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Abstract. One of the most productive strategies for finding the functions of proteins is to study the consequences of
loss of protein function. For this purpose, cells or organisms with a knockout of the gene encoding the protein of in-
terest are obtained. However, many proteins perform important functions and cells or organisms could suddenly lose
fitness when the function of a protein is lost. For such proteins, the most productive strategy is to use inducible protein
degradation systems. A system of auxin-dependent protein degradation is often implemented. To use this system,
it is sufficient to introduce a transgene encoding a plant-derived auxin-dependent ubiquitin ligase into mammalian
cells and insert a sequence encoding a degron domain into the gene of interest. A crucial aspect of development
of cell lines engineered for inducible protein depletion is the selection of cell clones with efficient auxin-dependent
degradation of the protein of interest. To select clones induced by depletion of the architectural chromatin proteins
RAD21 (a component of the cohesin complex) and SMC2 (a component of the condensin complex), we propose to
use the morphology of metaphase chromosomes as a convenient functional test. In this work, we obtained a se-
ries of clones of human HAP1 cells carrying the necessary genetic constructs for inducible depletion of RAD21 and
SMC2. The degradation efficiency of the protein of interest was assessed by flow cytometry, Western blotting and
metaphase chromosome morphology test. Based on our tests, we showed that the clones we established with the
SMC2 degron effectively and completely lose protein function when induced by auxin. However, none of the HAP1
clones we created with the RAD21 degron showed complete loss of RAD21 function upon induction of degradation
by auxin. In addition, some clones showed evidence of loss of RAD21 function even in the absence of induction. The
chromosome morphology test turned out to be a convenient and informative method for clone selection. The results
of this test are in good agreement with flow cytometry analysis and Western blotting data.
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AHHoTayusA. OfHa 13 camblX MPOAYKTVBHbIX CTPATErMiA NoncKa GYHKLMIA pa3nnyHbIX 6eNKoB — NccneoBaHmne rno-
cnefcTemin notepu GyHKLUMM 6enka. YacTo ana 3Toro nonyvatoT KNETKW UM OpraHr3Mbl C HOKayTOM FreHa, KOaupyto-
wero 6enok nHTepeca. OaHAKO MHOTVe 6eKK BbIMOHAT HACTONBbKO BaXKHble GYHKLMM, UTO K/IETKA UM OpraHni3m
PEe3KO TEPSAIOT XKM3HECNOCOBHOCTb NpKY noTepe GYHKLUMKM Takoro 6enka. Ana 3tux 6enkos Hambonee NpoayKTMBHOMN
CTpaTerviein ABNAETCA NPYIMEHEHVE CUCTEM UHAYLMPYEMOi ferpafaumn 6enka. 4Yacto ncnosnb3yoT cucTemMy ayKCuH-
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OueHKa KNeTOYHbIX IMHWI C Aensieynen KoreanHa
Ha ocHOBe MOPdOSIOrMN XPOMOCOM

