition and nuclear transport of Accum-T-
DM1. Based on the results from this study and from Ivic et al.,65 a
current model for Accum nuclear transport is on its NLS being com-
plexed by a negative charged cradle formed by the acidic residues on
the inner concave surface and the negative supercharged loop (Fig-
ure 9B). However, we cannot rule out that an IPO7/importin-b com-
plex does exist in SKBR3 cells. IPO7 is also known to be critical for the
nuclear transport of ribosomal proteins and histones.35 Preference for
IPO7 versus an IPO7/importin-b heterodimer has been observed for
particular nuclear-localized proteins such as EZI and ERK-2 ki-
nase.83,84 IPO7 has also been shown to transport RBL4 and RBL6
into the nucleus,85 which were both identified to interact with
AccL-T-DM1. Thus, this report strongly suggests that transport of
AccL-T-DM1 is only dependent on single-bound IPO7.

This study suggests that in the context of NLS-tagged therapeutics,
charge recognition may dominate the pathways used for nuclear
transport and, hence, the efficiency of nuclear localization. Long loops
with a high content of acidic residues are also found in IPO4, IPO9,
and transportin-1.65 Transportin-1 and IPO4, but not IPO8 and
IPO9, had strong SAINT interaction scores for Accum (Figure 7A).
IPO4 that contained the second highest STSc among NTRs was not
essential for AccL-T-DM1 cytotoxicity. IPO4 is known to bind to
only a few known proteins.35 Interestingly, among them the protein
TP2 contains an NLS sequence of GKVSKRKAV. Since this sequence
is similar to the NLS sequence contained in Accum, it is logical to
conclude that IPO4 also interacted with AccL-T-DM1. However, it
was not essential for cytotoxicity. Accum was not tested for its reli-
ance on nuclear transport or cytotoxicity with transportin-1. There-
fore, it is likely that electrostatic interactions are not the only feature
governing Accum binding. Most likely, three-dimensional features
that are unique to the NLS therapeutic agent also have an influence
on recognition by individual importins. As a consequence, this
finding underscores the need to carefully identify the nuclear trans-
port pathway for investigational NLS-tagged therapeutics.

This proteomic and biochemical approach can most likely be adopted
for any NLS-modified mAb agent as a foresight for a rational
approach for studying nuclear transport mechanics or for the devel-
opment of therapeutic agents. Thus, this proteomic-based method
can be feasibly integrated into development workflows for next-gen-
eration NLS-based agents to identify the most dominant NTR
pathways in cells of interest. For next-generation NLS-modified bio-
pharmaceuticals, it is profoundly important to understand the tumor
rapy: Methods & Clinical Development Vol. 19 December 2020 113
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system to optimize the NLS-based approach. Such understandings
could be useful in combination with DNA/RNA gene therapy ap-
proaches where the NTRs specific for ribosome nuclear transport
could synergize to increase nuclear delivery efficiency. For funda-
mental insights, our approach can be combined with gene expression
studies of various NTRs to understand the cellular response to treat-
ment with NLS-modified agents. Thus, aspects such as agent concen-
trations and incubation time points can be further refined in order to
delineate the most accurate transport network for a given agent. This
method can be further exploited to select specific NLS sequences for
particular NTRs. Lastly, an advantage of our current methodology is
that these measurements can be made in a structured manner using
in vitro biochemical methods and can be combined with a proteomic
system that can be easily applied to any NLS-modified agent.

MATERIALS AND METHODS
Cell Culture

SKBR3, MCF7, and BT474 cells were obtained from ATCC and were
tested for authenticity and contamination with viruses or myco-
plasma prior to experimentation. Cells were grown in accordance
with ATCC recommendations.

Accum Conjugation and Determination of Accum Loading

Accumwas synthesizedaspreviously described.16T-DM1wasobtained
from theCHUS(CentreHospitalierUniversitaire de Sherbrooke) Phar-
macy. The SM(PEG)2 was reacted in molar excess to 200 mg of T-DM1
in order to obtain approximately different amounts of Accummoieties
per T-DM1. Reaction conditions to control the amount of Accum
per mAb have been previously described.86 Accum-modified T-DM1
was then transferred to a Centricon YM-100 ultrafiltration tube
(EMD Millipore, Etobicoke, ON, Canada) and concentrated in PBS
(pH 7.4). Bicinchoninic acid, UV absorbance, and Bradford assays
were performed to determine protein concentration.

