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Single-cell western blotting of cytoplasmic
cytokeratin 8 proteoforms
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Differential detergent fractionation (DDF) enables compartment-specific lysis, offering a strategy to
analyze cytoplasmic proteins while preserving the nucleus for downstream assays. However, while this
method facilitates sub-cellular resolution, current single-cell approaches using DDF remain limited in
their ability to identify proteoforms without compromising nuclear integrity. This limitation is especially
pronounced in proteins where their proteoforms present diverse biological functions such as cytokeratin
8 (CK8), a structural protein implicated in several disease states. Here, we present a single-cell western
blot (scWB) integrated with DDF to selectively solubilize and separate CK8 proteoforms while preserving
nuclear integrity. To evaluate assay applicability and nuclear stability, we profiled CK8 across breast cancer
cell lines (MCF7, SKBR3, and MDA-MB-231), confirming proteoform detection only in MCF7 and preser-
vation of nuclear content across all lines. We report on assay development, including screening a panel of
lysis buffers based on nonionic detergents, and electrophoresis conditions to achieve a separation resolu-
tion between two proteoforms of up to 0.94, while preserving an intact nucleus. The cytoplasm-specific
lysis (DDF buffer) yielded detectable proteoforms in 14.3% of solubilized single cells, comparable to 10.3%
with whole-cell lysis (RIPA buffer). Our approach allows for tailored solubilization, achieving reliable pro-
teoform detection and nuclear retention across different cell types. Proteoform profiling at the single-cell
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Introduction

Cytokeratin 8 (CK8) is an intermediate filament located in the
cytoplasm and nucleus, that serves as a structural element and
mediator of signal transduction. As a type 1I keratin, CK8 typi-
cally dimerizes with CK18," and is involved in various disease
states. CK8 expression is modulated during viral infections,
such as hepatitis C, influenza, and Zika, with evidence
suggesting a reorganization of the cytoskeleton to facilitate
viral replication.”* As a product of KRT8 gene mutations,
CK8 may form amyloid-like aggregates linked to alcoholic liver
disease.” Moreover, CK8 and its proteoforms have been impli-
cated in cancer. Panels of cytokeratins have been used for the
identification and diagnosis of certain cancer types such as
bladder,® lung,” breast,® and head and neck.’ Notably, a CK8
proteoform in lung adenocarcinoma has been correlated with
decreased survival.'® In colorectal cancer, transcript-level CK8
revealed a clear differentiation of expression between tumor
and normal tissue,'" highlighting the relevance of CK8 as a
biomarker. Despite the lack of a transmembrane domain,
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level forms a basis for the exploration of the role of specific CK8 molecular forms in cellular processes.

there are indications that CK8 binds to plasminogen and its
expression increases the attachment of multidrug resistant
MCF?7 cells to fibronectin and vitronectin."*** This adhesive
capability may underlie the correlation between elevated CK8
levels with migration, invasiveness and poor outcome of
certain types of cancer.'*'*

Currently, UniProt identifies two confirmed alternative-spli-
cing derived isoforms of CK8 (#P05787), as well as six
additional shorter forms, some of which are only computation-
ally predicted.'® At the transcript level, CK8 presents two iso-
forms. Recently, Li et al. detected a new splicing variant, which
corresponds to a predicted molecular mass of 46.2 kDa,'
although its translation to protein remains uncertain, as no
CK8 fragment with this molecular mass has been reported to
our knowledge. The null observation suggests that this
isoform is not translated into protein, post-translationally
cleaved into shorter forms, or expressed below the detection
limit of assays used to interrogate the system. Previous studies
provide evidence of CK8 cleaving events, yielding variable-
length fragments of this CK8 46.2 kDa form."” Getting from
transcript to expressed protein presents numerous opportu-
nities for physico-chemical diversity, thus highlighting the
need for tools and strategies to analyze the presence of proteo-
forms as well as additional omics expressions. In particular,
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CK8 presents not only the challenge of its filamentous nature,
but its reported anchorage to the plasma membrane,'” which
may hinder the efficient solubilization of this protein.

To prepare a cell suspension for analyses of targeted cellu-
lar compartments, compartment-specific assays have been
appended to differential detergent fractionation (DDF) sample
preparation approaches. DDF is a chemically targeted
approach to selectively lyse cellular organelles, including the
cytoplasm, nucleus, and various organelles. DDF mitigates
non-specific background interference, commonly arising from
cross-contamination between cellular compartments. DDF also
offers a cell compartment-specific fractionation of nuclear
components for nucleic acid analysis versus cytoplasmic com-
partments for protein analyses. Bulk DDF methods use differ-
ential and density gradient centrifugation and magnetic
beads to capture the organelles of interest.'®'® These bulk
approaches, however, mask single-cell heterogeneity. DDF has
been adapted to single-cell sample preparation; for instance,
single cells isolated in microwells were subjected to selective
lysis and electrophoresis of the cytoplasmic compartment,
leaving a single intact nucleus in each microwell.*’
Organelles can also be captured using antibodies against pro-
teins common on the surface®® or using centrifugal-based
microfluidic devices that can separate cell debris from
mitochondria.>*** The remaining intact nucleus or organelles
are subsequently subjected to genomic analyses, chromatin
studies, or nuclear protein assays.

