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Figure 1 Morphology and assembly of cytoskeleton. A: Cellular distribution of actin filaments, microtubules, intermediate filaments, and their
related motor proteins. Actin filaments can form diverse structures within cells, including O microvilli actin, @ cortical actin, @) stress fiber, @
diffuse actin. Myosin is an actin motor protein, where myosin serves as the engine, the actin filaments provide the tracks that myosin can move along.
The plus end of a microtubule is oriented towards the cell periphery, and the minus end is anchored near a MTOC. Dynein is a large motor protein that
moves towards the minus end of microtubules. Kinesin is another class of motor protein that moves towards the plus end of microtubules. Intermediate
filaments surround the cell nucleus and extend to the cellular periphery; B: G-actin monomer is gradually assembled into F-actin; C: a- and B-tubulin
(tubulin) monomers are polymerized to form protofilament, which then are assembled into hollow tubular structures with a diameter of about 25 nm; D:
the monomers of intermediate filaments are gradually assembled into dimer, tetramer, unit-length filament and mature filament
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nesin)F 2l 118 H (dynein) (K 1A), 2280151k
B A NLERER A (myosin) B 5 48— L SLIWY) i is fn 1)
B, VR ML A ML S 2 ARk R A A 4 A

ST AE AR, ARSI 2R 40 ik AN
FRA Al ez B . AR P IR 22 8 B IR R R
F. FERGEH . AR A R R i R A S
HE 223 /N Fh B EER A AFRF SRR A 22 B A HE
AR R, BARLIN10 nm, BSR4 H kX 17 40
JH 30 S A e (BT TA). HTA) 22 ph B A 3200 2 3 1l — 3R
R VUSRAA. FH 42 %0 (unit-length  filament, ULF).
AL ARG KI(BIID). 5 R MM JEA L, a2z
SEMECRRY, BA— MR FIPURRE S, 24
f¥y F LA .

SRR, AL BN AE A R A i R A A2
NI P EEEEN, ©257 2 HE
A dmiEsl, BN iEhE. E9% S 4R
GaE N LN R

HIZAMAN IR RGN B SR EAR il
B B IR RS S B AR . XA
B 1 248 6 2% B e AP 2 ) R Ay 2 ) A LS R B A A B
BMAFAEIESNE, NI RGRFLANT 112 30 75 240 i
AR TR A R Sk EAms 5" mpn
65 22 49 1 240 W 1) I A B Bl v Ok $ E B B AE
BIERAR G BRAEM. EE. F5%S,
AR TR AR R G R v R S A A T B
() FE R PR LRAE T 4 M IE 3 AR 2 RFIHAT T
RE. FEAHIBE R R GG, T RE s BRI E AR ALy,
U A IR R G IR TS AAE Y2 DhRE, DM R AR
i &P B ) v RO A T

2 IR TN M AR

T3 75175 31 1 2 10 200 L R A 4 R o ) A A=
JUiZ A, PR AR I A BB AR e R
HIFIZESE, BRI EE L) (viral factory)!'?. 1h&s#e) B4R
R H T TE R A A AR 4L, S
6] _FoKe s B SR S A N PR B R A, B TR B
A 211 3 2 R I L 2 1 B AR R S i s
WA FEE W E S5, WL X g
JiEE L] (cytoplasmic viral factories)H14H % 5
L] (nuclear viral factories).

2.1 WRL) BISR

AN [F) ) 5 R S AL B T3 B3 ) R R ARAT B e 1
T EAMRAL. AP EE L) AR RS A I 7
[ 53 8 T4RZE(E2): WiE g (viroplasm). /NERAA
(spherule). X{J%E}f(double membrane vesicle,
DMV). FERME(Tube).

AR, viroplasmie —Fh HEL 25 B2 45 v i 4
AR, AU E S S A%, HAZ T KDNA 8
(nucleo-cytoplasmic large DNA viruses, NCLDV) 41/
i35 B (Poxviridae)"™ . AEVNRE R 5B (Asfarviri-
dae)"™ . WL EERIridoviridae)'®, SUERNA 7
(double strand RNA virus, dsRNA)UIMEfz% 558
(Reoviridae) VI 5% 51t X RN A # (negative-sense
single-stranded RNA virus, ssSRNA(—) virus) i1 224K 57 75
FH(Filoviridae)" 72 4.