To determine Accum loading, 10 mg of T-DM1 and Accum-T-DM1
ADCs were loaded onto a 12% polyacrylamide gel. Conjugates were
analyzed by SDS-PAGE under reducing conditions on a 12% Tris-
HCl polyacrylamide gel and stained with Coomassie brilliant blue
R-250 (Bio-Rad, Mississauga, ON, Canada). The migration distance
in the gel relative to the blue dye front (Rf) was measured and the
numbers of Accum moieties introduced into the LC and HC of
T-DM1 were categorized into low, medium, and high Accum loads
estimated by reference to a logarithm plot of molecular weight versus
1/Rf for Kaleidoscope prestained standards (Bio-Rad) electrophor-
esed under identical conditions. Similar procedures were performed
for Accum modification of Tmab, or NLS (no cholic acid) modifica-
tion of T-DM1.

Turbidity and Differential Scanning Fluorimetry

Turbidity assays were performed after the purification and concentra-
tion steps. T-DM1 or Accum-T-DM1 suspended in 100 mL of PBS
was loaded into 96-well quartz plates and analyzed at the visible wave-
length of 560 nm. The amount of blocked wavelength directly corre-
lated with increase turbidity of the solution.
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For differential scanning fluorimetry, lyophilized T-DM1 was sus-
pended in PBS and the Accum-T-DM1 formulations were evaluated
from solution obtained after concentration. 10 mL of 1 mg/mL
ADCs was loaded into standard capillaries and mounted in a Prome-
theus NT.48 (NanoTemper Technologies, Germany) with excitation
near UV. The temperature gradient was set to 1�C/min in the range
of 20�C–95�C. ADC unfolding was measured by detecting the change
in tryptophan/tyrosine fluorescence at emission wavelengths of 330
and 350 nm as a function of temperature. Melting temperatures
were determined by detecting the maximum of the first derivative of
the fluorescence ratios (350 nm/330 nm). Raw data were analyzed us-
ing ThermControl software, and statistics were calculated using Excel.

Flow Cytometry

1� 106 SKBR3 cells were seeded in six-well plates 24 h prior to exper-
imentation. Cells were washed once with PBS and then treated with
7.5 mg/mL of conjugates in media for 15 min, 30 min, 1 h, 2 h, 4 h,
6 h, and 8 h. At the end of each indicated time at 37�C, cells were lifted
with 250 mL of 0.25% trypsin/ETDA (Wisent) for 5 min at room tem-
perature (RT), suspended in 1 mL of complete media, and centrifuged
for 5 min at 1,000 � g. Supernatant was removed and cells were
washed twice with ice-cold PBS. Washed cells were then fixed in
1% paraformaldehyde (PFA) and 1% sucrose in PBS for 30 min on
ice. Fixed cells were then washed twice with PBS and permeabilized
using 0.015% Triton X-100 in PBS for 10 min at RT. Cells were
then incubated in rabbit anti-human IgG conjugated to Alexa Fluor
647 (Invitrogen) for 1 h, on ice, in the dark, and washed twice in
PBS. 10 mg/mL of PI was then added to the tubes. Fluorescence was
measured on a CytoFLEX 15 (Beckman Coulter), and 10,000 cells
per sample were analyzed. Data were analyzed using CytExpert
(version 2.0, Beckman Coulter).

Immunofluorescence Confocal Microscopy

SKBR3 cells in media were treated with 7.5 mg/mL of Accum-T-DM1
and T-DM1 for up to 2 h at 37�C. Cells were fixed using 4% PFA and
4% sucrose in PBS at 4�C for 30 min, and permeabilized with 0.1%
Triton X-100 in PBS for 15 min at RT. Subsequent steps were made
in the blocking buffer containing 10% bovine serum albumin in
PBS. Blocking was performed for 30 min at RT and incubation
with rabbit anti-human Alexa Fluor 647 (Invitrogen) that binds to
the Tmab Fc region of T-DM1 and Accum-T-DM1. Nuclear staining
was performed with Hoechst (1:10,000) concurrently for 1 h at RT.
Cells were washed and processed, and images were acquired as
described.16

For the IPO7 knockdown experiments, the Tmab antibody was de-
tected using a primary monoclonal mouse anti-human Fc and sec-
ondary polyclonal goat anti-mouse Alexa Fluor 647 (Invitrogen).
IPO7 was detected using a primary polyclonal rabbit antibody and
secondary polyclonal goat anti-rabbit Alexa Fluor 488 (Invitrogen).