Here, we sought to understand if we could develop a single-
cell western blot (scWB) optimized to resolve the cytoplasmic
CK8 proteoforms while keeping each cell’s nucleus intact. For
this, after evaluating the presence of CK8 proteoforms in
MCEF?7 cells via mass spectrometry, we evaluated several deter-
gents for electromigration and nuclear stability in three breast
cancer cell lines with different CK8 expression (MCF7, SKBR3,
and MDA-MB-231). We then evaluated electrophoresis con-
ditions to achieve a separation resolution that enables proteo-
form identification.

Results and discussion

Separation of CK8 proteoforms is possible using whole-cell
lysis buffers

We first evaluated the utility of scWB to resolve CK8 proteo-
forms, with and without an intact nucleus in MCF7 cells
(Fig. 1A). We performed scWB with a whole-cell lysis buffer
(RIPA).>® The RIPA cell-lysis buffer is supplemented with a 2%
w/v sodium dodecyl sulfate (SDS) content for solubilizing both
cytoplasmic and nuclear membranes and linearizing cellular
proteins for mass-based electrophoresis. Using RIPA, we could
solubilize CK8, which exhibited detectable proteoforms under
these conditions. We observe that 10.3% of the single cells
present a second proteoform (n = 629, Fig. 1B and D).

To retain the nuclear compartment while assessing CK8
proteoforms, we performed DDF scWB and assessed a cyto-
plasmic buffer previously developed by our team for single-cell
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Fig.1 CK8 proteoforms presence in MCF7 cells. (A) (Left panel)
Workflow schematic for scWB with differential detergent fractionation
(DDF). Steps include: gravity-based cell settling into microwells, DDF
lysis settled cells electrophoresis (EP) to separate proteoforms by mole-
cular mass with subsequent light-based immobilization of protein to the
benzophenone-methacrylate containing polyacrylamide gel, and anti-
body-based probing for fluorescence detection. (Right panel) Schematic
of the desired result, with the nucleus contained in the microwell and
the proteoforms separated in the polyacrylamide gel. (B) Examples of
scWB protein bands after dissolution with RIPA buffer, which solubilizes
both nuclear and cytoplasmic proteins, showing the presence of the
main protein and a proteoform (left panel) or only the main protein
(right panel). (C) Examples of scWBs after partial solubilization achieved
using the previously reported cytoplasmic buffer,?’ which solubilizes
only the cytoplasmic compartment. The trail shows partially solubilized
filaments of CK8. (D) Graph representing the grey scale intensity profile
of a scWB band for RIPA and cytoplasmic buffers. The RIPA-lysed profile
presents two curves, a purple that represents a single form, and a blue
that shows the presence of the main form and a proteoform. In the
cytoplasmic-lysed profile, only a single form (purple) is detected. In
100% of the RIPA-lysed single-cell western blots the main CK8 form
(53.7 and/or 56.6 kDa) was detected, with a sub-population of 10.3% of
the single-cell western blot results reporting the proteoform in the
RIPA-lysed cells (n = 629 for RIPA-lysed cells, n = 800 for cytoplasmic
buffer-lysed cells). Scale bar: 30 pm. (E) Schematic representing the pro-
teoforms detected by top-down mass spectrometry in a bulk MCF7 cell
suspension. Regions of sequence alignment identified by the Clustal
Omega program from UniProt are highlighted in light purple, while blue
indicates distinct sequences.
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DDF for scWB,?°* consisting of Triton X-100, digitonin, and
Tris-glycine. With these conditions, we did not observe the
CK8 proteoform in a population of 800 cells (Fig. 1C and D).
There are two primary explanations for this: (a) the proteoform
does not properly solubilize with the cytoplasmic buffer, likely
remaining interlinked together with the main proteoform, or
(b) the migration of both proteoforms is overlapping, as this
native buffer does not contain SDS, thus preserving native
protein structure and protein charge state. This finding
suggests that advancing single-cell CK proteoform analysis
while maintaining nuclear integrity will require the develop-
ment of new chemical solubilization strategies, thus forming
the rationale for the present study.

To confirm the presence of CK8 proteoforms in MCF7 and
validate our results, we performed top-down mass spec-
trometry on a pooled cell population (7 = 1 x 10° cells). We
identified CK8 proteoforms accession #P057878-1, #P05787-2,
#F8VQY3, #F8VUG2, and #HOYUB2 (Fig. 1E and Table S2).
These findings indicate that the MCF7 cells express both con-
firmed alternative-splicing CK8 isoforms, as well as additional
CKS8 fragments.

Based on the electrophoretic migration distance observed
in the scWB and compared to the housekeeping protein
f-tubulin (Fig. S1), the main CK8 proteoform observed is
posited to be the main CK8 form or isoform (Fig. 1B; 53.7 and
56.6 kDa, respectively). However, the resolving capability of
ScWB is not expected to resolve such small differences. This
difference is 2.9 kDa, which constitutes <12% of molecular
mass, reported as the smallest resolvable mass difference to
date for scWB.?” Thus, we attribute the other detected proteo-
form to the fragment #F8VUG2 (30.9 kDa), observed in MCF7
cells via mass spectrometry.