Spherule & —F BL4% 450~400 nm FfE A [T Fg, A
TREFHEAT M, ARG R A SR AT DL AR AN R 48
Jitl &8 B4 43 b 4 A 6 5 B A6 R 55 8 (Tymo-
viruses) &G HILTE M 4R4K b, TEF SN 5
(Tombusvirus)&He b HILE S SV BE A, EEFH
Wi 5 Bl (Nodaviridae) e i I AEZORLR |, 7RI
i B FH(Togaviridae) B 1 H BLTE N 4R A 44 |,
1] 7E 3 55 BH(Flaviviridae) B 4% op ) H BLLE N 5
0o

DMV 2 K 5T 20 i A J5T 19X B vy 7R 2542 1) 00 )2 e
PELER), EARZ18200~300 nm, f/IMZRERZ B EE R
(Picornaviridae) T&IRIFEFFEH Coronaviridae) 5 ik
RIF TR (Arterividae) B =15 L N F=ZEDM Vs &
112, 7= 24 Spherules FIDM Vs [ 5 2 1 L [5] HEAE /2 %5
H—/WEERNA(double strand RNA, dsRNA)E il
(AR,  dsRINATE R 55 [ R s = [X 3 A 52 o) ] DA 4 4
24 it 5 R A B R

Tube & K5 T 40 im /R AR BRI 454, B4
Z19100~150 nm, J&A7 JE I B BH Bunyaviridae) i £
H P9 & K37 B2, Tubesi #4355 120~150 nmfE
R Sk BB AN R AR AT L A2 £980~100 nm, AT 11
VEMANMR, &AW EEdsRNA. 95 85 i A8 3240
Mo 2 A T 4H 4y, LAt R s P

FEAH A% N BEAT 52 1) 8 75 2% S AR N S5 R T A%
MR R LT SR SCRPREE R P S M) ) W Al
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Figure 2 Types of viral factory. According to the differences of morphology and structure, cytoplasmic viral factories can be divided into four
categories, including viroplasm, spherule, DMV and Tube. Spherule can originate from mitochondria, peroxisome, chloroplast, endosome and
endoplasmic reticulum. DVMs originate from endoplasmic reticulum, and Tube originates from Golgi. Nuclear viral factory exists in dorsal side of

cellular nucleus

5993 B (Herpes simplex virus)7E B YL Z N TE &
ill b % (replication compartments, RCs), {F A% FDNA
A 41 e 3D 5 R e S 137 . KPR 7 (Baculo-
viruses )& G 75 5 41 MIAZ N TE 500 75 5 2 5T (virogenic
stroma, VS)F [ J& [X (peristromal region, PR)IFJVA% 4
14, IR EEDNA KR il A 2R ) S a2,

TREE L] & Fhah A ghit), BE a4 ar e e
A PR P 75 W 58 45 10 B A R AR A, R FH R P A o A
G5 SRR S HA RN Mg s R R,
W ER Gy, FEAHERE B B UL R I8 H (B ).
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LT, X e gh R g R o R L. BN, B R
J& )8 #.9% 7 (Dengue  virus, DENV)fI1ZE-KJ% 7 (Zika
virus, ZIKV), FJH & =8 H 5N E A 2190 nm
N P 22 % (vesicle packets, VPs)fbfiaFE K41 E
i, FEWEAFAMEA —BEAEZ 11 nmPIFLEETF 1 B
EW RS (I3 A~C) P A, FEFEIT LA RIVPs
BRI, RTH PN B X RS T 4 1l B (convoluted mem-
branes, CMs)Z5#J(EI3A), MbANE £ FE AR, Al
R T 2 AR A R

TR BERHH 28 93 558 1 T Y 98 99 B (hepatitis C
virus, HCV). iR BB H 2R WP 25 S i AH DG AR
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FURL; B: 2800 RIS A0 AL AT 1A B A H 1 S Gl B IR R A 0 1 P, PR oA ) A T T RS P S A3 Bl T L. A7/ 100 nm
(B F SRR T SCHR[26], B3k45 Creative Commons licenselREFTT); C: 2RI R B GL 75 -5 11 38 10 297 ) 40 AR5 s FLAR T 1 (G 62
Fi3k), S/NFLABXT A A /NE, ELTHAA R ERRORL. AR R 100 nm(&l AR IE T CHR[26], C.3%453Creative Commons licensefi
BCAFAT); D BT ) SRR HE TR RS IS s 2 ) B &1, MR A N 20 R . P AR PR SR S AR SR T R
. ESERPIR SRS AL R #E(SARS-CoV-1)FISARS-CoV-2. RNA: Ji #RNA. E, SARS-CoV-2/& 4 VeroE641I il 16 h/ 1)
VAR LT ST B 2 T, USRI RE I AT L. AR 100 nm( & SR T SCHR[29], © 3K 75 Creative Commons licensefiR
BUVFAT); F: SARS-CoV-2/gHeid ik ACE2 A H) ASA9ZH M ¥4 5 i T~ AU BE T 2 F F L), BV A RINA ZZ IR G5 175 b T L.
FrJR: 100 nm( B Fr KPR T 3CHR[29], T3k 5 Creative Commons licenseiR B 1)