Cytotoxicity Assays

5 � 103 SKBR3 (normal and knocked down) cells in 96-well flat-bot-
tom plates were exposed to increasing concentrations of T-DM1 and
ber 2020
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Accum-T-DM1 at 37�C for 72 h. Media were removed and cells were
incubated with PrestoBlue (Thermo Fisher) for 30 min and measured
in a fluorometric plate reader in accordance with the manufacturer’s
protocol. Assays were performed in triplicate. Cytotoxicity data were
analyzed using nonlinear regression in GraphPad Prism version 7.0

SKBR3 Cell Treatment and Affinity Purification

15 � 106 SKBR3 cells were seeded in a 150-mm dish 24 h prior to
experimentation. Cells were treated with 7.5 mg/mL of Tmab, T-
DM1, or AccL-T-DM1 for 2 h at 37�C. Cells were then washed twice
with PBS at RT and then lysed with ice-cold radioimmunoprecipita-
tion assay (RIPA) buffer (50 mM Tris-HCl [pH 7.5] at 25�C, 150 mM
NaCl, 1% v/v Triton X-100, 0.5% w/v sodium deoxycholate, 1 mM
PMSF, 5 mM NaF). Lysates were passed 10 times through a 21-gauge
needle and tubes were centrifuged at 20,000 � g for 5 min to pellet-
insoluble cell debris. Supernatants were transferred to fresh tubes
and diluted at a 1:1 ratio in RIPA buffer. 25 mL of protein G-coated
magnetic beads (Thermo Fisher Scientific, 10003D) were equilibrated
by washing twice in RIPA buffer and then mixed with 1.5 mL of
diluted cell lysate for 1 h at RT with inversion. Beads were isolated
on a magnetic rack and washed four times in PBS. The pulled
down proteins were then processed for HPLC-MS/MS analysis or
western blot.

Sample Preparation for HPLC-MS/MS

Beads from pull-downs were transferred to fresh tubes and washed
five times with 20 mM NH4HCO3 in MS-grade water. After the final
wash, the beads were suspended in 100 mL of NH4HCO3 buffer
containing 10 mM dithiothreitol (DTT) and incubated at 60�C with
mixing for 30 min. Tubes were cooled to RT and 15 mM iodoaceta-
mide was added and incubated for an additional 1 h at RT in the dark
with mixing. The iodoacetamide was then quenched by the addition
of 1 M DTT to a final concentration of 15 mM DTT and left for
10 min.

On-bead digestion was performed by adding 1 mg ofMS-grade trypsin
(Promega, V5280) to each tube and incubating at 37�C with shaking
at 350 rpm overnight. The following day, MS-grade formic acid (FA)
up to 1% final concentration was added to quench digestion. Tubes
were set on a magnetic rack to pellet the beads, and the supernatant
containing the peptides was transferred to fresh tubes. The beads
were then washed in 100 mL of 60% MS-grade acetonitrile in 0.1%
FA for 5 min. The supernatants were then pooled and then dried un-
der vacuum. Peptide desalting and HPLC-MS/MS were performed
using the identical methods and parameters as described by Chauvin
and Boisvert.87 The sample preparation and HPLC-MS/MS were per-
formed five independent times using freshly obtained T-DM1 and
prepared Accum-T-DM1. The MS proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE partner re-
pository88 with the dataset identifier PXD014786.

Label-Free Quantification Data Analysis

MS raw files from the performed HPLC-MS/MS were analyzed
with MaxQuant software (version 1.6.0.1). Specificity was set to
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trypsin, defined as cleavage after a lysine or an arginine not before
a proline, maximum of two missed cleavages allowed, and peptides
had to be at least 7 aa long. Variable amino acid modification
included methionine oxidation and protein N-terminal acetyla-
tion. Fixed modification included cysteine carbamidomethylation.
The mass tolerance for precursor and fragment ions was 7 and
20 ppm, respectively. Spectra were searched against the UniprotKB
(Homo sapiens, November 12, 2018, 88,354 entries)89 for protein
identification with a BFDR of 1%. Potential contaminants, reverse
peptides, proteins only identified by sites, with less than two
unique peptides, and duplicated proteins in the data matrix
were excluded. The three replicates that exhibited the most inter-
nal reproducibility, to avoid artificial enrichment or impoverish-
ment due to variation in sample processing, were selected
for further analysis. The resulting protein groups can be found
in Table S1.

SAINT Identification of Accum-Specific Interactors

Spectral counts obtained from MaxQuant were imputed into CRA-
Pome. SAINT analysis was performed on the I:III model using
STSc threshold values set at R0.9 and R0.5, respectively. The I:I:I:I
model was also analyzed by SAINT with a STSc cutoff of 0.9 and
included CRAPome controls (CC405, CC406, and CC410).90 SAINT
parameters are available in Tables S2 and S3 for the I:III and I:I:I:I
models, respectively.