Nonionic detergents enhance solubilization and maintain
nuclear stability

The composition of the detergent cocktail in any DDF lysis
buffer impacts protein solubilization, especially at the single-
cell level. The scWB demands protein solubilization in just a
few seconds, because the open microwell format means that
diffusion of the concomitantly solubilizing proteins out of the
microwell curtails detection sensitivity of the completed
scWB.?® Thus, solubilization times of 100-1000s of seconds
are not possible or require alternative strategies, such as
droplet encapsulation,>® making the choice of detergent criti-
cal to achieve proper protein solubilization. Detergents result
in different solubilization efficiencies for each protein species,
a product of each protein distinct properties, including
charges, hydrophilic and hydrophobic regions, and 3D confor-
mation. Buffers are typically composed of a combination of
three commonly used detergent types: anionic, zwitterionic,
and nonionic detergents. Anionic detergents, such as SDS,
generally destabilize all cellular membranes and thus are not
compatible with cell fractionation (i.e., the whole cell lyses).*
Other types of detergents, including zwitterionic and nonionic
are typically mild and can break lipid-lipid and lipid—protein
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interactions, but preserve protein-protein interactions intact,
or even are biologically active.>”

Here, we evaluated several detergents to determine the
efficacy in solubilizing CK8 proteoforms (Fig. S2). We used the
cytoplasmic buffer as the base composition and tested the
addition of Brij-35, n-dodecacyl-p-maltosidase (DDM), IGEPAL
CA-630, and urea. Fig. 2A shows the migration distances of
CK8 - a proxy of protein solubilization — achieved with each of
the buffers. While lysis with the chaotropic agent urea presents
one of the largest electromigration distances for the main CK8
peak of the components considered, inclusion of urea was
abandoned due to a risk of compromising the physical integ-
rity of the nucleus (Fig. 2B, right panel). Damage to the cell
nucleus compromises the design goal of DDF cell lysis, i.e., to
isolate the nucleus while electrophoresing the contents of the
cytoplasm. This results in DNA leakage from the nucleus, and
can subsequently allow electroinjection of the leaked DNA into
the gel. Inclusion of the zwitterionic detergent CHAPS in the
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Fig. 2 Effects of the solubilization buffer on CK8 migration and nuclear
integrity. (A) Bar plot showing CK8 migration distance into the polyacryl-
amide gel. The longest migration distance was observed with Brij-35
0.1% + IGEPAL 0.2% buffer (DDF buffer) and 0.1% urea buffer. Error bar
represents standard deviation (SD); n = 25 cells for Brij-35 0.1% +
IGEPAL 0.2%, n = 14 for IGEPAL 0.1%, n = 17 for IGEPAL 0.2%, n = 8 for
IGEPAL 0.3%, n = 10 for DDM 0.1%, n = 19 for DDM 0.2%, n = 18 for urea
0.1%, n = 13 for Brij-35 0.1%, n = 19 for cytoplasmic. (B) Micrograph
representing a microwell stained for DNA using SYBR gold after scWB.
The left image shows a preserved nucleus (use of DDF buffer), while the
right image has fragmented DNA that penetrates into the gel (use of
urea 0.1% buffer). (C) Micrographs reporting DDF lysis of representative
single cells from three breast cancer cell lines MCF7, MDA-MB-231, and
SKBR3, cytoplasmic proteins CK8 and p-tubulin, which migrate into the
gel, while histone H3, a nuclear marker intercalated in the DNA, does
not inject into the gel. Image gain was substantially increased for
imaging in H3 vs other markers to ensure that no migration of protein is
observed, and thus noise is observed in these micrographs. Scale bar:
30 pm.
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lysis buffer resulted in said DNA leakage and loss (Fig. S3),
also compromising the performance goals of a single-cell DDF
step. This DNA electroinjection into the gel was not observed
in buffers based on nonionic detergents. Given their inability
to dissolve protein-protein interactions, nonionic detergents
cannot dissolve the nuclear lamina structure and consequently
maintain nuclei integrity in a manner that makes said nuclei
suitable for further analysis (Fig. 2B, left panel).

A combination of Brij-35 0.1% + IGEPAL 0.2% (DDF bulffer)
had a much higher migration distance than any of the nonio-
nic detergents alone (Fig. 2A). After solubilization with either
of the buffers, we could still observe remnant CK8 inside the
nucleus. This could be explained by the presence of CK8 in the
nucleus, but also by partial solubilization of protein.

CK8 detection by electrophoresis is observed in 34% of
microwells containing cells (Fig. S2B), in contrast to p-tubulin
detection, which reached solubilization in up to 68% of micro-
wells containing cells under the specified conditions
(Fig. S2D). Despite the higher percentage of cells lysed and the
stronger signal observed in f-tubulin, the solubilization and
injection of p-tubulin protein with either of the buffers was not
complete. We observed detectable CK8 signal in all of the cells
lysed under whole-cell lysis conditions (Fig. 1B), so the variable
CK8 signal detected under the cytoplasmic buffer conditions
leads us to conclude that the cells express CK8 and that differ-
ential physicochemical response to the lysis conditions leads
to differential CK8 detection under the gentle DDF lysis con-
ditions. Protein species require individualized approaches for
solubilization,®" thus precluding development of a “universal
buffer” that can solubilize most of a diverse physicochemical
universe of protein molecules. The electrophoretic migration
distance from the protein injection point (i.e., the microwell
lip) was measured to be non-uniform across the different
buffers (Fig. 2A), suggesting that different nonionic detergents
result in a differentially altered electrophoretic separation.