3aBMCMMON Aerpagauny 6enkoB. Ana npumMeHeHUA 3TON CUCTEMbl JOCTaTOYHO BBECTU B KNETKU MIeKOMUTaoLWmnX
TPaHCreH, KOAUPYIOLWWIA PacTUTENbHYIO ayKCUH-3aBUCKMMYIO YOVKBUTUH NMrasy, U BIOUYUTb B F€H MHTEpeca nocse-
[l0BaTeNIbHOCTb, KOAVPYIOLLYIO JErPOHOBBIV AOMEH. BaXKHbI 3Tan co3aaHNA KNeTOK, CMOCOOHbIX K MHAYLMPYEeMON
fgenneuunn 6enka, — oT60P KNETOUHbIX KIIOHOB C 3GbeKTMBHOW ayKCUH-3aBUCMMON Aerpagdauunen 6enka nHtepeca.
[lna oT6opa KNOHOB C MHAYLMPYEMON Aenneunen apxuTeKTypHbIX 6enKoB xpomaTiiHa RAD21 (KOMMOHEHT Koresu-
HOBOro Komnekca)  SMC2 (KOMMNOHEHT KOHAEHCUHOBOMO KOMIMJIEKCA) Mbl NMpeAJiaraem NCnonb3oBaTb MOPHOIOrnio
MeTadazHbIX XPOMOCOM Kak yaoOHbIN GyHKUMOHaNbHbIA TecT. B faHHOM paboTe Mbl MONYUYNIN CEpUto KNOHOB Kile-
TOK yenoeka HAP1, HecyLimx Heo6xoMMble FreHeTUYEeCKe KOHCTPYKLMM AN uHayumpyemon genneumn RAD21 un
SMC2. 3¢ deKTnBHOCTb Aerpagaunn 6enka MHTepeca 6bl1a OLeHEHa C MOMOLLbIO MPOTOYHOW LUTO(GIYyOpPUMETPUM,
BecTepH-6n0TTUHIa 1 TecTa Ha Mopdosiornio MmetadasHbiXx XPOMOCoM. Ha ocHoBe NpoBefeHHbIX TECTOB Mbl Mpope-
MOHCTPUPOBANK, YTO CO3LaHHbIE HAMU KIOHbI C erpoHOM SMC2 3 PpeKTUBHO 1 MONHO TepAT GyHKLMIO 6enka npu
VNHAYKLUMM ayKCMHOM. [1p1 3TOM HU 0fivH 13 cO3AaHHbIX Hamu KnoHoB HAP1 ¢ gerpoHom RAD21 He nokasan nonHom
notepu ¢yHkumMm RAD21 npu nHayKumm gerpagauumn aykcuHom. Kpome Toro, HEKOTOpble KNOHbI UMeN NPU3HaKy
notepu oyHKUMn RAD21 gaxe B OTCYTCTBME UHAYKUMU. ICNONb30BaHHbIA HaMK TeCT Ha MOPQOOrMio XpOMOCOM
oKasancsa ygobHbIM 1 MHGOPMATUBHBIM /151 0TOOPa KIOHOB. Pe3ynbTaThl 3TOro TecTa XOpOoLUO COrNacyoTcs C JaHHbI-
MU NPOTOYHON LUTODNYOPUMETPUN aHanMn3a u BectepH-6noTTuHra.
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KntoueBble cnoBa: SMC 6enku; AerpoH; KoHAeHcauma XpOMOCOM.

Introduction

Chromatin architectural proteins play a crucial role in main-
taining the three-dimensional structure of the genome (Kabi-
rova et al., 2023). Among them, special attention is drawn to
the cohesin and condensin complexes belonging to the SMC
(structural maintenance of chromosomes) family of proteins.
Cohesin has many different functions: it ensures cohesion
of sister chromatids after replication (Losada et al., 1998),
forms loops and TADs (topologically associating domains)
via the loop extrusion mechanism (Nuebler et al., 2018), and
is involved in the repair of DNA breaks (Litwin et al., 2018).
Condensins, on the other hand, organize the loops of meta-
phase chromosomes during cell division (Gibcus et al., 2018).
These functions can be considered critical for maintaining cell
life; therefore, homozygous loss-of-function mutations in the
genes encoding cohesin subunits are lethal for cells.

The inability to obtain dividing cells without cohesin makes
it difficult to study the cohesin complex. To characterize the
consequences of cohesin loss, researchers use various tricks.
For example, V.C. Seitan et al. utilized a conditional knock-
out approach to examine the effects of cohesin loss in postmi-
totic thymocytes in vivo (Seitan et al., 2011). The absence of
cell division in mature thymocytes makes them more tolerant
to the severe consequences of cohesin loss, such as disrup-
tion of mitotic mechanics due to loss of chromatid cohesion.
However, for use in cell cultures, conditional knockout of
proteins crucial for cell division is almost inapplicable, since
cells actively proliferate in culture, and DNA excision of a
gene fragment using Cre recombinase in a specific cell rarely
occurs. Therefore, it takes a long time (several days or weeks)
for a knockout to occur in a significant part of the cells.

The study of chromatin architectural proteins has greatly
advanced with the development of inducible protein degra-
dation methods. A comprehensive overview of these techno-
logies can be found in the article by E. de Wit and E.P. Nora
(2023). Among the various systems used for degrading pro-
teins, the auxin-dependent protein depletion system is cur-
rently the most widely employed (Phanindhar, Mishra, 2023).
While this system offers great potential for solving scientific
problems, its application comes with several challenges that
are not adequately addressed in the existing literature.