Figure 3 The structure of Spherule. A: Schematic representation of the Flavivirus (ZIKV, DENV) replication and assembly compartments. Genome
replication occurs within VPs formed upon ER membrane invagination. Vi: virions; B: electron tomography of ZIKV-induced VPs in hNPCs. A slice
through a tomogram is shown depicting ZIK V-induced vesicles (Ve) within the rough ER as well as Vi. Scale bar: 100 nm (adapted from ref. [26] with
copyright permission from Creative Commons license); C: slice through the tomogram showing the pore-like openings (colored arrowheads) of ZIK V-
induced vesicles toward the cytoplasm. A potential ZIKV budding event (Vi) on the ER tubule opposing the vesicle pore can be observed. Scale bar:
100 nm (adapted from ref. [26] with copyright permission from Creative Commons license); D: schematic representation of DMVs formed by ER
protrusions. Typical viruses include HCV, MERS-CoV, SARS-CoV-1, SARS-CoV-2. DM Vs are responsible for viral genome replication; E: tomogram
showing DMVs in VeroE6 cells infected with SARS-CoV-2 at 16 hpi. Scale bar: 100 nm (adapted from ref. [29] with copyright permission from
Creative Commons license); F: Tomogram showing DMVs and RNA filaments in A549-ACE2 cell infected with SARS-CoV-2. Scale bar: 100 nm
(adapted from ref. [29] with copyright permission from Creative Commons license)

Jpi 7 (Middle East respiratory syndrome-related corona-
virus, MERS-CoV). ™ 5 2 FFILZ5A 1F 6 IR 75
(severe acute respiratory syndrome coronavirus 1,
SARS-CoV-1)FIIL A% K IFSARS-CoV-2, FIFTE £ N
J5R R T R 0 A1 5 S B 02 RS 360 7% (DMLVs) 2T (]
3). PJS NI AE DMV A AR 2 TR 2 a), e s &
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A A A A IR A e R L), BFENL
AN A (actin ring) W 78 (microtubule cage)
[f1] 22§ (intermediate filament cage)”*"**([&]4).

B an, 7255 AT PR Y599 B (porcine epidemic diar-
rhea virus, PEDV)FUE % G B B 4 i B (transmissible
gastroenteritis virus, TGEV)B LRI, fliz & 4l
JH R0 5 [m) A% TS A6 T AR 54, FRT A I 1) s 75
WURL 4 & £ AR, e AR R R
ISARS-CoV-2/& g4t fluist, WiahE b kAR, ¥
B AN A R 2 RS R LB R T
AT 8 ST RA SRR, FHEEE
A L D L, AT 9 2 1) S o it A,

H AT FE R I, A2 RNAFIDNAYS 8 3 A it
20 A T B ) 2 ) g, R G R R 2R
BRIERCLR, A RLE A (] 22 vimentin fllnestings & 4E
B BB A% B 5 L R, DAt
PRI A 8200 7 SR IR LR 25 O DNA S 1 G
WL IR B By, B TR A ORI B B 1T (CaM
kinase ID)Z IR vimentin 45 FLHEFE B E H) 1)1
NS WRER AR A, A ARSI R R 6 T $2 4t
Gty 3 457 #ESARS-CoV-2/&4k6~9/IMif J5, vimentin
YRR B2 T DMV ZE 0,

FEXT-vimentin, fHUE I8 PIREABRT D, 8L

Y SRR = 2 =, BTN G R, E 28R A
JE 207N I, BCE T IR K AL RS, T IE RO 2 1 IR
45K, ¥R EEdsRNA, NS3 LK BT HIUR HI N i
P ),

bR T T AR e AR A T2 AR A, R
et Az NI E R R AETES . B, NE
41 ff1 955 % (human cytomegalovirus, HCM V)& 4t 2> 8 ¥
AU MAZ A I R A N P oa 23 8] oA, G I gLt
FE, W2 (nuclear actin filaments) FH 7R B2 A1 #4548
R L AR ZERE, R T 22 R N 2 4 4, BB G J B
SUZH R AT R BCRE. A A R L S
TREE AL NIEBOR 35 L), m R A b i
B SRAE R K D R AL AR 1 — PR A

3 MR SR A R R G AR 1 A
Bk -

) URE R E R SRl VE WSS (ATt ey )
FHEAER, OBl e 2 T 1A i S 4.