Nuclear stability after DDF and electrophoresis depends on
cell line

For a DDF protocol to be effective, the physical and chemical
integrity of each nucleus needs to be preserved. While nonio-
nic detergents are mild and preserve most protein-protein
interactions, this effect could vary across different cell lines.
Fig. 2C illustrates the migration of CK8 and p-tubulin in three
different breast cancer cell lines (MCF7, SKBR3, and
MDA-MB-231), confirming the solubilization of proteins under
the selected conditions. The migration of CK8 corresponds to
the expected values, with no CK8 detected in the basal cell
line, MDA-MB-231, while MCF7, a luminal cell line, and
SKBR3, a HER2 overexpressing cell line, showed migration.>
In particular, we observed the separated CK8 proteoforms in
MCF7 but not SKBR3.

To assess nuclear stability, we performed staining with
histone H3 as a marker. Histones are an integral part of the
chromatin structure, playing a key role in DNA condensation.
The absence of histone migration into the gel is used as a
proxy for an intact nucleus. Experimentally, we observe that
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H3 remains retained within the microwell, suggesting pre-
served nuclear stability.

For comparison, Fig. S4 depicts a disrupted nucleus from
an MCF?7 cell, where the nuclear content is migrating inside of
the gel, and thus the nuclear structure is compromised. This
highlights the importance of matching cell lysis buffer compo-
sition to cell type in achieving reliable nuclear preservation in
DDF.

Proteoforms of CKS8 can be resolved with the DDF buffer

From the conditions considered, we resolved CK8 proteoforms
in two buffers: Brij-35 0.1%, and IGEPAL 0.2%, which led us to
combine both detergents to increase proteoform solubil-
ization. Using a combined buffer composition (Brij-35 0.1% +
IGEPAL 0.2%) increased the percentage of cells with detectable
proteoforms to 14.3% (Fig. 3A), considerably more than using
either detergent alone and comparable to results with the
RIPA buffer. However, Brij-35 has the lowest CK8 solubilization
efficiency across the nonionic detergents tested, and its pres-
ence in the DDF buffer reduces the total CK8 solubilization
when compared to the IGEPAL 0.2%. This is not the case for
f-tubulin, which exhibits poor solubilization with DDM, but
the highest with the DDF bulffer (Fig. S2).

In order to sufficiently resolve the detectable CK8 proteo-
forms, various parameters such as lysis time, buffer tempera-
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Fig. 3 CK8 proteoform separation on scWBs. (A) Percentage of cells
with detectable proteoforms per buffer where proteoforms were visual-
ized (total cells with migration into the gel n = 26 for Brij-35 0.1%, n =
132 for IGEPAL 0.2%, and n = 35 for Brij-35 0.1% + IGEPAL 0.2%). (B)
Percentage of cells with detectable proteoforms across a set of applied
electric field conditions (total cells with migration into the gel n = 38 for
20Vem™, n=73for25Vcm™, n =30 for 30 Vem™, and n = 47 for 40
V cm™). (C) Plot showing the separation resolution of CK8 proteoforms
across a set of applied electric field conditions, with the corresponding
micrograph showing the main form and the proteoform. Electrophoresis
times were adjusted to 70, 50, and 40 s for 25 to 40 V. cm™, respectively,
as the same electrophoresis time would not separate the proteoforms
under all conditions. The triangles indicate the location of each proteo-
form in the electropherogram.
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ture, and electric field were evaluated. In all cases, adjusting
the parameters involved trade-offs. For CKS8, lower solubil-
ization temperatures (55 °C) offered significantly higher signal
intensity per area (Fig. S5); however, solubilization and separ-
ation resolution were improved at 85 °C. Furthermore, the
migration distance of CK8 increased with temperature, likely
due to a better solubilization of CK8 filaments (Fig. S5A and
C). The lysis time did not show a clear correlation with the
number of solubilized cells, although 30 s solubilization gave
generally the best intensity/area ratio for CK8 (Fig. S5B). In the
case of B-tubulin, 20 s met our performance goals based on
the median intensity/area of the cells, while 75 °C was the
optimal lysis temperature (Fig. S5C and D).

To maximize the CK8 proteoform separation resolution, we
analyzed the electrophoretic mobility of the two CK8 proteo-
forms resolved by scWB using Ferguson plots with varying
polyacrylamide-gel concentrations (%7T) (Fig. S6-S7). Both
CK8 proteoforms show similar values for the y-intercept (yfull-
length = —-15 x —2.66 and yfragment = —13.0 x —2.64),
suggesting that the use of different total acrylamide (%7 con-
centrations in the separation gel will be unlikely to enhance
separation resolution. In addition, the non-linearity of the
relationship suggests a non-spherical conformation for the
CK8 molecules, consistent with reports of CK8 being a fila-
mentous protein.>?

Sweeping a range of applied electric field conditions,
however, suggested that this parameter offered the largest
impact on the separation resolution of the proteoforms
(Fig. 3C). At 30 V cm™ ", separation resolution was the largest
(Rs = 0.94, calculated as R, = 2(d, — d;)/(w; + w,), where d is the
distance to the peak, and w is the peak width) and the highest
number of proteoforms detected as a percentage of total elec-
trophoresed cells. An applied electric field of 25 V ecm™ gave
an R = 0.7, whereas 40 V cm ™" yielded R, = 0.85. Conversely, at
20 V cm™! proteoforms were not resolvable, and overall band
intensity was weak. The electrical field also impacted the
number of detected proteoforms, with 30 V cm™" showing the
highest percentage (Fig. 3B). In cases of poor separation resolu-
tion, the presence of CK8 proteoforms can only be identified
by a skewed Gaussian peak in comparison with a compact cir-
cular band observed in cells with only one proteoform.