One of these problems is the selection of clones that carry
all the necessary genetic modifications and are truly capable of
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inducible depletion of the protein of interest. The difficulty is
that the addition of the degron tag can negatively affect protein
function, which reduces cell fitness. Under such conditions,
a selection advantage is given to cells that have somehow
blocked the functioning of the introduced system of auxin-
dependent protein degradation, for example, due to epigenetic
silencing of exogenous plant ubiquitin ligase (Yunusova et al.,
2021). Therefore, clone selection based on Western blotting
or loss of protein function tests is of particular importance for
the application of auxin degron technology.

Here, we used the involvement of cohesin and crondensins
in the formation of the metaphase chromosome to assess the
completeness of the loss of protein function in cell clones
with inducible depletion of these complexes. We showed that
assessment of chromosome morphology is a convenient func-
tional test that allows screening of clones.

Materials and methods

Cell culture and cell lines. The human HAP1 cell line
(a near-haploid cell line derived from the KBM-7 cell line)
was purchased from Horizon Discovery. HCT116-based cell
lines with auxin-inducible degron-tagged RAD21 and SMC2
genes were kindly provided by Dr. Masato Kanemaki. Cells
were maintained at 37 °C in a humidified atmosphere with 5 %
CO, in growth medium that consisted of IMDM supplemented
with 10 % FBS (vol/vol), 2 mM GlutaMAX (all from Ther-
mo Fisher Scientific, USA) and 50 U/ml penicillin/50 mg/ml
streptomycin (Capricorn Scientific GmbH, Germany). After
reaching 70-80 % confluency, cells were detached with 0.05 %
trypsin/EDTA and replated at a 1:3 ratio into new cell culture
dishes. Cells subjected to flow cytometric analysis were re-
suspended in PBS. Flow cytometric analysis was performed
on a BD FACSAria (BD Biosciences).

Auxin treatment. For inducing degradation of proteins
fused with minilAA7, 500 uM Indole 3 acetic Acid (IAA,
12886, Sigma-Aldrich, USA) was added directly to the culture
medium. HCT116 cell lines were treated with 1 uM 5-Ph-IAA
at the appropriate time intervals.

Plasmids and constructs. Donor vectors with homology
arms, degron tag (minilAA7-eGFP) and selection cassette
were assembled in one reaction using the Gibson Assembly
(NEBuilder HiFi DNA Assembly Master Mix, NEB, USA) in
the pMK290 backbone (Addgene, 72828). minilAA7-eGFP
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List of used primers and sgRNAs

Assessing cell lines with cohesin depletion
through analysis of chromosome morphology

Primers Target

Sequence (5'-3")

RAD21 HAR_F: gcgaattggagctccccgggatccactttggcecttttaccctcttga

RAD21 HAR_R: ttggcgcctgcaccggatcctataatatggaaccttggtccagg
RAD21 HAL_F: acgcacggtgttgggtcgttggagctagaagcattatagctagtg
RAD21 HAL_R: aacaaaagctgggtaccggatcccactgaagtctgagtttcaaaagtg

SMC2 HAR_F: gcgaattggagctccccgggatcctaggagctggggcetgccaaa

SMC2 HAR_R: ttggcgcctgcaccggatccaacttcgacgtgtgctecttt
SMC2 HAL_F: tccctcgaagaggttcactaactacaaagttatttcttcatcttg
SMC2 HAL_R: ggaacaaaagctgggtaccggatcctcatggtgttcgctagtgtca

hRAD21_F: CAGCGTGCTCTTGCTAAAACT

Genotyping

hRAD21_R: AAGATTGCCAGTGTTACTGATGGAA
hRAD21_F1: CACAGGGAGTGATTGATAAGGGA
hRAD21_R1: TGGGGGCAATTTGTAAGCAC
hRAD21_F2: GCTGACACAGGAAGAACCGTA
hRAD21_R2: TCAAGAGGGTGACCATTGTTGT

hSMC2_F:CAAGCAGTCAACCACCAGGA

hSMC2_R:TCACAACCACAATAATTGGACCAT
hSMC2_out_F:CATGTGACACTTGATGGGGA
hSMC2_out_R:GTACGGCCATATATCAGGGGA

fragment was amplified from the vector pSH-EFIRES-B-
Seipin-minilAA7-mEGFP (Addgene, 129719). Homology
arms for RAD21 (NCBI Entrez Gene ID: 5885) and SMC2
(NCBI Entrez Gene ID: 10592) were PCR-amplified from
human genomic DNA with Q5 polymerase (NEB, USA). For
auxin receptor F-box protein overexpression AtAFB2 plas-
mids were used (pSH-EFIRES-P-AtAFB2-mCherry-weak
NLS vector (Addgene, 129717)). SgRNA targeting the last
codon of the RAD2] and SMC2 genes were cloned into
gRNA_Cloning Vector (Addgene, 41824). For CRISPR/Cas9
gene targeting the human codon-optimized Cas9 expression
plasmid (Addgene, 41815) was used. The list of primers and
gRNA sequences is shown in Table.