Network Visualization and GSEA

For the I:III model, a gene list was extracted from the SAINT analysis
using STScR0.5 and entered into GM (version 3.5.0)91 in Cytoscape
(version 3.6.1). The STSCs were then input into Cytoscape. GSEAwas
performed by GM to determine the most enriched GO terms. These
GO terms were then used to systematically attribute a “generic
pathway” to each protein in the network according to their main
function. Proteins for which a generic pathway could not be attrib-
uted through GM were manually searched in the UniProt Knowl-
edgebase,89 the Human Protein Atlas,92–94 and PubMed and assigned
to their most significant function. The GM parameters, results, and
generic pathway annotations can be found in Table S2. GO terms
and q values are listed in Table S4.

For the I:I:I:I model, genes obtained from the SAINT analysis with an
STScR0.9 were input into GM. The GSEA results were extracted and
common pathways were assessed using the Bioinformatics & Evolu-
tionary Genomics tool to generate a Venn diagram (http://
bioinformatics.psb.ugent.be/webtools/Venn/). q values obtained
from GM were transformed for the purpose of visualization with
the following equation: log(1/q value). The I:I:I:I model was used to
validate the findings from the I:III model, and thus generic pathways
were only assigned to individual genes using GM analysis results and
are shown in Table S3. The list of GO terms and enrichment values for
the baits are listed in Table S5.

The dot plot was generated using ProHits-viz, an online data
visualization too.95 SAINT results from the I:I:I:I analysis were
rapy: Methods & Clinical Development Vol. 19 December 2020 115

http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
imported into the dot plot generator with the following parame-
ters: average spectral count was used for abundance for STSc for
confidence scoring, with 0.9 as the primary filter and 0.8 as the sec-
ondary filter.

Gene Silencing

siRNAs (pool of four) directed against the indicated genes were ob-
tained from Dharmacon (ON-TARGET plus human KPNA2, #L-
004702-00-0005; KPNB1, #L-017523-00-0005; IPO4, #L-009516-
01-0005; IPO7, #L-012255-00-0005). For example, 3.5 � 105 cells
were transfected according to the manufacturer’s protocol using
2 mL of DharmaFECT and 10 mL of 5 mM siRNA pool for 24 h
in serum-free medium (Life Technologies) in six-well plates. The
cells were then split for cytotoxicity assays and western blot analysis.
Transfections were performed in triplicate for each condition. Cyto-
toxicity assays for gene-silenced cells were performed as previously
described.

Western Blot

Western blot was performed to evaluate the MS-identified NTR in-
teractors and to determine NTR gene knockdown. After washing in
PBS, the beads were suspended in 50 mL of 2� loading buffer
(100 mM Tris-HCl [pH 6.8], 2% SDS, 12% glycerol, 10 mM DTT,
and 0.02% bromophenol blue) and boiled for 5 min. Beads were
captured on a magnetic support, and 25 mL of supernatant was
loaded onto an 8% SDS gel and electrophoresed for 2 h at 150 V.
The bicinchoninic acid assay (Bio-Rad) was used to measure protein
concentration from the cell lysates, and 20 mg of protein was loaded
onto 8% SDS gels and electrophoresed. Proteins were then trans-
ferred to a polyvinylidene fluoride [PVDF] membrane overnight,
at 4�C under a constant current of 40 mA on ice. PVDF membranes
were then rinsed three times in H2O, dried to fix proteins in place,
rehydrated in 100% methanol, washed twice in PBS, washed twice in
50 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.1% v/v Tween 20
(TBST), and blocked for 1 h in 5% fat-free milk in TBST with gentle
shaking. Membranes were then washed three times with TBST and
incubated with mouse polyclonal anti-IPO7 (1:200), rabbit poly-
clonal anti-IPO4 (1:400), rabbit anti-KPNB1 (1:400), or goat poly-
clonal anti-KPNA2 (1:500). The mouse polyclonal anti-tubulin
(1:500) was used for loading controls. Anti-IPO7, IPO4, and
KPNB1 antibodies were purchased from LifeSpan Biosciences.
Anti-KPNA2 and tubulin antibodies were purchased from Invitro-
gen. Incubations were performed at 4�C, in 2.5% milk in TBST,
with gentle shaking overnight. Membranes were then washed in
TBST three times and incubated for 1 h at RT in 2.5% milk in
TBST with horseradish peroxidase (HRP)-conjugated goat anti-rab-
bit (1:4,000), goat anti-mouse (1:5,000) (Invitrogen), or donkey anti-
goat (1:5,000) (Cedarlane). Finally, blots were washed twice with
TBST, twice with PBS, and revealed by electrochemiluminescence
(Thermo Fisher Scientific).

Modeling

PDB: 6N88 was used to evaluate potential IPO7:Accum-T-DM1 in-
teractions (PyMOL; Schrödinger, New York, NY, USA).
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Statistical Analysis

Turbidity for each group was reported as mean ± standard deviation
and significance (p < 0.05) determined using a 1-way ANOVA with
Turkey’s multiple comparisons test in GraphPad.
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