Experimental
SU-8 mold fabrication

Molds for soft lithography were fabricated as previously
described.?® A layer of SU-8 3050 was spun over a silicon wafer
for 10 s at 500 rpm with an acceleration of 100 rpm, and then
for 30 s at 4000 rpm with an acceleration of 300 rpm to achieve
a layer thickness of 40 pm. The wafer was soft baked for 2 min
at 65 °C, 15 min at 95 °C and then 3 min at 65 °C. The wafer
was exposed to a UV dose of 385 mJ cm™> and then baked
post-exposure for 1 min 65 °C, 5 min at 95 °C and then 1 min
at 65 °C. The wafer was developed for 5 min on a shaker and
then hard baked at 200 °C for 20 min.
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Single-cell western blot

The scWB was performed as previously reported.*® Briefly, gels
were fabricated mixing 7% acrylamide : bis-acrylamide (29:1,
Sigma-Aldrich), 3 mM BPMA (BP-APMA, custom synthesis by
Raybow Pharmaceutical), 0.08% ammonium persulfate (Sigma
Aldrich), and 0.08% tetramethylethylenediamine (Sigma
Aldrich). The solution was then incorporated between a wafer
and a silanized glass slide®® until the end of polymerization
after 15 min, when the gel was detached from the wafer and
deposited in PBS for 1 h. The gel was then dried under a nitro-
gen stream, and 250 pL of 1 million per mL of strained cells
were deposited on the gel for cell settling. After 10 min, the
excess cells were removed with PBS, and the gels were placed
in the Milo system (Protein Simple, Bio-Techne) for electro-
phoresis. The lysis and electrophoresis times, and the electric
field were adjusted on an experimental basis, with lysis 30 s
and electrophoresis 30 s unless otherwise noted. The photoac-
tivation time was set to 45 s. After the electrophoresis step, the
gel was deposited in 1x Tris Buffered Saline + 0.1% Tween-20
(TBST) for 1 h. The gel was then incubated with primary anti-
body for 1 h, washed in TBST for 45 min with one wash
exchange after 20 min, and incubated with the secondary anti-
body for 1 h. The sample was washed in TBST for 45 min with
one wash exchange and then rinsed in water to remove salts.
The gel was dried under a nitrogen stream and imaged using
Genepix Microarray Scanner (Genepix 4300A, Molecular
Devices), with a resolution of 5 pm. The channel 535 used a
laser power of 90% and a gain of 500, and channel 635 used a
laser power of 70% and a gain of 700.

Primary antibodies were B-tubulin (100 pg mL™"', ab6046
Abcam), CK8 (2.5 ug mL™", ab9023 Abcam), histone H3 (100 pg
mL™", ab1791 Abcam) and secondary antibodies were anti-
rabbit-633 (A21071 Thermo Fisher) and anti-mouse-532
(A11002, Thermo Fisher), all at 100 pg mL~". DNA was stained
using SYBR gold at the suggested concentration (S11494,
Thermo Fisher).

Data analysis was performed using a Python custom algor-
ithm based on ref. 34, using numpy, pandas, tkinter, and
pillow. Briefly, the images were cut into single bands, a thresh-
olding function was used for segmentation of the band, and
the intensity was extracted.

Plotting was performed using Prism. Statistics were per-
formed using the Kruskal-Wallis test for non-parametric data-
sets. The scWB micrographs presented here are inverted grays-
cale and contrast-adjusted for visualization. For the resolution
calculation, we used Rg = 2(d, — d,)/(w, + w,), where d is the
distance to the peak, and w is the peak width. In the case of
overlapping peaks, we estimated the peak width by drawing
tangent lines on each side to intersect with the baseline. We
assumed a Gaussian distribution.

Buffer composition

The RIPA buffer composition used was 1% w/v SDS, 0.5% w/v
sodium deoxycholate, 0.1% v/v Triton-X100, and 0.5x% of Tris
glycine. The cytoplasmic base buffer composition was 1% v/v

This journal is © The Royal Society of Chemistry 2025
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Triton X-100, 0.125 mg mL~" digitonin 99% pure, and 0.5x
Tris glycine. Buffers from Fig. 2 were formulated by adding the
described w/v (DDM, urea (both Sigma Aldrich)) or v/v (Brij-35
(Thermo Fisher), IGEPAL (Abcam)) of the detergent in the cyto-
plasmic base buffer (Table S1). Detergents were selected to
provide insight on zwitterionic, chaotropic, and nonionic
detergents. Given the higher success of nonionic detergents in
nuclear preservation, three additional types were tested.>®

Top-down mass spectrometry

The fractions of proteins were obtained using the protocol
described in PEPPI-MS.?® The fractions (6 pL) were analyzed by
online capillary nanoLC-MS/MS using a 40 cm reversed phase
column fabricated in-house (50 pm inner diameter, packed
with ReproSil-Gold C8-3 pm resin (Dr Maisch GmbH)) that was
equipped with a laser-pulled nanoelectrospray emitter tip.
Peptides were eluted at a flow rate of 100 nL min™" using a
linear gradient of 2-40% buffer B in 140 min (buffer A: 0.05%
Formic acid in water; buffer B: 0.05% Formic acid and 95%
acetonitrile in water) in an Thermo Fisher Easy-nLC1200
nanoLC system. Peptides were ionized using a FLEX ion source
(Thermo Fisher) using electrospray ionization into an Fusion
Lumos Tribrid Orbitrap Mass Spectrometer (Thermo Fisher
Scientific). Data was acquired in orbi-trap mode. Mass spec-
trometry data analysis was performed using TopPIC*’ and
TopMSV.*® The E-value of the detected proteoforms is ~107>-
107% The summary of the results is provided in Table S2. The
reported proteoforms were identified in two biological repli-
cates of PEPPI-MS. Proteoforms identified in only one of the
replicates were discarded.