Generation of HAP1 cell lines with an auxin-inducible
degron system. Generation of degron cell lines was done
essentially as previously described (Yunusova et al., 2021).
Briefly, HAP1 cells were electroporated at conditions of
1200 V, 30 ms, 1 pulse, using the Neon Transfection system
(Thermo Fisher Scientific), according to the manufacturer’s
instructions with minor modifications. Per electroporation,
250,000 cells were resuspended in 10 uL of DPBS containing
1 pg of the plasmids with the ratio 1:1:2 (gRNA:Cas9:Donor
vector for recombination, accordingly). Immediately fol-
lowing pulsation, cells were transferred into pre-warmed
cell media without antibiotics. The next day cells were split
into 10 cm dishes at 1:4 and 1:10 dilutions and placed under
Hygromycin B selection (0.8 mg/ml) or puromycin selection
(1 pg/ml). The medium was replaced every there days. After
10 to 14 days of selection, single-cell clones were visible,
and a subset of clones was handpicked with pipette tips under
microscope.

Then part of the cells were lysed in PBND lysis buffer
(0.2 mg/ml proteinase K, 10 mM Tris-HCI pH 8, 50 mM
KCl, 2.5 mM MgCl,, 0.45 % (v/v) NP-40, and 0.45 % (v/v)
Tween 20) or DNA extraction buffer (0.2 mg/ml proteinase K,
10 mM TrisHCI pH 8, 100 mM NaCl, 25 mM EDTA-Na2,
0.5 % SDS) for 1 hat 55 °C followed by proteinase K inactiva-
tion for 10 min at 95 °C. The target regions were amplified by
PCR with HS-Taq DNA Polymerase (Biolabmix, Russia). The
parameters were as follows: 95 °C for 30 s, then 34 cycles of
95 °C for 10 s, 60 °C (unless otherwise stated) for 30 s, 72 °C
for 1 min/kb, and a final step at 72 °C for 5 min. The ampli-
fied products were analyzed by agarose gel electrophoresis.

Protein detection. The cells were washed twice with PBS
and scraped from the surface in the presence of RIPA buffer
(50 mM Tris-HCI pH 8, 150 mM NaCl, 1 % Triton X-100,
0.5 % sodium deoxycholate, and 0.1 % SDS) containing the
protease inhibitor cocktail (1x Complete ULTRA, 1x Phos-
STOP (both from Roche, Switzerland), 5 mM NaF (Sigma-
Aldrich)). After that, the cells were sonicated by three 10 s
pulses at 33-35 % power settings with UW 2070 (Bandelin
Electronics, Germany). Lysates were centrifuged at 14,000 g
for 20 min at 2 °C, frozen, and stored at —80 °C. The protein
concentrations in cell lysates were quantified using Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific). Equal
amounts (20 ug) of total protein were separated on 10 %
SDS-PAGE and then transferred onto the Immun-Blot PVDF
membrane (Bio-Rad, USA). After blocking in 5 % milk/TBST
for 2 h, the membrane was incubated with primary antibodies
against RAD21 and SMC2 (#12673/#8720, Cell Signaling
Technology, USA) at 4 °C overnight. On the following day,
membranes were incubated with horseradish peroxidase—con-
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Fig. 1. Overview of experimental design.

jugated secondary antibodies (#7074, Cell Signaling Techno-
logy) for 2 h at room temperature. Detection was performed
with Clarity™ (Bio-RAD) and detected iBright™ FL1500
(Thermo Fisher Scientific).