P IR 2 G 3 365 1 2 A

R FRNA 0551 2 B R 0 A 8 3
IR, TR TR SR T 3 LR T LA
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% PELTE

— Mz —_— e

— hE% » REI

& 4
TR GE . LT L SR S 417« R M
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Figure 4 Viral infection induces cytoskeleton remodeling into cage-like structure. Virus infection can cause severe rearrangement of the
cytoskeleton, and all three kinds of cytoskeleton form a cage-like structure enclosing the near-nuclear virus factory. Microfilaments form actin ring
around the virus components, endoplasmic reticulum, Golgi apparatus, etc.; microtubules form a grid shape microtubule cage; intermediate filaments
form an intermediate filament cage to completely wrap the virus factory
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J5E WA et R BEAR TR B A B Js 2 (1&13). i s 40 AT
T I RAE IR SR e = B 3 B Bk A B
AR Gk R I = R 1k
2, AL SR A A S R G TR R, R s
T FYHREA — /T H, U e R EA D N
SR TR T S8EAT T — A5 22 R i ),

32 NERGMEZII6E

br THBORFE R LT, NIRRGES 5HENR
Wiz, WiEEA F1E £ A A BRI (endocytic recy-
cling compartment, ERC)K SR 5 1 it Py 32 5, 7295
B A A & ANBY Bs R AR i, R A
4 (endosome) SIS B AL, 2R FEIE 7 e B A A
T E P A, VO RPN EE L 2 1) B A R AR
T s .

33 MIESRMIEEIGE

AN B B s i B B L) AL Tl
22 2 515 i FE R N 1A 40 S B 40 B Ak s
By, TP EE )R ) Bk N R A 9 R 1) 3 A ) 5 22
BAWPEMRE K H EAEK. B, R
(Influenza A virus, TAV)WAZUIE 4 B4k 122 7%
31, SRJE I E R I B RS B BAZ ] X 4 DURE i
A, FEmE EAII A, DisE A NEREE [ VI(myosin
VI 5 7 5 A dynein— #2977 57 48 717 96 25 10 28 30
TER 22 FTE B ras . M2 20508 1< IR BN AR P 4%
e LA (895 B BE 0 7E 1 A A R A .

Bk 7B BEHER AN, 40 L R e i B L
J RbE. BN OB ER AR R R A, SR
IR/ R L) W EWE AT € a3, 78
TR IS R AR L, 3 30T 32 4 A R 2 A
AEUHR, AT MAERME EMB/NREE R T F
\EVRTCE (132 Bl 3 25 BE 5 40 B i e 4 20 1 4 a1
RIS, MR R R s ) L s
18 BhEN A AR A AR 1 % R T RCRE K 28 1),
AU R I B N 2

B 2R SN I R B BACE, REEER R
S FH P - 0 5 D 24 3 4T B PN I8 i A O B
LR {0, RIROR IERNA S B 5E S, B e ik
F195 B3 4% M A% & [ (viral ribonucleoproteins, VRNPs)£x
MAHIRZ R, FEERUE A0 AR SRR

HEAT P AN MRS AR, 5 A K 5028 BRI 7
# 1% (human immunodeficiency virus type 1, HIV-1)
IEGerh, L RENS B SN R RO, S B A W) (replica-
tion and transcription complex, RTC)AH EAEF, Ay
B ) N A 240 R SR e, et i
HEYIEH RS B0E R A e Rl. a
HI T 40 B 2 1 j A A AN s i R Bk, W
L MEARMMEETER, BFREEbeEE. N
EE . UlshEaMmEE s a5

S AR SPEORIE TR L) BB R A4
P A 5 BAR 2 2 BRI R B S R E R
e B 52 1. 4510, s FH AR S T2 1) 244 Jasplakinolide
SAAT JE BB RN R A4 R, ORI R AL
BLHIBLE, FHAs B A 03 B UKL [ 35 573 Y
B, Al AR O M2 AL £ B AR
AR R I 0 3 O g POl R
v R) 22 [ 25 4k VD 3E T (Withaferin A, WFA){#SARS-
CoV-2f B il B3 B, 25 Lk, 400 2215 % 1
S5 R MR B Th BERAE 1 B L) T2 B s Rk ARG
HEVE.