Conclusions

The diversity of physicochemical properties of protein mole-
cules demands customization and optimization of lysis con-
ditions to achieve an effective protein separation,®**°
especially at the single-cell level. Such optimization is not
uncommon and parallels development of crystallography
assays, where obtaining protein crystals requires extensive
testing of different conditions. Similarly, successful selective
lysis and proteoform separation in electrophoretic gels will
depend on the specific conditions employed. Such selectivity
is not required for scWB performed with whole cell solubil-
ization, i.e., no nuclear isolation.

Here, we report assay development for the solubilization
and detection of CK8 proteoforms while preserving nuclear
integrity in single breast cancer cells. The proper solubilization
of filamentous proteins while keeping the nuclear lamina
intact is a particularly difficult assay development challenge,
because the same conditions that solubilize the protein—
protein interactions also may solubilize the nuclear lamina,
thus obstructing DDF. By selecting nonionic detergents and
adjusting electrophoretic conditions, we obtain enhanced sep-
aration and, thus, detection of specific CK8 proteoforms
across different cell lines. We achieve a separation resolution
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of 0.94, higher than previously reported®” and, provide an
assay for CK8 proteoforms where other immunoassay-based
single-cell tools like flow cytometry fall short.

For the analysis, electrophoretic migration distance is a
useful proxy for protein solubilization. When poor protein
solubilization is observed, signal accumulates at the microwell
perimeter (lip) suggesting incomplete electrophoretic injection
of the target into the hydrogel matrix. Here, we employ the
assumption that electrophoretic injection into the hydrogel is
hindered because target protein has not been fully linearized
and retains some aspect of that target’s 3D conformation.
However, when sufficient protein solubilization is observed -
resulting in sufficient resolution between the CK8 isoforms of
interest — signal is not accumulated at the microwell lip and
has migrated well into and along the separation axis.*’ While
alternative quantitative analysis strategies, such as the com-
parison between CK8 in the microwell and the gel, could offer
additional insight, they require of the characterization of anti-
body transport inside of the microwell (antigen in contact with
the liquid) and inside of the gel (antigens inside a matrix).
Properly accounting for these differences would require of
experimental evaluation of antibody diffusion and binding
kinetics to avoid biasing the detected concentration to the CK8
inside of the microwell, for instance using confocal
microscopy to evaluate partitioning.*?

Owing to the single-cell resolution of the western blot, our
approach provides a platform to investigate the biological het-
erogeneity of CK8 fragments while retaining the nuclear com-
partment separate. While ultimate confirmation of proteoform
identity benefits from mass spectrometry, we observe that both
whole-cell lysis (RIPA) and the cytoplasmic lysis (DDF) yield
two CK8 peaks. The main CK8 forms have comparable mole-
cular mass and a plI corresponding to the alternative spliced
forms (molecular mass = 53.7 and 56.6 kDa, and pI = 5.52 and
5.37 as calculated by the ExPASy Compute pI/Mw tool**). Thus,
the observed proteoform most likely corresponds to #F§VUG2
(30.9 kDa). Although these alternative splicing products and
protein fragments have been linked to distinct disease states,
their precise biological significance remains largely
unexplored.

The separation of cytoplasmic compartments enabled by
DDF is in turn the first step for a post-hoc analysis of nuclear
proteins and different omics, such as transcriptome, genome,
or epigenome, requiring the integration of DDF with other
techniques.”’*> CK8 presents several transcript products of
alternative splicing, but the protein also shows protein varia-
bility product of protease activity.

While the DDF scWB presented here enables the examin-
ation of many of these possibilities, it still presents some limit-
ations. For instance, the separation of closely sized spliced pro-
teoforms remains a challenge, and the percentage of solubil-
ized proteins remains low in all tested conditions.
Nonetheless, this work represents a step forward in aiding
single-cell proteoform analysis, enabling protein characteriz-
ation while preserving the integrity of cellular compartments
for downstream multi-omic investigations.

Analyst, 2025, 150, 4736-4743 | 4741


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5an00776c

Open Access Article. Published on 26 Fuulbana 2025. Downloaded on 29/10/2025 9:25:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Author contributions

Anna Fomitcheva Khartchenko: Conceptualization, formal
analysis, investigation, funding acquisition, validation, visual-
ization, writing - original draft. Trinh Lam: Conceptualization,
investigation, writing - review & editing. Amy E. Herr:
Conceptualization, resources, funding acquisition, writing -
review & editing.

Conflicts of interest

There are no conflicts to declare.

Data availability

The data supporting this article have been included as part of
the SI. Supplementary information is available. Supplementary
Figures and Table 1 (pdf file). Supplementary Table 2 (Excel
file). Mass spectrometry protein identification. R1/R2 represent
biological replicates and F1-F3 are the fractions cut from the
gel. See DOI: https://doi.org/10.1039/d5an00776c.