Chromosome spread. Chromosome preparations were
made according to the previously described protocol with
minor modifications (Kruglova et al., 2008). Briefly, human
cell cultures were exposed to 50 ng/ml Colcemid (Merck
KGaA, Darmstadt, Germany) for 3 h followed by auxin
treatment for 2 hours. Afterwards, cells were detached with
0.05 % Trypsin-EDTA solution (Capricorn Scientific GmbH,
Germany) and resuspended in hypotonic solution (0.38 M
KCl) for 15 min at 37 °C. Then, cells were fixed with Carnoy
fixative (3:1 methanol: glacial acetic acid), dropped onto cold
wet glass slides, and stained with 1 pg/ml 4',6-diamidino-
2-phenylindole (DAPI) (Sigma-Aldrich). The samples were
analyzed using a Carl Zeiss Axioscop 2 fluorescence micro-
scope at the Center for Collective Use of Microscopy of the
Institute of Cytology and Genetics SB RAS (Novosibirsk,
Russia). Image processing was carried out using ISIS software
(MetaSystems GmbH, Germany). At least 50 metaphase plates
were analyzed for each experimental group. Three categories
of metaphase plates were distinguished: metaphases with
separated chromatids, metaphases with non-separated chro-
matids, and an intermediate category of metaphase plates in
which the chromatids either lay parallel, in close proximity,
but were not in contact, or some of the chromosomes were
with non-separated chromatids.

Results

Introduction of modifications into the genome of cells
In this study, we implemented a clone selection system based
on chromosome morphology to obtain HAP1 cells capable of
inducible depletion of RAD21 (a component of the cohesin
complex) and SMC2 (a component of the condensin I and II
complexes).

To generate these cells, we employed the methodology
described in the study by (Yunusova et al., 2021). The process
of obtaining cell lines with auxin-dependent degradation of the
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protein of interest involved two rounds of genome modifica-
tion, as illustrated in Fig. 1. Firstly, we performed targeted
integration of an exogenous construct that encodes a degron
fused with the eGFP gene and a selectable marker in front of
the stop codon of the gene of interest. Secondly, we introduced
the AtAFB2 gene, a component of plant ubiquitin ligase and
an auxin receptor, into the cell genome through either random
or targeted integration. In fact, modification of the gene of
interest and integration of ubiquitin ligase AtAFB2 can be
carried out in the reverse order, since effective operation of
the system occurs only in cells that have both modifications.

In the presence of auxin, the AtAFB2 protein interacts with
the degron domain, leading to polyubiquitination and subse-
quent degradation of the chimeric protein in the proteasome.
This system allows for the controlled depletion of the protein
of interest upon auxin induction.

PCR genotyping of cell clones with a degron
It is crucial to modify all alleles of the gene of interest to
prevent residual wild-type alleles from maintaining protein
function. For this study, we selected the human cell line HAP1
as the experimental cell line. The near haploid karyotype of
HAPI cells simplifies the process of obtaining modified sub-
clones, as modification of a single allele of the gene of interest
is sufficient. However, the presence of pseudogenes poses a
significant challenge in clone selection, as they can complicate
the identification of clones with the desired modification.
One such pseudogene, RAD21P1, located on the X chro-
mosome, shares a high degree of homology (over 93 %) with
the C-terminal fragment of the RAD21 gene (Supplementary
Material 1)!. It is in this region that we inserted an exogenous
construct containing a degron tag, eGFP, and a selectable
marker (see Fig. 1). Therefore, the selection of appropriate
primers for PCR genotyping is a critical step in the workflow.
We carefully selected and tested several pairs of primers, as
well as their combinations (see the Table), using DNA isolated
from the HCT116 RAD21 mAC cell line as a positive con-
trol sample. These cells were obtained and intensively charac-

1 Supplementary Materials 1 and 2 are available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx7.pdf
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Fig. 2. PCR genotyping of knockin in the RAD21 gene.

a - scheme of primer annealing for the wild-type allele and the knockin allele; b - results of genotyping with primers hRAD21_F1-hRAD21_R1. It can be seen that
none of the 13 cell clones tested contain the wild-type allele; ¢ - genotyping results with primers hRRAD21_F1-GFP_R. It can be seen that all 13 cell clones tested
have the knockin allele. 1, 2,4, 11,12,17,17-1,18, 21, 24, 36-1, 38, 39 — numbers of the tested clones; HCT - HCT116 RAD21_mAC; HAP - HAP1 without modifica-

tions; NTC - no template control; 1 kb and 100 bp ladders.

terized by another group (Yesbolatova et al., 2020), but since
the design of the modification of the endogenous RAD21 gene
was similar to what we used, these cells can be used as a refe-
rence for interpreting our results. Intact wild-type human DNA
and DNA from one of the clones with targeted modification of
the RAD21 locus, obtained in our laboratory, were also used
as test samples. Indeed, some primer combinations amplified
a nonspecific PCR product from the pseudogene even in the
absence of a wild-type allele. Therefore, to genotype the se-
lected clones, we used the hRAD21 F1/hRAD21 R1 primer
combination (Fig. 2, a), which amplified only a specific pro-
duct. PCR genotyping of clones with modification of the SMC2
gene did not reveal amplification of nonspecific fragments.