34 HIEREHKAEIIIRE

T 40 B 220 B 5 # A A 2 R A A LR A A
R H R, XIS WAEE T AR R,
4, e #4795 22 (Ebola virus, EBOV)E:H, EH
RAFESTTRIM, KREFEREAAREEEAS
EBOVE #4054 SEBOVIHE & MLE (1 HAEK
EEEOPAIRZ S a2 EMAELH ST, W
DOCK?7, CTTN, CORO7, CNN3, AMOT, FLNA, /5
EBOV/& et 2 41 i 22 B A CY. Hdh, EBOV
VP35 8 [ He A4 i N UE 30 71 85 A dynein 1) 5 55
(DLC8)FH HF FH 1 84 53 ZERNA 2 #1525 EBOV
VP40 il it 5 4 IQGAP1 & (A H.AE M i e ki 4
Mo et 2 A, AT A SRR, X
ECCHFVIE G, ik #r i RCCHFVIINPE H 5
X YN 2R 85 F Wactin, tubulin, vimentinZFAH H{E
FILME A & 265, FrL N T, Wi
G HEASTAULBLRES: A E 2L, N AEL G EERNA,
G055 A 0 TE A G4 7 DR 3H BERNA T
G @=L

B, AR SE RIS AT 9 e sk IR 1 B L
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BEAER I . BN, T 22 RE NS U B RO 7
(parainfluenza virus type 3, HPIV3)#% ¥ #% & A (ribonu-
cleoprotein, RNP)H&5#4), (i H HIA BB SOIREH#E
MRS AT X RS AR BT L S
FERNAR G B s koo fh e &, BEim e gt sk
DRI ZEL P e AN AT, BRI L £ RS B RNA
K& RAIRNPIIA B, SEURSELEIERZm. 5
Ab, Actiniid A FHES OB 45 6 77 25 WEIGE &
J{U97% £ (respiratory syncy-tial virus, RSV)3& IR 45
&, VE NN A LR 1 516 TR0 4F4E 5 A (pro-
filin) e sl R 3L [FURSEAE L, 1T B R R 4H 10 i
%[58].

3.5 JHAREARE SR SN

ML EREBS 5 ES L) &g
F. 2N R SRR T S e AR L) AR, bR
RN S 5T BT EL. BN, e e 3t
R BEFE R 993 5 (rotavirus, RV L) (viroplasm)
2028 R Rt A2 0 ghAh, 7R A JE B B 7 (Bu-
nyamwera virus)/B&Ger,  actin®s Bl 2 7R A0 ML 5 AR 2
PRI #E 1) (Tubes)*'. T 52 A AR L -
TABU SR Tubes W AT LF 4IRS S5 0, 4565
1 BOG AR Y 2 U (peptide mass fingerprinting by
matrix assisted laser desorption-ionization mass spectro-
metry, MALDI-MS) 7 47 /& 3, 44 1) Tubes H & 4 4H i
HHE A K H A Hactin, tubulin, myosin 1. I4h,
actinBE ik 5 2N A R GARI R, Bt W actin MU S
5 TubesE R, [t B /95 35 75 i R S AR R A T 2
At Y,

B SRR B R L) R e ARG A L
IRFEARFE AR 2 R B2 541 )8 )% i B Tubes 1)
HALATIRE, 4 E Tubes T My /AR IEARIE |, FE4EHRFIHN 75
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Manipulation of the cellular cytoskeleton-membrane network for virus
replication

ZHANG Yue, Gao XueDi & JIU YaMing

Shanghai Institute of Immunity and Infection, Chinese Academy of Sciences, Shanghai 200031, China

Epidemics caused by viral infections pose a significant global threat to human health and economy. A common feature of virus
infection is to reshape the membrane structure and cytoskeleton structure of host cells to form specific organelle-like structures for
virus genome replication, which is called viral factory. Different viruses may hijack different organelles to form replication factories,
including viroplasm, spherules, double membrane vesicles, tubes and nuclear viral factory. Virus infection can also induce drastic
rearrangement of cytoskeleton, forming cage-like structures to wrap the virus factory, including actin ring, microtubule cage and
intermediate filaments cage. This review systematically summarizes the formation process of virus factory and the corresponding
morphological changes of cytoskeleton and membrane network. Specifically, we focus on the functions of material transport, physical
support, and biochemical regulation of cytoskeleton and their related proteins during the establishment of virus factory. We also
discuss the importance of these interactions in the context of viral replication and future research directions.

viral replication, viral factory, cytoskeleton, actin filament, microtubule, intermediate filament, rearrangement of
cellular membranes
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