Mass spectrometry data for this article are available at
ProteomeXchange with identifier PXD063523. Files are accessi-
ble at https:/ftp.pride.ebi.ac.uk/pride/data/archive/2025/07/
PXD063523/.

Acknowledgements

A. E. H. acknowledges financial support from the Investigator
Program of the Chan Zuckerberg Biohub San Francisco and
the US National Institutes of Health (NIH R01CA20301).
A. F. K. acknowledges support from the Swiss National Science
Foundation (SNSF) Postdoc Mobility fellowship (P500PN_214236).
The photolithography was performed in the QB3 Biomolecular
Nanotechnology Center and mass spectrometry was performed
by the QB3 Vincent J. Coates Proteomics/Mass Spectrometry
Laboratory by Dr Robert Maxwell, both at UC Berkeley.

References

1 KRT8 protein expression summary — The Human Protein
Atlas, https://www.proteinatlas.org/ENSG00000170421-KRTS8,
(accessed October 25, 2024).

2 M.-Z. Sun, S.-S. Dang, W.J. Wang, X.-L. Jia, S. Zhai,
X. Zhang, M. Li, Y.-P. Li and M. Xun, World J. Gastroenterol.,
2013, 19, 6178.

3 F. De Conto, F. Conversano, S. V. Razin, S. Belletti,
M. C. Arcangeletti, C. Chezzi and A. Calderaro, Virus Res.,
2021, 295, 198333.

4 M. Cortese, S. Goellner, E. G. Acosta, C. J. Neufeldt,
O. Oleksiuk, M. Lampe, U. Haselmann, C. Funaya,
N. Schieber, P. Ronchi, M. Schorb, P. Pruunsild, Y. Schwab,

4742 | Analyst, 2025, 150, 4736-4743

10

11

12

13

14
15

16

17

18

19

20
21

22

View Article Online

Analyst

L. Chatel-Chaix, A. Ruggieri and R. Bartenschlager, Cell
Rep., 2017, 18, 2113-2123.

K. A. Murray, M. P. Hughes, C. J. Hu, M. R. Sawaya,
L. Salwinski, H. Pan, S. W. French, P. M. Seidler and
D. S. Eisenberg, Nat. Struct. Mol. Biol., 2022, 29, 529-536.

Y. H. Cho, S. I. Jung and E. C. Hwang, in Bladder Cancer,
ed. J. H. Ku, Academic Press, 2018, pp. 599-612.

Y. Fukunaga, S. Bandoh, ]. Fujita, Y. Yang, Y. Ueda, S. Hojo,
K. Dohmoto, Y. Tojo, ]J. Takahara and T. Ishida, Lung
Cancer, 2002, 38, 31-38.

A. Fomitcheva-Khartchenko, M. A. Rapsomaniki,
B. Sobottka, P. Schraml and G. V. Kaigala, PLoS One, 2021,
16, €0259332.

M. A. Albaret, A. Paré, L. Malet, G. De Souza, E. Lavergne,
D. Goga, G. De Pinieux, C. Castellier, A. Swalduz, V. Robin,
V. Lavergne, H.-C. Mertani, I. Treilleux, C. Vermot-
Desroches, J.-J. Diaz and P. Saintigny, Transl. Oncol., 2021,
14, 100878.

T. G. Gharib, G. Chen, H. Wang, C.-C. Huang,
M. S. Prescott, K. Shedden, D. E. Misek, D. G. Thomas,
T. J. Giordano, J. M. G. Taylor, S. Kardiat, ]J. Yee,
M. B. Orringer, S. Hanash and D. G. Beer, Neoplasia, 2002,
4, 440-448.

Z. Li, B. Zhang, ]J. ]J. Chan, H. Tabatabaeian, Q. Y. Tong,
X. H. Chew, X. Fan, P. Driguez, C. Chan, F. Cheong, S. Wang,
B. E. Siew, L. J.-W. Tan, K.-Y. Lee, B. Lieske, W.-K. Cheong,
D. Kappei, K.-K. Tan, X. Gao and Y. Tay, Cell Genomics, 2024,
4(9), 100641, DOI: 10.1016/j.xgen.2024.100641.

S. L. Gonias, T. A. Hembrough and M. Sankovic, Front.
Biosci. (Landmark Ed), 2001, 6, 1403-1411.

F. Liu, Z. Chen, J. Wang, X. Shao, Z. Cui, C. Yang, Z. Zhu
and D. Xiong, Neoplasia, 2008, 10, 1275-1284.

N. Obermajer, B. Doljak and J. Kos, Mol. Cancer, 2009, 8, 88.
M. A. Albaret, A. Paré, L. Malet, G. De Souza, E. Lavergne,
D. Goga, G. De Pinieux, C. Castellier, A. Swalduz, V. Robin,
V. Lavergne, H.-C. Mertani, L. Treilleux, C. Vermot-Desroches,
J.-J. Diaz and P. Saintigny, Transl. Oncol., 2021, 14, 100878.
KRT8 - Keratin, type II cytoskeletal 8 - Homo sapiens
(Human) | UniProtkKB | UniProt, https:/www.uniprot.org/
uniprotkb/P05787/entry#sequences, (accessed October 25,
2024).