At the first stage, the 4A¢24FB2 gene was integrated into the
AAVS1 safe-harbor locus, and puromycin-resistant cells were
selected. These cells were then used for the second round of
modification — insertion — of a construct with a degron at the
end of the RAD21 gene. After selection on hygromycin, we
selected more than a hundred colonies and performed PCR
genotyping with primers hRAD21 F1/hRAD21 R1. Using
the selected primers (see Fig. 2, a), we genotyped cell clones
that had successfully passed selection for resistance to the
antibiotic hygromycin. Figure 2, b, ¢ shows the results of ge-
notyping of 13 selected cell clones carrying the degron tag
modification in the RAD21 gene.

The same genotyping strategy was used to establish HAP1
cell lines with the SMC2 degron (Supplementary Material 2).

Assessment of the degree of protein depletion

upon induction of degradation by auxin

The degree of degradation of the chimeric protein RAD21
minilAA7 eGFP was assessed by the number of GFP-positive
cells on a flow cytometer after 2 hours of exposure to auxin.
Most of the clones demonstrated low efficiency of degradation
of the target protein (Fig. 3, @). We assume that this is due to

low expression in cells of the auxin receptor AtAFB2, which is
integrated into the A4V S! locus. Since we used AtAFB2 fused
to the fluorescent protein mCherry (see Fig. 1), its expression
level can be detected using a flow cytometer. Indeed, the level
of mCherry fluorescence was higher in clones with more
efficient degradation of RAD21_minilAA7 eGFP (data not
shown). We believe that integration of 4¢4FB2 transgene into
a random location in the genome rather than into the A4VS1
locus is a better strategy, since in this case it is possible to
select for clones in which the insertion provides strong, per-
sistent expression of AtAFB2. This might happen due to the
selection of clones with a high copy number of the insertion
or with a successful epigenetic landscape at the site of inte-
gration. Based on this analysis, we continued to functionally
characterize the depletion efficiency of only those clones that
showed a degree of degradation comparable to the HCT116
RAD21 mAC cell line (Yesbolatova et al., 2020).

A similar analysis was carried out for subclones with the
chimeric protein SMC2_minilAA7 eGFP. In this case, both
subclones tested had a degree of chimeric protein degradation
comparable to the control sample (SMC2 mAID_Clover)
(see Fig. 3, ). SMC2_mAID_Clover cells were previously
obtained using a similar strategy by tagging the SMC2 gene
in (Yesbolatova et al., 2020).

Selected cell clones were assessed for loss of protein func-
tion by analyzing metaphase chromosome morphology.

Assessment of loss of function of cohesin and condensins
based on chromosome morphology analysis

Since the architectural proteins of chromatin — the cohesin
and condensin complexes — have a well known function in the
formation of mitotic chromosomes, changes in chromosome
morphology can serve as a convenient criterion for assessing
the function of these proteins. Therefore, we assessed the
proportion of cells with abnormal chromosome morphology in
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Fig. 3. Evaluation of degradation efficiency of a protein of interest using flow cytometry.

a - the proportion of cells that have not degraded (GFP+) fusion protein RAD21_minilAA7_eGFP. 1, 2, 4, 11, 12,17, 17-1, 18, 21, 24, 36,
38, 39 - numbers of tested clones; HCT - positive control, cells with efficient degradation of the protein of interest HCT116 RAD21_mAC;
b - the proportion of cells that have not degraded (GFP+) fusion protein SMC2_minilAA7_eGFP. 16, 18 - numbers of tested clones; HCT -
positive control, cells with efficient degradation of the protein of interest HCT116 SMC2_mAC.

clones before and after depletion of the target protein induced
by auxin exposure. Cohesin ensures cohesion of sister chro-
matids; therefore, in clones with RAD21 minilAA7 eGFP,
we counted the number of metaphase plates with uncon-
nected chromatids (Fig. 4). Condensins are responsible for
the compaction of metaphase chromosomes and the forma-
tion of their rod-shaped morphology; therefore, for clones
with SMC2_minilAA7 eGFP, we counted the number of
metaphase plates with non-compacted chromosomes (Fig. 5).