H. J. Ditzel, U. Garrigues, C. B. Andersen, M. K. Larsen,
H. J. Garrigues, A. Svejgaard, I. Hellstrom, K. E. Hellstrom
and J. C. Jensenius, Proc. Natl. Acad. Sci. U. S. A., 1997, 94,
8110-8115.

P.-C. Liao, C. Bergamini, R. Fato, L. A. Pon and F. Pallotti,
in Methods in Cell Biology, ed. L. A. Pon and E. A. Schon,
Academic Press, 2020, vol. 155, pp. 3-31.

W. B. Hubbard, C. L. Harwood, P. Prajapati, ]J. E. Springer,
K. E. Saatman and P. G. Sullivan, Sci. Rep., 2019, 9, 9656.

K. A. Yamauchi and A. E. Herr, Microsyst. Nanoeng., 2017, 3, 1-9.
E. Rosas-Canyelles, A. J. Modzelewski, A. Geldert, L. He and
A. E. Herr, Nat. Protoc., 2021, 16, 1062-1088.

E. Rosas-Canyelles, A. ]J. Modzelewski, A. E. G. Martinez,
A. Geldert, A. Gopal, L. He and A. E. Herr, Lab Chip, 2021,
21, 2427-2436.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5an00776c
https://doi.org/10.1039/d5an00776c
https://ftp.pride.ebi.ac.uk/pride/data/archive/2025/07/PXD063523/
https://ftp.pride.ebi.ac.uk/pride/data/archive/2025/07/PXD063523/
https://ftp.pride.ebi.ac.uk/pride/data/archive/2025/07/PXD063523/
https://www.proteinatlas.org/ENSG00000170421-KRT8
https://www.proteinatlas.org/ENSG00000170421-KRT8
https://doi.org/10.1016/j.xgen.2024.100641
https://www.uniprot.org/uniprotkb/P05787/entry#sequences
https://www.uniprot.org/uniprotkb/P05787/entry#sequences
https://www.uniprot.org/uniprotkb/P05787/entry#sequences
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5an00776c

Open Access Article. Published on 26 Fuulbana 2025. Downloaded on 29/10/2025 9:25:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analyst

23 S. Kayo, J. Bahnemann, M. Klauser, R. Portner and
A.-P. Zeng, Lab Chip, 2013, 13, 4467-4475.

24 C. Tesauro, B. Ferrando, X. Ma, M. L. Jepsen,
A. K. R. Ivarsen, R. Frghlich, T. Stevnsner, B. R. Knudsen
and Y. P. Ho, RSC Adv., 2017, 7, 23735-23741.

25 C. Lee, Y. Chen, P. Wang, D. C. Wallace and P. J. Burke,
Anal. Chem., 2022, 94, 6930-6938.

26 A. J. Hughes, D. P. Spelke, Z. Xu, C.-C. Kang,
D. V. Schaffer and A. E. Herr, Nat Methods, 2014, 11, 749-
755.

27 ]. Vlassakis and A. E. Herr, Anal. Chem., 2017, 89, 12787-
12796.

28 E.]J. Su, S. Jeeawoody and A. E. Herr, APL Bioeng., 2019, 3,
026101.

29 Y. Liu and A. E. Herr, Nat. Commun., 2024, 15, 5888.

30 M. Le Maire, P. Champeil and J. V. Mpgller, Biochim.
Biophys. Acta, Biomembr., 2000, 1508, 86-111.

31 T. Kundlacz, J. Bender and C. Schmidt, Int. J. Mass
Spectrom., 2021, 468, 116652.

32 L. Miiller, STAR Protoc., 2023, 4, 102309.

33 N. A. Kuburich, P. den Hollander, J. T. Pietz and S. A. Mani,
Semin. Cancer Biol., 2022, 86, 816-826.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

34 A. Gopal and A. E. Herr, Electrophoresis, 2021, 42, 2070-
2080.

35 The Protein Protocols Handbook, ed. J. M. Walker, Humana
Press, Totowa, NJ, 2009.

36 A. Takemori, D. S. Butcher, V. M. Harman, P. Brownridge,
K. Shima, D. Higo, J. Ishizaki, H. Hasegawa, J. Suzuki,
M. Yamashita, J. A. Loo, R. R. O. Loo, R. ]J. Beynon,
L. C. Anderson and N. Takemori, J. Proteome Res., 2020, 19,
3779-3791.

37 Q. Kou, L. Xun and X. Liu, Bioinformatics, 2016, 32, 3495-
3497.

38 L K. Choi, T. Jiang, S. R. Kankara, S. Wu and X. Liu, J. Am.
Soc. Mass Spectrom., 2021, 32, 1312-1318.

39 M. Peach, N. Marsh, E. I. Miskiewicz and D. J. MacPhee, in
Western Blotting: Methods and Protocols, ed. B. T. Kurien
and R. H. Scofield, Springer, New York, NY, 2015,
pp. 49-60.

40 C. H. Schein, Nat. Biotechnol., 1990, 8, 308-317.

41 K. Y. Tan and A. E. Herr, Analyst, 2020, 145, 3732-3741.

42 A. Su, B. E. Smith and A. E. Herr, Anal. Chem., 2020, 92,
875-883.

43 E. Gasteiger, Nucleic Acids Res., 2003, 31, 3784-3788.

Analyst, 2025, 150, 4736-4743 | 4743


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5an00776c

	Button 1: 