It is clearly seen from Fig. 4 that in unmodified cells,
cohesion of sister chromatids is observed in the vast ma-
jority of metaphase plates (see Fig. 4, a). We use HCT116
RAD21 mAC cells as a positive control, since these cells
demonstrate effective depletion of RAD21 (Yesbolatova et
al., 2020). For these cells, without auxin exposure, all plates
have chromosomes with sister chromatid cohesion. And when
depletion of RAD21 is induced by auxin, no plates with normal
chromosome morphology remain, and the vast majority of
plates contain separate chromatids (see Fig. 4, b). This shows
that the chromosome morphology test allows us to assess
cohesin function both before and after induction of RAD21
depletion by auxin. None of the three HAP1 cell clones (see
Fig. 4, c—e) showed loss of cohesin function comparable to
the positive control. In clones 24 and 38, there is no loss of
chromatid cohesion in most laminae. And in clone 36, even
in the absence of auxin induction, 25 percent of the plates did
not have chromatid cohesion, that is, cohesin function was
impaired without induction.

In the case of the SMC2 degron, both selected clones
showed the same complete loss of condensin function after
induction as the control and no evidence of protein function
deficiency without auxin induction (see Fig 5).

Evaluation of cohesin and condensins depletion

based on Western blotting

Assessing the efficiency of degradation of a protein of interest
based on flow cytometry is indirect, since in this way only
the protein fused with degron and fluorescent domains will be
included in the analysis. It is possible to propose several sce-
narios in which, despite the degradation of the fusion protein,
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functional molecules of the protein of interest remain in the
cells (we discuss these scenarios in Discussion). Therefore, it
is important to complement the analysis of the morphology of
metaphase chromosomes with the Western blotting methods.

Figure 6, a shows the results of Western blotting of the
RAD21 protein. It is clearly seen that the amount of RAD21
protein in unmodified cells is greater than in modified cells.
In positive control cells HCT116 RAD21 mAC after induc-
tion with auxin, RAD21 is not detected at all. In clones 24,
36, 38, two forms of the protein are detected, a heavier one
corresponding to the fusion protein with GFP and a lighter
one corresponding to the wild-type protein. After exposure to
auxin, fusion protein decreases (clones 24, 38) or completely
disappears (clone 36). However, in clones 24, 36, 38, the
wild-type form of the RAD21 protein does not decrease after
auxin induction.

Western blotting of the SMC2 protein carried out for
clone 16 also showed that knockin of the degron domain into
the SMC2 gene leads to a decrease in the amount of protein
compared to unmodified cells. After induction of protein
degradation by auxin, SMC2 is not detected (see Fig. 6, b).

Discussion

Protein function studies are often based on the loss of func-
tion strategy. However, for many proteins, loss of function
will have a dramatic impact on viability. The use of inducible
depletion systems makes it possible to apply a loss of func-
tion approach to such proteins. However, like any complex
technology, inducible protein depletion has its own limitations.
In this article, we described an approach based on the use of
chromosome morphology as a convenient functional test for
selecting clones with inducible depletion of the architectural
chromatin proteins cohesin and condensins.

The difficulty of obtaining cell clones capable of inducible
protein depletion appears to depend greatly on the properties
of the particular protein of interest. In our work, clones ca-
pable of effective loss of SMC2 function were obtained easily,
without any trouble at the stage of genotyping the clones or at
subsequent stages of assessing the completeness of degrada-
tion. At the same time, the attempt to obtain a clone capable of
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Fig. 4. Assessment of changes in chromosome morphology after induction of RAD21 depletion.
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For each cell clone, one metaphase plate is presented, illustrating the most common chromosome morphology without induction (aux-)
and after induction (aux+). Also presented is a diagram summarizing the proportion of metaphase plates with loss of chromatid cohesion,
normal chromosome morphology and ambiguous. For each condition, the number of analyzed metaphase plates is indicated - N.

a - HAP1 cells without modifications — negative control; b - HCT116 RAD21_mAC, cells with effective RAD21 depletion - positive control;
c-e - cell clones tested.
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Fig. 6. Identification of proteins of interest using Western blotting.

a-Western blotting of RAD21 in cells without modification (HAP), in cells with effective depletion of RAD21 (HCT) and three cell clones tested (24, 36, 38) without
induction (aux-) and after induction of depletion (aux+). For RAD21, the sizes of the fusion protein and the wild-type protein are indicated. Tubulin detection was
used as an internal control; b - Western blotting of SMC2 in cells without modification (wt), and cell clone tested (16) without induction (aux-) and after induction
of depletion (aux+). Total protein staining (loading control).
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efficient degradation of the RAD21 protein was not successful:
the clones we obtained suffer from loss of protein function
without auxin induction and incomplete protein degradation
after induction. This is clearly visible when comparing these
parameters with HCT116 RAD21 mAC cells, which we chose
as a positive control (these cells are capable of effective auxin-
induced depletion of RAD21) (Yesbolatova et al., 2020).

We believe that in the case of RAD21, the main problem
is the decrease in the amount of RAD21 in cells even in the
absence of auxin induction (“basal degradation”). This de-
crease may have two independent causes: 1) instability of
the transcript/protein due to fusion with the degron tag and
GFP. Theoretically, introduction of a genetic construct could
reduce the knockin transcription efficiency of RAD21; cause a
decrease in transcript stability; reduce the efficiency of transla-
tion of the knockin transcript; cause a decrease in the stability
of the fusion protein (Yu et al., 2015); 2) background ubiquitin
ligase activity in the absence of auxin. Such activity will lead
to polyubiquitinylation and degradation of the protein carrying
the degron tag (Li et al., 2019). Apparently, both occur in our
case. To address the first cause, one can do little except make
a fusion not with the C-terminus, but with the N-terminus
of the peptide. But the second cause depends entirely on the
properties of the peptide used and the auxin-dependent ubi-
quitin ligase. We used the ubiquitin ligase AtAFB2, which is
thought to have lower basal activity compared to OsTIR1 (Li
etal., 2019). However, a system with even lower activity has
recently emerged. It was created based on OsTIR1 by replac-
ing the ligand with a synthetic auxin analogue 5-Ph-IAA and
rationally designing the active site of the enzyme (Yesbolatova
et al., 2020). Our positive control cells are designed with just
such a system. The Western blot in Fig. 6 clearly shows that
the amount of the heavy fusion form of the protein in the
positive control is significantly greater than in clones 24, 36,
38 that we created based on AtAFB2. This may be explained
by the higher basal activity of AtAFB2. In addition, the use
of alternative depletion systems, such as dTAG, may be a pro-
ductive strategy for achieving degradation of architectural
chromatin proteins (Nabet et al., 2018).

As we noted above, the key stage in obtaining cells capable
of inducible depletion is the complete modification of all al-
leles of the gene of interest. All cell clones used in this work
did not have wild-type alleles when analyzed by PCR (see
Fig. 2). However, Western blotting reveals a band correspond-
ing in size to unmodified RAD21. Since there are no wild-type
alleles during genotyping, this eliminates the possibility of
contamination of samples with unmodified cells. Theoreti-
cally, repair of the break introduced by Cas9 can lead to the
loss of the primer annealing site (we previously reported this
issue (Korablev et al., 2020)); such damaged alleles will not
be detected by PCR, however, they can produce a functional
transcript. But for haploid HAP1 cells, this explanation does
not apply since each clone contains exactly one modified
RAD?2] allele. Alternative explanations suggest that wild-type
RAD21 appears in cells containing the correct modification
of RAD?2]. For example, a transcript from a modified allele
can be spliced and, as a result, a fusion peptide is not formed.
During translation, a peptide bond may also not be formed,
for example, like in 2A viral peptides. One can speculate

146

Assessing cell lines with cohesin depletion
through analysis of chromosome morphology

that something similar may form between the fusion parts of
the peptide. However, both of these explanations in our case
remain at the level of speculation.

For some genes, pseudogenes could be the source of a
functional peptide (Zhang et al., 2023); however, in the case
of RAD21, the pseudogene is highly mutated and contains
many stop codons and therefore does not have a functional
open reading frame.

Of course, the most direct way to assess depletion of a pro-
tein of interest is Western blotting, but this method is highly
dependent on the quality and specificity of the antibodies. It
is known that the specificity of many antibodies is questioned
(Baker, 2015).

Conclusion

Therefore, for many proteins, the use of Western blotting can
be problematic. Therefore, a convenient functional test is an
excellent way to characterize cells capable of induced deple-
tion of a protein of interest. The chromosome morphology test
used in this work proved to be very informative.
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